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Abstract

Invasive species are one of the many threats facing native freshwater fish in North
America. Invasive fish species can lead to population declines and assemblage-level changes
among native fishes. Once established, invasive species are difficult to control and require well-
informed management to mitigate their damage. By developing basic information on invasive
species life histories and behaviors, managers can work better to minimize their negative effects.
Bighead Carp Hypophthalmichthys nobilis and Silver Carp Hypophthalmichthys molitrix,
(hereafter carp) are emblematic of this issue. Carp are characterized by high fecundity, an ability
to tolerate a wide range of physicochemical conditions, and effective filter feeding. My study
objectives were to determine the movement patterns and habitat selection by carp in the lower
Red River catchment. | used active and passive acoustic telemetry technology to locate 50 tagged
carp from March 2023 to August 2024. | used generalized additive mixed modeling to determine
environmental conditions related to carp movement. Tagged individuals showed mobile and
sedentary characteristics. The maximum distance recorded was 336 river-kilometers and a
maximum rate of 38 river-kilometers per day. Carp also appeared not to travel outside of my
study area in large numbers or travel to the western extent of my study. Carp moved at greater
magnitudes during higher discharge variability. I also used a multistate model to estimate
transition probabilities among habitats across unique environmental conditions. Carp were more
likely to transition between habitats during times of increased water temperature and more
variable discharge compared to times of low water temperatures and minimal flows. | modeled
the variation in carp habitat selection using a resource selection function. Carp selected habitats
that were deeper, had lower-velocities and which were out of the primary channel. This may be
due to bioenergetic needs as these habitats require less energy to inhabit and contain higher food
abundances. Management of these species must be context dependent as the lower Red River is
different than other systems in carps invaded range. My results indicate that carp are making
large movement within lower Red River that are consistent with conditions thought to cue
spawning migrations. Removal efforts during less variable discharges and lower water
temperatures would be the most effective as carp would likely be more congregated in specific
habitats. Management targeting low-velocity areas that contain deeper water which are not in the
primary channel would also result in more effective removal. Caution is warranted when
conducting mitigation efforts as native fish could be inadvertently affected and compensatory
responses could occur within carp populations.
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Chapter 1

Introduction

The introduction of non-native fishes is one of the many threats facing native freshwater
fish in North America (Dudgeon et al. 2006). Direct and indirect interactions with invasive
species such as perceived competition, hybridization, and predation can lead to population
declines and assemblage-level changes among native fishes (Jelks et al. 2008; Sleezer et al.
2021). For example, Vander Zanden et al. (1999) found that native Lake Trout Salvelinus
namaycush occupied a lower trophic level in Canadian lakes with non-native Smallmouth Bass
Micropterus dolomieu and Rock Bass Ambloplites rupestris compared to lakes without these
species. Further, hybridization between native and non-native species can cause negative effects
by decreasing genetic diversity and long-term survivability of native species (McDonald et al.
2008). Non-native Rainbow Trout Oncorhynchus mykiss hybridized with threatened native
Apache Trout Oncorhynchus apache, resulting in 65% of Apache Trout populations now
containing Rainbow Trout alleles. (Rhymer and Simberloff 1996; Hitt et al. 2003). Not all non-
native species lead to negative consequences on ecological or human systems. However, invasive
species, non-native species that cause ecological or economic harm, are of concern to managers
(Britton et al. 2011). Introductions of non-native species can occur intentionally through the
stocking of desirable sport fish, or unintentionally through aquaculture escapement (Dudgeon et
al. 2006; Britton et al. 2011). Once established, invasive species are difficult to eradicate and
require well-informed management to control. By developing basic information on invasive
species life histories, behavior, and their ecological effects on native fishes, managers can work

to better mitigate their damage (Cucherousset and Olden 2011).



Two species emblematic of freshwater invasion due to their life-history traits are Bighead
Carp Hypophthalmichthys nobilis and Silver Carp Hypophthalmichthys molitrix, (hereafter
carp). Carp are native to Asia and were introduced in North America in the 1970s to control
plankton growth in aquaculture and wastewater treatment ponds. Flooding events allowed both
species to enter the Mississippi River basin and establish populations (Kolar et al. 2007). Carp
are characterized by high fecundity, an ability to tolerate a wide range of physicochemical
conditions, and effective filter feeding (Williamson and Garvey 2005; Solomon et al. 2016;
Lenaerts et al. 2023a; Williams et al. 2023). Carp are protracted pelagic-broadcast spawners
(hereafter pelagophils, where gametes are released over unprepared, unguarded substrate, absorb
water post-fertilization, and become neutrally buoyant. Their eggs then require minimal
velocities to maintain the eggs and larvae in suspension during early development (Lenaerts et al.
2023a). Rivers with sufficient velocity and some distance of unimpounded river are typically
needed for a proportion of the population to spawn successfully. However, a proportion of other
pelagophils populations are known to successfully reproduce in shorter reach lengths (Chase et
al. 2015). Once released, eggs drift an estimated 25-100 km before hatching in some river
systems (Cuddington et al. 2014; Garcia et al. 2015; Heer et al. 2019). Lenaerts et al. (2023b)
found Silver Carp had an averaged batch fecundity (i.e., the number mature eggs within a
female) of ~1,200,000 eggs per female and ~1,000,000 for Bighead Carp in the upper
Mississippi River. Brewer et al. (2023) estimated the average fecundity of Bighead Carp and
Silver Carp in the Red River to be ~780,000 and 1,500,000 eggs, respectively. The high
fecundity of both species can lead to rapid population growth in invaded systems. Sass et al.
(2010) found an 84% intrinsic rate of increase of carp catches from 1998-2008 in the La Grange

reach of the Illinois River.



Carp have the ability to negatively affect native ecosystems and disrupt trophic levels.
Carp are filter feeding planktivores which threaten the persistence of native planktivorous fish
and larval fish that depend on plankton in early life stages (Sampson et al. 2009; Solomon et al.
2016; Wang et al. 2018; Tillotson et al. 2023). In the upper Mississippi River, larval Freshwater
Drum Aplodinotus grunniens were found to change diets based on the presence and abundance of
Bighead Carp and Silver Carp (Tillotson et al. 2023). These changes can affect the growth and
survival of many freshwater fish (DeBoer et al. 2018; Love et al. 2018; Tillotson et al. 2022).
Chick et al. (2020b) found sport fish abundances had a negative relationship with Silver Carp
abundances in the Mississippi River. As carp continue to invade new river systems, an
understanding of the variation in their life-history patterns and ecology would be beneficial to

developing meaningful management strategies.

Several strategies are being used to manage carp though they do not appear to be very
effective at slowing their spread or eliminating the species. Both species have increased their
range into the upper Mississippi River basin including almost all associated tributaries
(Lohmeyer and Garvey 2009). Several mitigating techniques have been used to control Bighead
Carp and Silver Carp populations (e.g., barriers and removal) (Tsehaye et al. 2013). Large-scale
electric barrier systems have been in place in the Chicago Area Waterways System since 2002 to
keep carp out of Lake Michigan (Parker et al. 2016). Commercial and recreational fishing
programs have been implemented in states to control high carp densities. Illinois signed an
agreement with People's Republic of China to export 13.6-22.7 million kg of Bighead Carp and
Silver Carp annually. Combinations of air bubbles and sound stimuli have also been used to slow
down invasion expansion (Dennis et al. 2019). However, there is little evidence current strategies

are useful in controlling carp populations (Tsehaye et al. 2013), except in relatively closed



systems (Ridgway et al. 2023a). Due to the variability associated with carp habitat use,
movement, and spawning behavior, management strategies are likely to be most effective when

catered to local environments.

The goal of my research is to provide ecological data about Bighead Carp and Silver
Carp populations in the Red River catchment that may be useful for developing control
strategies. Although Bighead and Silver Carp are established in the lower Red River, there are
knowledge gaps related to spawning success, movements, and habitat selection that need to be
addressed to improve our management strategies (Patton and Tacket 2012). Correspondingly, |
have two broad study objectives to help me achieve my goal: 1) determine Bighead Carp and
Silver Carp movement patterns in the lower Red River catchment, and 2) assess habitat selection
by Bighead Carp and Silver carp during the winter, spring, and summer seasons. My first
objective provides valuable information on how and when Bighead Carp and Silver Carp move
into different habitats of the lower Red River and the factors that relate to their movement. This
allows managers to better understand possible spawning patterns and cues, overwintering refuge
locations, and individual variations in movement behavior. My second objective provides more
information on which habitats Bighead Carp and Silver Carp are selecting (i.e., using
disproportionately to availability) during warm and cold seasons. This, combined with earlier
work on native fishes’ habitat use in the lower Red River catchment, is useful for determining
when there may be overlap with native fishes in key habitats and when carp may be more
vulnerable to capture to minimize negative effects on native fishes. Collectively, my study
provides important information for developing management strategies in the lower Red River

catchment and broadens our knowledge of invasive species behaviors.
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Methods

Study area

My study area encompassed approximately 581 river kilometers (rkm) from Denison
Dam, Oklahoma to the Arkansas-Louisiana border (Figure 1). The Red River catchment is the
southernmost major catchment of the Mississippi River and is located in multiple ecoregions
including the San Antonio Prairie, Pleistocene Fluvial Terraces, Tertiary Uplands, Blackland
Prairie, Floodplains and Low Terraces, and the Red River Bottomlands (Longing and Haggard
2010; Haggard et al. 2013; EPA 2015). The catchment drains 239,361 km? of New Mexico,
Texas, Oklahoma, Arkansas, and Louisiana (Bertrand and McPherson 2018). The Red River
begins in New Mexico and terminates at the confluence with the Atchafalaya River in Louisiana.
The Red River was impounded in 1944 by Denison Dam to create Lake Texoma which separates
the upper and lower portions of the catchment (Riggs and Bonn 1959). The upper portion is
heavily dammed and experiences cycles of droughts and floods (Bertrand and McPherson 2018).
Land use in the upper portion includes rangeland and cropland with an average annual
precipitation of 500 mm (Bertrand and McPherson 2018). The upper Red River is characterized
by fluctuations in salinity. Salinity sources include oil production, salt springs, and salt seeps
(Laughlin and Lacewell 1981). The lower Red River is primarily sand bed with mixed gravel and
cobble in the middle portions. Forested land is more common in the lower portions with an
average annual precipitation of 1300 mm (Bertrand and McPherson 2018). In the lower Red
River, the braided channel of the Oklahoma-Texas portion of the catchment has water
temperatures that regularly exceed 36 °C due to the shallow and often unshaded channels
(Matthews and Zimmerman 1990). The lower catchment has highly erodible banks of fine sand

and silt that translate into suspended sediment loads (Copeland 2002). As the river flows
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southwest through Arkansas, there are several human modifications to the channel due to
dredging and the creation of wing dikes resulting in typically deeper and slower-moving water

compared to other reaches in the mainstem.

Passive receiver placement

| placed 22 submersible ultrasonic receivers (VR2Tx InnovaSea Inc; SURS) throughout
my study area to determine coarse-scale movements by Bighead Carp and Silver Carp (Figure 2).
| prioritized SUR placement in key areas that | hypothesized are important for possible spawning
migrations, overwintering habitats, or are necessary to determine if tagged fish leave the study
area. | placed two SURs together (hereafter gates) spaced 0.5-3.0 rkm apart for each gate. This
configuration prevents simultaneous detection on paired SURs, increases the probability of
detecting tagged carp by one of the SURs in a gate, and provides information on movement
direction (i.e., by passing by two SURs). Each SUR continuously scans for transmissions and
collects the identification number and time stamp of tagged carp when detected. Fifteen of my
SURs were placed in tributaries and backwaters which were presumed habitats for feeding and
refuge (Birdsall 2023; Werner et al. 2023). For tributary or backwater locations, | placed SURs at
least 0.8 rkm away from the mainstem river to avoid detection of tagged carp passing the area in

the mainstem river.

I moored SURs and performed range testing to ensure they were in appropriate locations.
I moored SURs in place using a 72-kg concrete anchor with a 0.6-m rebar post placed in the
middle of the anchor (Figure 3). The rebar post was attached to a near-surface buoy by a 6.35-
mm stainless steel cable. The SUR was then attached to a rebar bracket and threaded onto the
rebar anchor post, and a secondary rope was then attached from the SUR bracket to the near-

surface buoy. The water depth of SUR locations varied by site and season, but locations were

12



chosen to ensure SURs were always submerged. Once deployed, | evaluated SURS using a range
testing tag to determine the detection range under a wide range of discharges in my spring and
summer seasons. | performed a drifting range test by submerging a test tag ~ 700-m upstream of
each SUR. I then drifted downstream marking GPS locations every second until ~ 700-m
downstream of the SUR. Next, I calculated the detection probability by dividing the observed
detections of the test tag during the drift by the expected detections. Finally, | plotted the
detection probability against the distance to visualize the detection range. The distance at which
detection probability falls below 50% in poor conditions or 75% in good conditions was ruled as
the estimated detection range (Innovasea Inc). This process is important in understanding the
range in which tagged fish can be detected. Detection range can be influenced by depth, water
temperature, current velocity, and other environmental conditions (Kessel et al. 2014). The
detection range of my SURs ranged from 700 m during tests at base flow conditions to 98 m
during higher discharge conditions. The average detection range of my SURs during testing was
238 m. The detection range likely varied with seasonal environmental changes; thus, carp
detection was less than 100% as with any sampling. | marked the GPS coordinates of each SUR

and monitored them every 1-2 weeks to download data and maintain the moorings.
Fish sampling and tagging

| captured Bighead Carp and Silver Carp using monofilament gillnets and electrofishing
for subsequent tagging with acoustic transmitters (V16-4X, InnovaSea Inc) at multiple locations
in the lower Red River catchment (Figure 4). | targeted areas known to have higher carp counts
based on previous sampling in my study area. | used gillnets that were 30.5-m long or 54.4-m
long when sampling tributaries and backwaters or the mainstem river respectively. Both gill nets

were 3.6-m tall with 8.9, 10.1, and 10.8-cm bar-length mesh panels. I used an 80-amp, high
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conductivity, DC boat electrofisher (Midwest Lakes; Polo, Missouri) to electrofish. I followed
standardized American Fisheries Society electrofishing settings based on conductivity and power
during sampling (Miranda 2009). My gillnets were set at chokepoint locations in each reach and
then electrofishing was conducted for ~ 1-h. | then pulled gillnets and held any captured carp in

an aerated holding tank.

| anesthetized, measured morphometrics, and tagged each carp to later quantify
movement dynamics. My procedures followed the appropriate animal care and use procedure
(2022-5088). | anesthetized each fish using an electrosedation table until stage IV of sedation
(Summerfelt and Smith 1990; Kim et al. 2017). Briefly, stage IV sedation causes the fish to have
total loss of equilibrium, muscle tone, and responsiveness to visual and tactile stimuli, while still
maintaining a slow opercular movement. Species, total length (mm), and mass (g) of each fish
were quantified. Only carp large enough to meet an appropriate transmitter burden (i.e., < 2% of
total body weight) (Winter 1996) were tagged. | made a 5-6 cm incision on the left-ventral side
of the body between the anal and pelvic fins. Sex was determined based on visual observation of
the gonads when possible or the presence of sperm when handling an individual. | inserted the
transmitter into the coelomic cavity of the carp and then closed the incision with barbed sutures
(PDO-Adjustable Loop, 0 Violet 60cm, CP-2 Rev Cut 26mm 1/2C, Corza Medical, Westwood,
MA, USA) by passing the suture needle through the skin on either side of the incision, ensuring
the sutures are secured and close the incision completely. | placed a looped FT-4 Lock-on
external tag (Floy Tag & Mtg Inc, Seattle, Washington) at the posterior end of the dorsal fin
(Coulter et al. 2022a). These tags were used for external identification by the researchers and
public. I then held the fish in a recovery tank until it could swim on its own (typically only a few

minutes). | disinfected all surgical instruments between surgeries with 90% ethanol for one
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minute. Tagged fish were released within 50 m of their captured location. Post release, |
remained in the area for a minimum of five minutes to ensure no tagged carp resurfaced in
distress. | then repeated this process until no greater than 12 total carp had been tagged from a
single location. I excluded all detections from tagged fish for 14 days after tagging due to the
possibility of movements being related to the stress of handling rather than typical behavior

(Frank et al. 2009).

| omitted tagged fish from my data set when | had reason to believe either the tag was
shed, or the fish had died. A proportion of tagged fish tend to shed surgically implanted
transmitters (e.g., 26% (Ridgway et al. 2023b), 14% (Lawrence et al. 2023), 53% (Byrd et al.
(2019)). It is often unclear whether a tag is shed, or the fish has died. Methods for determining
mortality events vary among studies and species (Klinard and Matley 2020). Knowledge of the
species' behavior and equipment limitations are also important considerations (i.e., detection
range of passive and active receivers). Although my data showed that individuals became more
sedentary during certain periods of time (e.g., remaining in backwater habitats), constant
detections at a single receiver or lack of movement greater than 50-m from previous locations
acquired via active tracking were likely due to mortality or tag loss. My criteria for estimating
possible mortality included detections every day from a single passive receiver over a 90-day
period, detections without movement from the previous location over a 90-day period via active
tracking. My 50-m cut off was due to the limitations in the spatial extent where | could
reasonably determine whether a fish had moved (see Coulter et al. 2016). | was unable to
confirm fish positions < 50 m. This general approach is consistent with other telemetry studies
with variability in the distance or amount of time. Khan et al (2016) used a categorization of loss

of detections by reef fish to infer mortality, Gerber et al. (2017) used date of last movement and
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instances of fish not visiting multiple receivers as a post tagging metric to estimate tag loss or
mortality, and Zemeckis et al. (2019) used lack of movement over a 30-day period to determine

possible mortality.
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Chapter 11
Movement patterns of Bighead Carp and Silver Carp within the lower Red River

catchment

Introduction

Fish movements are important to understanding their ecology, life-history, and is
informative to managers. Fish movements can be influenced by both environmental factors and
individual traits (Taylor and Cooke 2012; Albanese et al. 2004). Due to the spatial and temporal
distribution of heterogeneous habitat, fish may not have access to all required habitats in a
relatively small area (Fausch et al. 2002). Thus, movement is important for many fish to
complete their life cycles. For example, Brook Trout Salvelinus fontinalis showed increased
movements related to their spawning requirements (i.e., different pool depths) (Mollenhauer et
al. 2013). Movement is also key to species dispersal and gene flow (Radinger and Wolter 2014),
recolonizing habitats (Wedgeworth et al. 2023), and invading new habitats (Cooper et al. 2021).
Gosset et al. (2006) found that Brown Trout Salmo trutta were restricted from quality spawning
habitat due to weirs and dams. Identification of barriers to fish movement and the environmental
conditions that are associated with successful passage can help managers adapt these structures,
remove them, or increase their effectiveness in preventing movements of invasive species (Kallis
et al. 2023). Understanding the temporal and spatial patterns of movements gives insight into fish
behavior and results in more informed management (Cooke et al. 2022). By understanding the
movements of invasive species, managers can designate important habitats (Cooke et al. 2016) or

seasons when removal may be more effective (Degrandchamp et al. 2008).

Fish movements are cued by a myriad of factors that are both biological and

environmental. Fish movements can be influenced by environmental cues such as changes in
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water temperature or discharge, but the magnitude of these movements varies based on
catchments and species (Taylor and Cooke 2012). These cues direct fish to move into specific
habitats to better feed, recruit, or find refuge. For example, flow and temperature influence the
downstream migrations of juvenile fish species from spawning sites to nursery habitat (Pavlov et
al. 2017). Water temperature can also trigger hormone increases such as testosterone in males
and estradiol-17p in females which can influence movement to find spawning locations or
spawning itself (Ferguson et al. 2019). Individual traits such as sex or weight can also influence
the timing and magnitude of fish movements (Mollenhauer et al. 2013). For example, male
Brook Trout Salvelinus fontinalis moved 2.5 times the distance of female Brook Trout
(Hutchings and Gerber 2002). Stiver et al. (2007) found large male Cichlids, Neolamprologus
pulcher dispersed at higher rates than smaller individuals of both sexes. Sdnchez-Gonzalez and
Nicieza (2021) found within hatchery reared Brown Trout salmo trutta larger bodied individuals
tended to be more sedentary than smaller individuals. Individual personality across sizes and sex
can also influence movement and dispersal rates. For example, Leatherside Chub Lepidomeda
aliciae had clear distinctions between explorer and non-explorer traits (Rasmussen et al. 2012).
Understanding movements of individual invasive species such as carp gives more insights into

their ecology and behavior.

Movement distances and the timing of both Bighead Carp and Silver Carp are variable
within their non-native range. Similar to other fish species, carp populations are comprised of
both mobile and sedentary individuals, where mobile fish can colonize new areas and sedentary
fish provide resilience in populations as they increase abundance in favorable habitats (Coulter et
al. 2022b). For example, Prechtel et al. (2018) found that most of the Silver Carp in the Wabash

River, Indiana had total home range sizes of either <26 or >102 rkm. LaBrie and Wesner (2023)
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found approximately equal numbers of Silver Carp moving <50 rkm and > 50 rkm in the James
River in South Dakota. Likewise, movement rates vary among populations. Vallazza et al.
(2021) found Bighead Carp and Silver Carp moved as far upstream as 440 km upstream from
their tagging site to 360 km downstream of their tagging site in the upper Mississippi River. In
the Illinois River, carp had a maximum movement rate of 64 rkm/d (DeGrandchamp et al. 2008)
and a maximum of 409 rkm traveled in the Wabash River (Coulter et al 2016). The timing of
carp movements can also vary throughout the year. For example, Bighead Carp in the Illinois
and Wabash rivers moved at greater frequencies during late spring and early summer (Peters et
al. 2006; Erickson et al. 2016). Silver Carp, alternatively, moved greater distances and more
frequently in September and October in the Wabash River (Coulter et al. 2016). Fritts et al.
(2020) found Bighead Carp and Silver Carp had no seasonal patterns in the downstream
approach of a lock and dam in the Mississippi River, but upstream approaches become more
frequent in the summer and autumn months. Carp spawning movements are thought to be
influenced by increased discharge and rising temperatures (Peters et al. 2006; Coulter et al. 2016

Hintz et al. 2017a), but with substantial individual variability (Coulter et al. 2022b).

Because of the variability in movement patterns across space and time among other
catchments within the non-native range of Bighead Carp and Silver Carp, the Red River
catchment provides an interesting study area as the physicochemical conditions are typically
more variable than in catchments for previous studies. Thus, the objective of my second chapter
was to determine movement patterns of Bighead Carp and Silver Carp. | hypothesized that both
species of carp would have similar movement patterns, with greater movements during the spring

when they would be expected to spawn (Calkins et al. 2012; Coulter et al. 2016; Vallazza et al.
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2021). I also hypothesized that carp would be more likely to transition among coarse-habitat

features during spring and summer months (Coulter et al. 2018a; Prechtel et al. 2018).

Methods

Seasons

Because fish tend to make changes in their movements seasonally, | developed criteria
for sampling seasons within the lower Red River. Each season encompassed different patterns in
water temperature and discharge in the catchment. | used the USGS stream gage near Index AR
07337000 from 1990 to 2022 to define my seasons. Typically, winter (i.e., Dec-Feb) is
characterized by low water temperatures (mean temperature of 9.9° C) and low discharge (mean
17.7 m®/s). During the spring (i.e., March-May), water temperatures are typically warm (mean
temperature of 19.9° C) and there is an increase in discharge conditions (mean discharge of 336
mq/s). The summer season (i.e., June-August) is typically characterized by declining discharges
to base flow conditions (mean discharge of 170 m3/s) and warm water temperatures (mean
temperature of 29.9° C). The river tends to begin cooling during autumn (i.e., September-
November) (mean water temperature 21.1° C) with typically low to moderate flows (mean

discharge of 130 m%/s).
Fish tracking

My team and | used both passive and active tracking across multiple seasons to determine
fish movement patterns. In addition to my passive tracking data collected by my SURs (see
Chapter 1), | actively tracked in three seasons: Winter (Dec 15-Feb 28™), Spring (Mar 1%-May
31%Y), and Summer (Jun 1%%-Aug 31%). We also tracked supplementally during autumn (September

18-November 30™). All tracking was completed during the day (~0700-1900 hours). My team
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and | actively tracked multiple reaches of the mainstem river and tributaries within the lower Red
River catchment in Arkansas, Oklahoma, and Texas. My tracking reaches varied in length and
distribution within the catchment due to limited boat access and varying water levels (Figure 5).
My team and I, actively tracked 3-5 days each week within my winter, spring, and summer
seasons. My team and | also tracked 1-2 days per week during my autumn season. We tracked by
boat, moving downstream at approximately 7-9 km/h. | towed a VHTx-69k transponding omni-
directional hydrophone behind the boat which scanned for tagged carp. The hydrophone was
paired with a VR100-300 manual receiver to detect the presence of tagged carp. Once a carp was
detected, we used the omni-directional hydrophone to approach a fish’s location until decibels
read >75 (Coulter et al. 2016). We then used a directional hydrophone to triangulate and confirm
the approximate location of the fish (i.e., within 50 m) (Calkins et al. 2012). Once a location was
determined, | recorded GPS coordinates, date, and several habitat characteristics. If the fish

moved while we were tracking, we maintained the initial contact point as the detection.
Environmental covariates

I quantified coarse-scale physicochemical conditions I hypothesized to relate to both
Bighead Carp and Silver Carp. | defined movements as the distance traveled between
consecutive detections and rate as the distance traveled per day between consecutive detections.
My covariates included average daily discharge per movement (1.0 m%/s), average discharge of
the three days prior to each movement (1.0 m?/s), average water temperature of the three days
prior to each movement (1.0°C), day of study (1 day), average daily water temperature per
movement (1.0°C), coefficient of variation (CV) of daily water temperature per movement, CV

of daily discharge per movement, and average daily photoperiod per movement (1.0 min) (
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Table 1). I took environmental measurements at coarser scales (i.e., catchment and
segment) due to both species’ capacity for large-scale movements and the positioning of USGS

stream gages.

| obtained average daily discharge and water temperature from several locations in the
lower Red River catchment. | collected mean daily discharge measurements from USGS stream
gages near Denison Dam TX 07331600, Arthur City TX 07335500, De Kalb TX 07336820,
Index AR 07337000, Fulton AR 07341500, and Spring Bank AR 07344370. | also collected
water release data from Hugo Dam in Oklahoma and Millwood Dam in Arkansas (Figure 6). |
compiled discharge data from the closest location to the most recent carp detection for each
movement made by an individual carp. | obtained water temperature data from my SURs placed
across the catchment (Figure 2). SURs recorded water temperature every hour starting at the time
of deployment. | calculated the mean daily water temperature from each SUR, and compiled

water temperature data from the closest SUR to the most recent carp detection.

| developed three hypotheses (and associated flow metrics) about how flow patterns
might be related to carp movements. | hypothesized that carp movement distances and rates (i.e.,
kilometers per day) would be positively related to more variable (i.e., CV of discharge) and
increased discharges (i.e., mean daily discharge) and that movements would be biased in an
upstream direction. The importance of discharge variability has been described for other species
of pelagic broadcast spawning minnows of the Southern Great Plains (Matthews 1988;
Worthington et al. 2018; Wedgeworth et al. 2023). Although diminutive compared to carp, |
hypothesized variability to be important to carp given the shared reproductive traits. I calculated
average daily discharge and CV of discharge between redetections of tagged carp. Carp made

larger movements under higher discharge conditions in the Wabash and Illinois rivers (Peters et
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al. 2006; DeGrandchamp et al. 2008; Coulter et al. 2016). Higher daily discharge conditions can
initiate spawning migrations, cue fish to use different habitats, and are associated with successful
reproduction in pelagic broadcast spawners (Schrank et al. 2001; Durham and Wilde 2009).
Lastly, fish often do not react to changing environmental conditions immediately (Forsythe et al.
2012); therefore, examining conditions prior to a movement may better explain possible cues.
The conditions leading up to a movement must be captured sufficiently thus, | averaged the
discharge of the three days before each movement following Forsythe et al. (2012) and Vine et

al. (2019).

| developed three hypotheses about how my temperature metrics would relate to carp
movements. First, | hypothesized that carp movement distances and movement rates would have
a quadratic relationship with average daily water temperature. | anticipated that carp would move
upstream as temperatures increase and downriver as temperatures cooled due to the associations
with upstream movements during spawning migrations and need for refuge habitat in colder
seasons (Hintz et al. 2017a; Vallazza et al. 2021). | calculated the mean daily water temperature
over the period between consecutive fish detections to relate to carp movement. | hypothesized
that carp would move more under moderate temperatures that would correspond to spawning
(i.e., carp tend to spawn in conditions above 18°C, Jennings 1988; Nico et al 2005) and that fish
would begin to move less as temperatures continued to warm because of the tradeoff between
energy expenditure for movement and feeding (Prechtel et al. 2018; Glubzinski et al. 2021).
Second, I hypothesized carp would have a positive linear relationship with the variability (i.e.,
CV) in water temperatures. Variation in water temperature is a key aspect in natural thermal
regimes to which riverine fish have adapted. Variation in temperature could cue carp to find

spawning habitat (Olden and Naiman 2010). Lastly, because conditions leading up to fish
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movements may have a greater relationship with movement distances and rates than the
conditions during a movement (Forsythe et al. 2012), | calculated the mean water temperature

three days prior to each movement following Forsythe et al. (2012).

| hypothesized carp movement rates and absolute distances would have a positive
relationship with mean photoperiod. Photoperiod is known to influence the timing of large
movements through the increase in hormone production in male and female fish (Jonsson 1991;
Norberg et al. 2004). | recorded the photoperiod of each day through sunrise and sunset timing
using Astronomical Applications Department of the U.S. Naval Observatory
(http://aa.usno.navy.mil) data, using Idabel, OK as the reference location. | took the difference
between the two times of each day to obtain a quantitative metric for the length of photoperiod
per day (Munz and Higgins 2013). | then calculated the mean photoperiod of the period between

consecutive detections for each fish.

| also hypothesized that time of year, sex, and size of fish would be related to movements
by carp. | recorded the date of each movement and used calendar day to represent the timing of
each movement. | hypothesized carp would move more in the spring and autumn as was found in
the Illinois and Wabash Rivers (DeGrandchamp et al. 2008; Coulter et al. 2022b). Several
species of fishes exhibit sex-based movement trends related to spawning and dispersal (e.g.,
Cichlids, Stiver et al. (2007), Brook Trout, Hutchings and Gerber (2002), and Coho Salmon,
Rodnick et al. (2008)). | hypothesized female carp would move greater distances and at faster
rates than males because of their role in seeking out spawning habitat (Waters and Noble 2004;
Miller and Scarnecchia 2011). Regardless of sex, larger individuals may be able to swim greater
distances or seek different habitats compared to smaller individuals (Radinger and Wolter 2014).

| hypothesized Bighead Carp would move greater distances and at faster rates than Silver Carp.
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Although both Bighead Carp and Silver Carp are assumed to hold similar trophic levels and have
similar habitat needs (DeGrandchamp et al. 2008; Yao et al. 2016), many other species sharing
those traits exhibit different movement dynamics with some being more mobile than others (e.g.,
Rock Bass Ambloplites rupestris, Redbreast Sunfish Lepomis auritus compared to Largemouth

Bass Micropterus salmoides, Bluegill Lepomis macrochirus, Gatz and Adams (1994)).

Movement pattern analyses

| used detection locations from both active and passive tracking to model the variation in
movement patterns of Bighead Carp and Silver Carp. | analyzed movement patterns by adding
each detection locations onto a map of the study area using ArcGIS Pro (ESRI, Redlands, CA,
USA). | calculated absolute distance, movement rate, and direction (i.e., upstream or
downstream) between fish detection. Only one detection per day per fish were analyzed.
Multiple detections within the same day occurred regularly. I used the detection which indicated
the greatest movement from the last known location. Multiple movements could be made
between SURs within a gate on the same day, but I only used one movement to minimize
autocorrelation. | calculated daily movement rate (km/d) by dividing the distance moved
between two consecutive detections by the number of days the fish was at large. | considered
these movements to be conservative (i.e., minimum estimates) as the fish likely moved
nonlinearly between detections (Coulter et al. 2016). | measured movement direction by
assessing the order in which detections occurred (i.e., detections occurring upstream or

downstream compared to the last detection).

| standardized and transformed my data as needed and checked multicollinearity among
my covariates prior to model development. | log transformed mean discharge, CV of discharge,

three days before movement discharge, and CV of water temperature due to right-skewness. This
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promotes convergence of the model and ensures | am meeting the regression assumptions of
linearity and homoscedasticity. | then tested for multicollinearity among variables using
Pearson’s correlation coefficient. Any variable set with a |r| >0.6 were considered multicollinear;
thus, | proceeded using only one of the variables in the set for my model development following
Roever et al. (2014) (Table 2). Multicollinearity was a concern with several variable sets thus, |
retained mean discharge, mean water temperature, CV of discharge, CV of water temperature,
and carp weight for model building. These variables were believed to be more directly related to
carp movements compared to photoperiod, day of study, and lagged temperature and discharge
covariates. All continuous variables were then standardized to have a mean of 0 and standard

deviation of 1. | used the software R (version 4.4.1 R Core Team 2024) to conduct all analysis.

| made three overarching hypotheses regarding movement magnitudes of Bighead Carp
and Silver Carp. My first hypothesis was that carp movement would primarily be related to
individual traits. Individual traits have been shown to be a key aspect of fish movement in
several species (e. g., Paddlefish, Miller and Scarnecchia 2011; Lingcod Ophiodon elongatus
Okamura et al. 2014; Brown Trout, Sdnchez-Gonzalez and Nicieza 2021). Body size within the
same species can be related to differences in movement patterns. For example, Mollenhauer et al.
(2013) found larger Brook Trout tended to move more in fall compared to Winter. These
individual characteristics could be related to differences between individuals and environmental
conditions, causing a particular group of individuals to move at different rates or distances
compared to other groups (Radinger and Wolter 2014; Lamarins et al. 2022). Unique subsets of
covariates including mean discharge, mean temperature, sex, and weight as additive effects, and
an interactive effect of discharge and species were used to test this hypothesis. | hypothesized

that larger individuals and females would move at greater magnitudes than smaller individuals
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and males due to bioenergetic costs and differences in swimming performance. | hypothesized an
interactive effect between mean discharge and species. | hypothesized that Silver Carp
movements would be more related to higher discharge and Bighead Carp movements would be
more related to lower discharges because Silver Carp have been shown to have higher

endurances in greater velocities (Hoover et al. 2017).

My second hypothesis was that carp movement would be primarily related to season or
direction. Seasonality of movement has been well documented in fish (Winemiller and Jepsen
1998; Taylor and Cooke 2012; Cooke et al. 2022). Seasonal patterns in water temperature,
discharge, and photoperiod are associated with important fish behavior changes that cue fish to
spawn, find ideal habitat, or feed (Schlosser 1991; Norberg et al. 2004 Taylor and Cooke 2012;
Radinger and Wolter 2014; Ferguson et al. 2019). Carp are known to make large spawning
migrations that typically coincide with spring and summer (Peters et al. 2006; Hintz et al. 2017a;
Coulter et al. 2022b). Vallazza et al. (2021) found that most dam passages occurred from April to
July. Direction could also relate to carp movement magnitudes as other studies have found
greater upstream movements during conditions associated with spawning (Peters et al. 2006;
Erickson et al. 2016). | hypothesized an interactive effect between temperature and direction and
discharge and direction. | expected to see greater movement magnitudes in the upstream
direction when discharges and temperatures were increasing and greater movements downstream
as discharge and temperatures were at low or intermediate values due to the associations with
upstream movements during spawning migrations (Yu et al. 2018; Vallazza et al. 2021). |
hypothesized carp may only be influenced by specific covariates during certain times of the year.
Environmental conditions (i.e., mean discharge and mean temperature) and their interactive

effects between seasons allowed me to test this hypothesis. | hypothesized that mean discharge
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and mean temperature would only have a positive relationship with movement rates and
distances in the spring and summer months because these seasons typically contain spawning

cues and the winter season does not.

My third hypothesis was that carp movement magnitudes would be more associated with
variability in environmental conditions rather than mean environmental conditions. Variability in
environmental factors can be a key aspect of fish movement (Moore and Thorp 2008; Taylor and
Cooke 2012; Coulter et al. 2016). Large variability in discharges and temperatures are normally
associated with spring flood pulses which are also associated with spawning cues in carp (Hintz
etal. 2017a; Yu et al. 2018). Main effects of CV of discharge and CV of temperature were used
to evaluate this hypothesis. | expected both covariates to have a positive relationship with
movement magnitudes as the flow variability has shown to be important in other cyprinids
(Moore and Throp 2008; Alexandre et al. 2016). | also hypothesized an interactive effect
between CV of water temperature and mean discharge. | expected that movement magnitudes
would have a minimal relationship with CV of temperature at low and moderate discharges and a
positive relationship at higher discharge values because of the specific conditions associated with
carp spawning migrations (Li et al. 2013; Lubejko et al. 2017; Lenaerts et al. 2023a). For similar
reasons, | also hypothesized an interactive effect between CV discharge and mean water
temperature. | expected to see minimal relationships between movements and discharge
variability until higher values of both discharge variability and mean water temperature were

reached.

| used a generalized additive mixed-effect model (GAMM) to determine the relationships
between my covariates and carp movement distances and rates (i.e., two models). | used the

hypotheses above to create several subsets of main effects and interactions. All models contained
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a random effect of individual. Using a random effect of individual accounts for the repeated
observations of tagged fish (Otis and White 1999). Both species were included in all analyses as
a binary fixed effect. | fit models using the mgcv package in R (Wood 2023). | used thin-plate

regression splines and a restricted-maximum likelihood (REML) procedure (Wood 2017).

Model 1: I modeled my covariates related to absolute movement distance (i.e., distance

traveled by a single carp between consecutive detections).

Distance model:

yi = f1(xi1) + f2(xi2) +...+fp(xip) + Zibi + ¢

yi = response variable for observation i

f1(xil) + f2(xi2) +...+fp(xip) = series of smoothing functions for each predictor variable

Zibi = random effect of individual

€ = error term

Model 2: | modeled my covariates related to movement rate (i.e., distance traveled by a

single carp divided by the number of days between consecutive detections.

Movement rate model:

yi=fl(xil) + f2(xi2) +...+fp(xip) + Zibi + €

yi = response variable for observation i

fl(xil) + 2(x12) +...+p(xip) = series of smoothing functions for each predictor variable

Zibi = random effect of individual

€ = error term
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| first evaluated the assumption of temporal independence of residuals by comparing
simple models with and without autocorrelation structures. | fit movement rate and distance
models with day of study only to evaluate if movements were temporally autocorrelated. | then
compared movement distance and rate models using Akaike Information Criterion corrected for

small sample size (AICc) (Burnham and Anderson 2002).

Next, | examined the need for including smoothing terms. | created a series of six models
that contained the main effects of mean water temperature, mean discharge, CV of discharge, CV
of water temperature and weight. Within the base model all variables had a smoothing term. |
used an iterative process by removing the smoothing term from a different variable in each
model to examine any possible linear relationships (Hunsicker et al. 2016; Wood 2017). | then
compared all candidate models using Akaike Information Criterion corrected for small sample
size (AICc) (Burnham and Anderson 2002). The decision to characterize a term as linear or non-
liner in future models was also based on the effective degrees of freedom (EDF). Terms with an
EDF of one are linear whereas terms further from one tend to be more non-linear (Wood 2017;

Wood 2023).

Next, | built a series of hypothesis-based models to investigate movement patterns by
carp. Hypothesis models were the same among my movement distance and movement rate
analysis except for the response variable. | built several models for each overarching hypothesis
(stated above) that examined a unique subset of covariates as additive and interactive effects to
evaluate the relative support for each hypothesis (Table 3). | compared all models using Akaike
Information Criterion corrected for small sample size (AlCc) (Burnham and Anderson 2002) to
determine which model had the greatest support among those considered. The model with the

lowest AICc score was designated as my top model. All models with AAICc< 2 were considered
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to have equal empirical support. If models had AAICc< 2, the simpler models with fewer

parameters were favored to avoid unnecessary model complexity (Burnham and Anderson 2002).

| assessed model validation by performing a 10-fold cross-validation using the CVgam
function of the gamclass R package (Robertson et al. 2015; Maindonald 2023; Mazziotta et al.
2024). This approach generates a scale parameter (GAMscale) based on the complete data, and
an estimate of mean squared error scale parameter from cross-validation (CV-mse-GAM).
Models were considered to have good predictive capacity if the mean squared error estimate are

slightly larger than the scale estimate (Robertson et al. 2015; Mazziotta et al. 2024)
Multistate analysis

| used detection locations from both active and passive tracking to develop a multistate
model (Laake and Rexstad, E. 2008; Lebreton et al. 2009; Kéry and Schaub 2011) to estimate
transition probabilities of Bighead Carp and Silver Carp between habitat types. | used the GPS
coordinates of each detection from individual carp to determine the date (i.e., period) and habitat
(i.e., state) that fish were located in. This formed a detection history across my entire study
period. This detection history represents the observation process of individual fish (i.e., where
and when | detected a tagged carp). This analysis differs from my GAMM analysis because it
does not consider movement distance. Within my multistate model carp could move large
magnitudes but remain in the same habitat. My multistate analysis provides additional
information because it emphasizes transitions among habitats rather than movement magnitudes.
Understanding the probability of carp transitioning to and from habitats during specific time

periods can improve management efforts.
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| defined three states based on habitats hypothesized to be important to Bighead Carp and
Silver Carp. I defined my states based on observed coarse-habitat used by carp during the study.
I limited my analysis to three states to avoid having an overly complicated model because the
number of parameters being estimated increases exponentially with the number of states which
quickly becomes prohibitive (White et al. 2006). My states included backwater habitat (B),
tributaries (T), and mainstem river (M). Backwater habitats may be important areas where carp
congregate during certain times of year (MacNamara et al. 2018; Prechtel et al. 2018) and may
be important for removal as gear recapture probability is higher in backwaters compared to
mainstem habitats (Birdsall 2023). Likewise, tributaries have been identified in some rivers as
congregation areas (Chapman 2006; Camacho et al. 2023), whereas mainstem habitats could be
important for carp dispersal and spawning (Coulter et al. 2016; Werner et al 2023).
Understanding conditions that may be related to transitions among major habitats is important
because they can inform managers when removal effort may be most effective (Ridgway et al.

2023a).

| defined six irregularly spaced time periods based on water temperature and discharge
patterns throughout the study period to reflect unique environmental conditions between each
period (11, t2, t3, t4, t5, and t6) (Table 4) (Figure 7). Briefly, time intervals between t1 to t2, t4 to
t5, and t5 to t6 were periods of increasing and variable discharge with increasing water
temperatures. Time intervals t2 to t3 and t3 to t4 were periods of decreasing water temperatures
and consistently low discharges with single increases in discharge magnitude above the mean for
the study period (170 m%/s). | made hypotheses predicting movement probabilities of tagged
individuals between each time period. | hypothesized some periods would have a greater effect

on the probability that carp transition among habitats. | hypothesized that during the time
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intervals t4 to t5 the probability of transitioning would be higher than the probability of
remaining in a single state. This period encompassed environmental conditions that have shown
to cue carp to move greater distances and seek different habitat (Jennings 1988; Schrank et al.
2001; Nico et al 2005). 1 also hypothesized that during conditions associated with lower
movement (t2 to t3 and t3 to t4) the probability of remaining in a state would be greater than
transitioning to other states. | believe these times do not provide the ideal cues for carp

movements.

Multistate models are a generalized form of Cormack-Jolly-Seber models (Cormack,
1964; Jolly, 1965; Seber, 1965). The general assumptions of a CJS model that are shared by
multistate models include tagging does not affect survival, all individuals have an equal
probability of recapture, tagging marks are permanent, sampling occasions are instantaneous,
populations are open with emigration considered permanent (Kéry and Schaub 2011). CJS
models estimate the probability of apparent survival (s) across open periods and recapture (p)
within each period after the initial capture period. Where transitions are constrained to either an
“alive” or “dead” latent state. Estimates of apparent survival are not estimates of mortality due to
emigration and mortality being confounded with each other. Multistate models introduce a
transition probability parameter (y) for multiple “alive” states, where individuals can transition
back and forth unlike the “dead” state which is permanent. y is also estimated across open
periods. My primary interest was in transition probabilities between habitats of carp among
discrete time periods. The estimation of y across periods allows me to extend traditional mark-
recapture models to investigate transitions by carp to and from designated habitats. An
assumption of multistate models is that individuals cannot occupy multiple states within the

same sampling period and will transition among states during open periods. Within my detection
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history a single individual violated this assumption. | only retained the detection of this carp in
the first state to avoid violation of the model assumption (Perry et al 2010; Labuzzetta et al.

2024; Van Vleet et al. 2024).

| adjusted my detection history to deal with shed or missing tags. Some individuals either
died or shed their transmitters during my study. The distinction between dead individuals or
individual that shed their tag was not possible. For these individuals, a distinction was made in
my detection history that censored all further detections. This removed the individual from
contributing to parameter estimations after it was presumed to have died or shed its tag. This
censoring avoided biasing recapture probabilities. Six of these individuals died or shed their tag
before the first period. | removed these individuals from the detection history because they
provided no information to the model as well. A major assumption of the multistate framework is
that all individuals in a state have the same likelihood to transition and be detected at each time
period (Kéry and Schaub 2011). Throughout the study, | made needed adjustments to my SUR
array. Some SURs were lost at various times and 10 additional SURs were added to my array in
winter 2024 (Table 5). However, due to the mobile capabilities of both species and my wide
distribution of active tracking reaches (Figure 5), | believe this assumption was reasonably met
for the different state groups. When constructing my detection history there were multiple
instances in which individuals were not found during a closed period but were detected in close
temporal proximity to a closed period (i.e., in an open period). These instances result in the
model not capturing transitions that occurred in the previous open period. For these instances, |
moved individual detections into the closest closed period if the detection was <14 days from the
closed period. There were three individuals that were never detected in any closed period but

were detected during at least one open period. | moved these detections into closed periods to
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avoid biasing my survival and recapture estimates (Table 6). The focus of my analysis was on
coarse-scale habitat transitions over coarse-scale time periods, thus moving individual detections
allowed me to retain as much information as possible. This technique is used by other multistate
studies (Melnychuk et al. 2017; Coulter et al. 2018a). Transitions are assumed to occur during
the open period and including these detections may better reflect transitions than detections only

occurring in the closed periods.

| first fit a multistate model using all three states, where transitions probabilities did not

vary across the six time periods.
State process:
Zifi = fsi
Zit+1]| Zit~ categorical (i 1...5.1)

Where zi+ is the true state of an individual i at time t. The state process represents the

actual transitions of an individual (Kéry and Schaub 2011).
Observations process:
yit | zit~ categorical(®.i.;...0,i)

Where yi is the observed state of individual i at time t. The observed process represents
the transitions that are observed and cannot be the same as the state process due to imperfect

detection (Kéry and Schaub 2011).

Estimated parameters : s(B,.), s(M,.), s(T,.), ¥(B-B), ¥(B-M), ¥(B-T), ¥Y(M-B), ¥(M-

M), Y(M-T), Y(T-B), ¥(T-M), WY(T-T), p(B.,t), p(M,t), p(T,t),
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Where s is survival probability, ¥ is habitat-transition probability, and p is recapture

probability.
Derived parameters: ®(B,t), ®(M,t), O(T,t),
where @ is cumulative survival probability.

Model estimates are reported as the mode (most likely value) with 95% credibility
intervals from the posterior distribution (Marjoram et al. 2003). These models indicated
transitions between tributaries and backwater habitats were rare. Recapture and survival
estimates were also similar between backwater and tributary states (Table 7, Figure 8). This
indicated that minimal information would be lost by combining the backwater and tributary
states. This is consistent with observed data, where most transitions were associated with the
mainstem. Combining the two states also allows for time varying estimates of transitions
probabilities to be made because there are far fewer parameters in a two-state model. The
conditions of the lower Red River also support combining tributary and backwater states as they
both provide low-velocity habitats where carp congregate (MacNamara et al. 2018; Birdsall
2023). | made time varying transition probabilities a random effect to generalize my findings to a
broader temporal scale (Wagner et al. 2006). | defined the backwater/tributary state as state “A”

The two-state model can be expressed as:
Estimated Parameters:
s(A,.), s(M,.),
P(AD), p(M,1),

Pa-mt ~ Normal (Lya_m, 05a-m),
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Pnm-at ~ Normal (Lyu-a, 04m-a),
Derived Parameters: ¥(M—-Mt), ¥(A-At),

Where:

zit = the true state of an individual i at time t
yit = the observed state of individual i at time t
s = survival probability

p = the time-varying recapture probabilities

Y = time-varying transitioning probabilities,

i = the group means associated variance 2.

| fit the multistate model using the direct, state-space formulation described by Kéry and
Schaub (2012). | estimated distributions with Markov chain Monte Carlo (MCMC) methods
using the program JAGS (version 4.3.1, Plummer 2003) via the package jagsUI (Kellner 2024)
in the statistical software R. All probability estimates were given broad uniform priors between
0-1. Adequate MCMC convergence (i.e., chain mixing) was achieved using four chains of
35,000 iterations each ran in parallel after a 10,000-iteration burn-in phase (thinning = 100). |

considered convergence a potential scale reduction factor R<1.05 (Brooks and Gelman 1998).

Results

Fish Tracking

| tagged carp at an approximately even sex ratio and equal numbers of each species over
a range of sizes. | tagged 16 male and 9 female Bighead Carp, and 13 male and 12 female Silver
Carp. Bighead Carp had a mean total length (TL) of 1040.12 mm (SD: 104.75, range: 964-1340

mm) and a mean weight of 21698 g (SD: 5952.98, range: 11750-36000). Silver Carp had a mean
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TL of 871.68 mm (SD: 96.71, range: 609-1052 mm) and a mean weight of 9632 g (SD: 3822.76,

range: 2500-16900) (Table 8).

My team and | detected 82% of my tagged carp. | conducted 171 active tracking events
and obtained 1519 detections from Bighead Carp and 2596 detections from Silver Carp using
active and passive telemetry. | detected 41 individuals at least twice (i.e., a minimum of two
detections were needed to record a movement by an individual for my GAMM analysis). Eight

of my tagged fish were presumed to have died or shed their tag (Table 8).
Environmental conditions

Environmental conditions varied among seasons but mostly followed typical seasonal
patterns for the lower Red River catchment. Higher discharges were recorded in the spring
months and lower discharges in the late summer into autumn and winter. Discharge had a range
of (7.58 - 1282.75 m®/s) during the study period. Discharges were highest during my spring
season (range: 33.69 - 1282.751) and lowest during my winter season (range: 8.44 - 458.73). As
expected, water temperatures were highest during the late summer (range: 23.4 - 33.6), lowest
during the winter (range: 2.6 - 17.7), with a range of (2.6 - 33.6 °C) over the study period (Figure

7)
Fish Movement

Bighead Carp and Silver Carp exhibited variability in their movement magnitudes.
Bighead Carp had a mean movement distance of 2.37 km (SD: 18.05, range: 0-336.57) and mean
movement rate of 0.46 km/d (SD: 1.8, range: 0-37.89). Silver Carp had a mean movement

distance of 1.01 km (SD: 9.61, range: 0-206.99) and mean movement rate of 0.36 km/d (SD: .95,
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range: 0-18.02). The greatest movement distance (336.57 km) was recorded by a female Bighead

Carp during my summer season (Table 9).

Detections of tagged fish varied across my SUR array. The greatest number of detections
came from my SURs located in oxbows and tributaries (e.g., oxbows close to the OK-AR border,
Kiamichi River, and Muddy Boggy Creek). Several SURs had no detections during their
deployment including gates located at the upper extent of the catchment near Denison Dam, the
Sulphur River, and Big Pine Creek. SURs located at the southern extent of my study area (i.e.,
AR-LA border) recorded only a few detections possibly indicating only a few fish left the study

area (Table 5, Figure 2).

Movement Pattern analysis

My initial model comparisons indicated support for not including autocorrelation
structures, whereas including smoothing terms for my parameters had more support than not
including smoothing terms. For the distance model, the simplest model with no autocorrelation
structure (AICc = 21181.78, log-likelihood = -10586.89, df = 4) had the most support compared
to the same model with an autocorrelation structure (AICc = 21190.59, log-likelihood = -
10590.29, df = 5). For my movement rate model, the simpler model (AlCc = 6698.372, log-
likelihood = -3345.181, df = 4) also had more support than the more complex model (AICc =
6697.675, log-likelihood = -3343.83 df = 5). Although the AAICc was <2 between the two
models, | choose the simpler model with no correlation structures for all future models (Wood
2017). For both movement models, exploratory models with all terms containing a smoothing

term had the greatest support compared to other models (Table 10).
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My top-ranked model of absolute movements by carp contained an additive effect of CV
of discharge and an interactive effect between CV of water temperature and discharge (Table 11
and Table 12). My top ranked model explained 71% of the deviance in these data. The random
effect of individual explained 9% of the deviances in these data. My model validation indicated
reasonable results with (GAMscale = 162.52) and (CV-mse-GAM = 165.1262). This similarity in
estimates indicates that the model generalizes well to new data and is likely not overfit. The
model was >2 AAICc away from all other models indicating this model had the greatest support
among those considered. Both species moved at greater distances at higher CV of discharge
values (Figure 9). The interactive effect between water temperature variability and mean
discharge showed varying effects of discharge at different water temperatures variability. |
divided discharges based on two standard deviations below and above the mean to show the
effect of CV of water temperature on movement distances at low, medium, and high discharge.
During low and medium discharge conditions, water temperatures variability had a minimal
effect on movement distances. During high discharges, movement distances increased at greater

water temperature variability values (Figure 10).

My top ranked movement rate model included an additive effect of CV of discharge and
an interactive effect between CV of water temperature and discharge (Table 13 and Table 12).
This model explained 39.2% of the deviance in the data. The random effect of individual
explained 12% of the deviance in these data. My model validation indicated reasonable fit
(GAMscale = 1.6819) and (CV-mse-GAM = 1.6880). The similarity in estimates indicates that
the model generalizes well to new data and is likely not overfit. This model was >2 AAICc away
from all other models that I considered. Carp moved at higher rates during higher values of CV

of discharge (Figure 11). The interactive effect between CV of temperature and mean discharge
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indicated varying effects water temperature variability at different discharge conditions. | divided
discharges based on two standard deviations below and above the mean to show the effect of CV
of water temperature on movement distances at low, medium, and high discharge. During low
discharges movement rates were higher at low to intermediate values of variability, during mean
discharge levels water temperature had little effect on movement rate, during high discharges

movement rates were also greater at low to intermediate values of water variability. (Figure 12).
Multistate analyses

The transition probabilities varied between my two states and over time. Transition
probabilities from state A to state M were the highest between t1 and -t2 and t4 and -t5 and the
lowest between t2 and -t3, t3 and -t4, and t5 and -t6 (Figure 13). Transition probabilities from
state M to state A were highest between t1 and t2, t4 and -t5, and t5 and -t6 and lowest between
t2 and -t3 and t3 and -t4 (Figure 14). The level of uncertainty was higher for transitions estimates
from state M to state A. This uncertainty also occurred in the probability of remaining in state M
(Table 14). Average apparent survival in state A was higher than in state M (Table 14).
Recapture probability of my tagged fish was also variable through time. Recapture probability of

my tagged carp was lower in state M with higher levels of uncertainty (Table 15).

Discussion

The variation among movement patterns in my tagged carp indicates there is a subset of
highly mobile fish and many that move very little, and these two movement characteristics may
be displayed by the same individual over time. I found both species’ average movements were
<3 km over my study period indicating a relatively sedentary population. Whereas other studies
found carp to move at larger magnitudes, on average. For example, mean movement distances of

12.4 km and 4.13 km for Silver Carp and Bighead Carp, respectively, in the Wabash and Illinois
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rivers (Peters et al. 2006; Coulter et al. 2016). However, a subset of my tagged fish also made
long distance movements (maximums were 336.57 km and 206.99 km for Bighead Carp and
Silver Carp, respectively). Among the six individuals that had mean distances above 10 km, all
recorded minimum distances <1 km and four had mode movement distances of <5 km. The
variability within individual movements indicates the ability to be mobile or sedentary may not
be static within the population (Peters et al. 2006; Booth et al. 2014). This contrasts with other
studies that found individual carp to have relatively consistent mobile or sedentary characteristics
(Coulter et al. 2022b). Successful invasive species typically have highly mobile capabilities
which allow them to disperse into new environments and compete with native species

(Lockwood et al. 2005; Roy et al. 2013; Prechtel et al. 2018).

Many movement studies show that individual variability is important. Individual
variation in fish movement behaviors is assumed to contribute to population-level robustness and
adaptability (e.g., gene flow, recolonization, species turnover; Albanese et al. 2004; Radinger
and Wolter 2014). It is not uncommon to have a large range of variability in movement studies
(Dance and Rooker 2015; Becker et al. 2016; Hughes et al. 2022; Pedaccini et al. 2023). My
individual variability accounted for only 9% of deviance in fish movement distance model and
12% of deviance in my movement rate model. Harrison et al. (2019) demonstrated by tracking
five species of large-bodied fishes that individual movements within a species were often more
variable than movements among species. Other studies on invasive species tend to demonstrate
highly variable movements among individuals (Peters et al. 2006; Rasmussen et al. 2012; Juette
et al. 2014). Other studies of Bighead Carp and Silver carp have shown large variations in
individual movement tendencies. For example, most individual Silver Carp had consistent total

home range sizes of <26 km or >102 km in the Wabash River (Prechtel et al. 201 8). Also on the
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Wabash River, Coulter et al. (2022) found mobile individuals consistently moved at greater
distances than sedentary individuals. They found that mobile individual’s movements were more
related to environmental conditions compared to sedentary individuals. In addition to low
individual variability among my tagged fish, there were also only a few that made larger

movements.

The spatial patterns of tagged carp in my study indicated minimal large-scale migrations
by individuals, especially upriver. The positioning of my SUR array allowed me to detect
possible large-scale migration to the outer extents of my study area. SUR gates at both
boundaries of my study area recorded zero or few detections. Varying detection efficiency and
range of SURs due to different environmental conditions and mooring designs could explain the
lack of detection at these gates (Winter et al. 2021; Carlson et al. 2023). However, given the
duration that my gates were deployed and the detection of 82% of my tagged carp within the
study area, it is unlikely that large numbers of tagged fish went undetected at these gates. My
SUR gate 18 rkm below Denison Dam recorded no detections throughout the study period. Carp
have the capacity to travel large distances especially when making spawning migrations
(Lubejko et al. 2017; Whitledge et al. 2019) meaning this SUR gate was within a reasonable
distance from all tagging locations. Large movements were recorded by some individuals, but |
did not record any carp moving further upstream than Bois d’Arc Creek. Past studies in the same
study area found both species occupy the entire catchment (Birdsall 2023), and USFWS has
tagged carp in the upper part of the basin that we also never detected moving downstream past
our SUR gate (USFWS, personal communication). The most upstream fish that my team and |
tagged were located in Choctaw Creek, just downriver of our uppermost SUR. Interestingly, we

never detected those two fish again and never detected any fish moving upstream of that
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location. Collectively, this suggests that carp may settle into specific areas and limit their overall
home range. Smaller home ranges used by more sedentary individuals likely reflect ideal habitat
in a smaller area (Prechtel et al. 2018). Stanton et al (2024) and Coulter et al. (2018a) both found
carp were less likely to move from the pools they were originally tagged in within Illinois River.
It is common that we find movement dynamics of large river fishes or tributary populations
move within a specific extent but often not among different systems (e.g., Flathead Catfish,
Vokoun and Rabeni 2005; Silver Carp; Werner et al. 2023; White Perch, McGrath and Austin

2009).

My results contrast with other studies that show intense directional movements during
spawning conditions (Lubejko et al. 2017; Vallazza et al. 2021). My SUR gate at the lower
extent of my study area (AR-LA bordar) only recorded three detections from two individuals.
Although my study area is not biologically meaningful to fishes, it appears that the fish | tagged
may have home ranges that are primarily within the study area. The proportions of resident and
immigrant fish varies in other populations and is thought be influenced by habitat and limitations
to movement. Werner et al. (2023) found 54% of adult Silver Carp were resident fish that were
born in and had never left the Kansas River, whereas transient individuals mostly traveled short
durations into the Missouri River. Barshinger et al. (2024) found that Silver Carp in the Arkansas
River had minimal reproductive contributions to the lower Mississippi River catchment
indicating large movements were made from the White River and Mississippi River into the
Arkansas River for reasons other than spawning. Although successful hatch has not been
documented in the lower Red River (Ramsey et al. 2024), we did determine both Bighead Carp
and Silver Carp were successfully spawning (i.e., present of empty follicles in ovaries) in the

study area via histological analyses (Brewer et al. Unpublished data). This is supported by the
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moderate movements during conditions that have been associated with spawning and the
minimal emigrations out of the study area; behaviors that suggest both species are likely
attempting to spawn within the study area. Future efforts would benefit from tagging carp across
a broader range of the Red River to determine population home ranges. Moreover, a longer
tracking period may reveal that these fish move under certain environmental conditions outside
of what we experienced over our study extent (e.g., following a drought when recolonization

would be needed).

My top movement distance and movement rate model contained relationships consistent
with my variability hypothesis. My results indicated nonlinear relationships between movement
and these abiotic conditions. Discharge and temperature variability has been related to fish
movement in other studies (Taylor and Cooke 2012; Coulter et al. 2016; Olden and Naiman
2010; Morash et al. 2021). Discharge variability is a key aspect of the flow regimes for many
large river fishes (Reinfelds et al. 2013; Carpenter-Bundhoo et a |. 2023). Within their native
ranges, flow is very important for carp to complete their life cycles (Duan et al. 2010; Li et al.
2013; Fang et al. 2022). Specific flow and temperature conditions are needed for both species to
spawn in native ranges (Chapman 2006; Chapman et al. 2016). Changes to these thermal and
flow regimes have negatively affected their abundances in the Yangte River (Yu et al. 2018).
Changes to dam operations on the mainstem Red River and major tributaries could affect flow
variations and thus limit carp movement but would also likely negatively affect the native fishes
with similar flow relationships (i.e., Cyprinids Worthington et al. 2018; Mollenhauer et al. 2022;

or Paddlefish Tripp et al. 2019).

My multi-state analysis results points to important periods when carp transition between

major habitats. Carp were more likely to transition into different habitats across time intervals
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with increasing water temperatures and more variable discharge. Intervals that contained
decreasing water temperatures and few instances where discharges rose above the mean for the
study period resulted in low probability of transitioning into different habitats. The seasonal
association with different habitat and movement magnitude have been seen in other studies
(Lubejko et al. 2017; Vallazza et al. 2021; Coulter et al. 2022b). Interestingly, carp transitions to
and from mainstem and backwater or tributary habitat were high between the same periods (i.e.,
t4-t5). This time interval was characteristic of environmental conditions associated with
spawning by carp (Lubejko et al. 2017; Erickson et al. 2016; Whitledge et al. 2019). Bighead
Carp and Silver Carp typically move into higher velocity habitats such as the mainstem to
successfully spawn (Deters et al. 2013; Li et al. 2013). Similar probabilities could be caused by
individuals being at different stages in the spawning process resulting in similar transition rates
as some individuals are moving into the mainstem to possibly spawn and some are moving into
backwater and tributaries to rest and feed (Lubejko et al. 2017; Erickson et al. 2016; Yu et al.
2018). Large individual variations in spawning timing is not uncommon (Coulter et al. 2013,
Tucker et al. 2020; Lenaerts et al. 2023a). Carp could also be using backwater and tributary
habitats as velocity refugia along their spawning movements (Werner et al. 2023) or while
waiting for more suitable spawning conditions in the mainstem (Calkins et al. 2012; Coulter et

al. 2016)

Recapture probabilities may be influencing the uncertainty in my model estimates. The
lower recapture probabilities within the mainstem translated to higher levels of uncertainty in my
estimates of transition probabilities and survival in the mainstem river. The high level of
uncertainty in my recapture probabilities within the mainstem was not surprising but must be

taken into consideration in my model interpretations and subsequent management
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recommendations. In the Red River, discrete sampling of carp using electrofishing found similar
detection discrepancies between the mainstem and other habitats (Birdsall 2023). Using an
occupancy framework, Birdsall (2023) found detection was negatively associated with discharge
indicating carp were more likely to be detected in lower-velocity habitats. Conditions including
velocity, substrate, vegetation, and receiver orientation can limit the detection range of acoustic
receivers (Kessel et al. 2014; Stott et al. 2021; Carlson et al. 2023). The wide channel, increased
velocity, and shifting sand substates of the Red River could contribute to low and uncertain
detection probabilities within the mainstem state. Stanton et al. (2024) found detection
probabilities of tagged fish were lower in larger pools with more complex habitat in the Illinois
River. Carlson et al. (2023) found that detection probability was higher for receiver mooring
designs that protected the receiver from higher velocities compared to designs that were not
protected from flows. Weinz et al (2021) found that submerged vegetation also reduced detection
efficiency. A greater number of SURs within backwater and tributary habitats could also be
contributing to the differences in recapture probabilities. To offset that possibility, I used active

tracking more frequently in the mainstem.

My results indicate that environmental conditions were more important to carp movement
patterns than individual traits. My individual trait hypothesis models had less relative support
than other models. This is likely due to the low amount of variance explained by my individual
random effects. This indicates that all fish movements regardless of individual traits were more
related to my environmental covariates. This is in contrast with other studies that found
relationships between fish weight and movement magnitude (Mollenhauer et al. 2013; Radinger
and Wolter 2014; Cooke et al. 2022). Other studies have also found sex to be a related to fish

movement (Hutchings and Gerber 2002; Stiver et al. 2007). Bighead Carp did, on average, move
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at greater distances and rates than Silver Carp. However, species’ interactive effect with
discharge was not retained in my top model. This could be a result of both species having very
similar life-histories and habitat needs (Li et al. 2013; Yao et al. 2016) and thus moving at

similar magnitudes.

My results also indicate apparent survival was higher in backwater and tributary habitats
compared to mainstem habitats. Commercial fishing and bowfishing in the mainstem could be
influencing the lower survival in my mainstem state. Bow fishers regularly target Bighead Carp
and Silver Carp in their invaded range (York et al. 2022). Commercial fishing is only open in the
Arkansas portion of the Red River is open year-round and may influence carp survival. Carp may
be better protected from fishing mortality in tributaries and backwaters that have more turbid

water, complex habitat, and cannot be accessed by boat during parts of the year.

My study results may provide useful direction when determining when and where to
attempt carp removal efforts in the lower Red River. Carp removal success can vary greatly on
timing and location of these efforts (Norman and Whitledge 2015; Altenritter et al. 2022).
Understanding when carp may be in specific habitats can help fine tune removal efforts to slow
down invasion or reduce carp biomass (Love et al. 2018; Rytwinski et al. 2019; Ridgway et al.
2023a). | found that carp were more likely to transition into different habitats during increased
discharge and warming water temperatures. During these conditions, carp may not be as
congregated, resulting in less effective capture. This is especially true given that transitions
appeared to be in both directions (i.e., to the mainstem river and into backwater and tributaries)
as opposed to movement into one area that could be targeted. Targeting carp during times
associated with lower movement magnitudes and lower likelihood of transitions between habitats

(i.e., winter months) would increase sampling efficiency. These results should be considered
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context dependent as managing carp across their invaded range in the same way may not reach
management goal. Whereas many have suggested that carp removal in known spawning habitats
during the spring and summer months could reduce reproductive success of both species
(Tsehaye et al. 2013; Cupp et al. 2021; Glubzinski et al. 2021), it is unlikely to be successful
using traditional gears on the Red River. Moreover, not sampling during this time would also be
less disruptive to spawning by native large river fishes. Most of my tagged carp appeared to
remain in the study area indicating carp may not be emigrating out of the study area in great
numbers over the timeline of my study. Future studies evaluating the use of barriers lower in the
catchment (i.e., Louisiana reaches of the Red River) could also be a strategy worth exploring to
ensure that any removed fish are not simply replaced by new fish immigrating into the middle
basin of AR, OK, and TX. However, the behavior of fish can change via a compensatory
response to some stressors (Zipkin et al. 2008; Weber et al. 2016; Walsworth et al. 2020). Thus,
continued evaluation of carp movements may be warranted if the agencies decide to undergo
large-scale removal operations. Given the costs, evaluation of successful change in the non-

native populations may be warranted.
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Chapter III
Habitat selection by Bighead Carp and Silver Carp within the lower Red River catchment

Introduction

Understanding fish habitat use and selection (i.e., disproportionate use) is important in
developing conservation and management plans for native and invasive species. Habitat selection
can help explain the variations in a fishes’ life-history and ecology (Rice et al. 2005).
Environmental factors such as water temperature (Lawson et al. 2004), substrate (Coulombe-
Pontbriand et al. 2004), and discharge (Allouche et al. 2001) can influence where and when fish
occupy certain habitats. Knowledge of habitats that fish select, particularly during important time
periods (e.g., spawning seasons), is important for the conservation of some species. Through use
of biotelemetry, researchers found aggregations of adult and juvenile Lemon Sharks Negaprion
brevirostris off the Florida coast in specific habitats, which were then quantified and given
protection (Brooks et al. 2019). Favrot et al. (2018) examined the microhabitat use of juvenile
Chinook Salmon Oncorhynchus tshawytscha and found deep-low-velocity habitats were being
selected for. This information was then used to recommend management plans to increase this
microhabitat such as the development of beaver-pond complexes. Knowledge of habitat selection
can also be used in the management of invasive species. Habitat selected by invasive species can
be instructive in understanding how they will interact with other species and at what locations.
Many successful invaders are flexible in their niche use, meaning they can use many different
types of habitats and overtake new environments easily (Wright et al. 2010; Bussmann et al.
2022). The flexibility of invasive species poses an issue for researchers and managers as invasive
species may not select for the same habitat as in their native distribution (Hintz et al. 20174a;
Ibarra et al. 2024), thus creating uncertainty in how invasive species interact with new
environments.

50



Knowledge of habitat selection by invasive species can be useful for understanding how
to improve control or eradication efforts of these species. Targeted control efforts could be used
in habitats that have higher concentration of invasive carp (Cupp et al. 2021; Glubzinski et al.
2021). Herding techniques in suitable locations and specific habitats (e.g., low-velocity areas)
can be effective in removing large quantities of Bighead Carp and Silver Carp (Ridgway et al.
2023a). Bussmann et al. (2022) found Round Gobies Neogobius melanostomus used human
modified habitats at higher rates indicating management strategies could be targeted at these
habitats. Understanding the temporal and environmental patterns associated with invasive
species habitat selection can further improve management (Kadye and Booth 2013). In the
Potomac River, Lapointe et al. (2010) found Northern Snakehead Channa argus were most
vulnerable to control efforts during their spawning season when adults were more likely to be in
shallower habitats. Telemetry technology can also be used by tagging and tracking a smaller
number of fish to locate aggregations of fish, where they can be more effectively removed.
Known as the Judas technique, this has been successful in controlling Common Carp Cyprinus
carpio in Midwestern lakes (Bajer et al. 2011; Bajer et al. 2019). Insights into habitat selection
by carp can also improve barrier effectiveness by informing when and where these tools can be
implemented (i.e., stopping movement between river pools) (Kallis et al. 2023). Knowledge of

habitat selection by carp in each system is important for efficient targeted management.

Bighead Carp and Silver Carp inhabit a variety of habitats under different environmental
conditions to complete all life stages. Bighead Carp and Silver Carp are associated with low-
velocity habitats (e.g., backwaters, behind wingdikes, and in tributaries) throughout much of
their invaded range (e.g., Wabash River, Coulter et al. 2016; Wabash River, Prechtel et al 2018;

Illinois River, Glubzinski et al. 2021). These low-velocity areas are more conducive for feeding
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and conserving energy (Coulter et al 2016). However, when spawning, carp move into higher-
velocity habitats presumably to facilitate the downstream drift of their semi-buoyant eggs
(Chapman 2006; Erickson et al. 2016). Seasonality can also change how carp select habitat.
Glubzinski et al. (2021) found shallow-water habitat with lower water temperatures supported
greater numbers of Silver Carp during warmer months in the Illinois River. Although habitat-use
trends have been established with carp occurrence, different river systems may require carp to

change their habitat selection (Glubzinski et al. 2021).

Carp in the lower Red River could select habitat differently compared to more established
carp populations in the United States. Carp appeared to have higher occupancy probability in
tributaries compared to the mainstem Red River possibly due to limited availability of backwater
habitat (Birdsall 2023). Further knowledge on habitat selection by carp in catchments that differ
from other established populations is important for understanding the full range of environments
that can be exploited by both species (Harms et al. 2024). Combining acoustic telemetry with
habitat selection provides a more detailed view of carp behavior compared to other studies
(Haupt et al. 2016; Birdsall 2023). Many studies have described habitat used by carp at fine-
scales (DeGrandchamp et al. 2008; MacNamara et al. 2018; Glubzinski et al. 2021), but there
remains a knowledge gap as to which habitats carp are selecting for in larger catchments such as
the Red River. Using individually tagged carp; | can determine habitat selection across a
relatively large study extent over time (Brownscombe et al. 2022). Correspondingly, my study
objective was to assess habitat selection by Bighead Carp and Silver Carp in the lower Red River

catchment.

Methods

Seasons
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| determined carp habitat selection within multiple seasons throughout my study (see
Chapter 1). Briefly, | based my season criteria on carp biology and historical water temperature
data for the lower Red River using the USGS stream gage near Index AR 07337000 from 1990-
2022. Typically, winter (i.e., Dec-Feb) is characterized by low water temperatures (mean
temperature of 9.9° C) and lower flows (mean discharge 17.7 m%/s). During the spring (i.e.,
March-May), water temperatures are typically warm (mean temperature of 19.9° C) and there is
an increase in discharge conditions (mean discharge of 336 m3/s). The summer season (i.e., June-
August) is typically characterized by declining discharges to base flow conditions (mean
discharge of 170 m%/s) and warm water temperatures (mean temperature of 29.9° C). The river
tends to begin cooling during autumn (i.e., September-November) (mean water temperature

21.1° C) with typically low to moderate flows (mean discharge of 130 m%/s).
Used and available habitat sampling

| determined habitat selection by Bighead Carp and Silver Carp using my active tracking
data (see Chapter 1). Briefly, | tracked within three seasons: winter (Dec 1%-Feb 28™), spring
(Mar 1%-May 31%), and summer (Jun 1%-Aug 31%). I tracked multiple reaches of mainstem river
and tributaries within the lower Red River catchment in Arkansas, Oklahoma, and Texas (Figure
5). I actively tracked 3-5 days each week within each season. | used an omni-directional
hydrophone to approach a fish’s location until decibels read >75 (Coulter et al. 2016). I then used
a directional hydrophone to triangulate and confirm the fish’s location (Calkins et al. 2012).
Once a location was determined, | recorded GPS coordinates, date, and several habitat
characteristics (see ‘habitat covariates’ below). Environmental conditions such as water depth,
substrate type, and vegetation create variability in location estimates from acoustic transmitters

(Stott et al. 2021). Due to this limited fine scale positioning ability, I placed a 50-m linear buffer
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around each fish’s estimated location, (hereafter used points). This encompassed enough area to
ensure that the tagged carp was within the 50-m buffer and still provided a measure of reach-
scale habitat selection (Coulter et al. 2016). Before tracking | conducted testing to ensure the
proper buffer size. | was able to gain a 67-74 decibel reading from a test tag at approximately 25
meters away and 75-85 decibels from approximately 13 meters away. These buffers were used to

define areas of used habitat (Manly et al. 2002).

| measured habitat availability using random GPS coordinate points taken within each
tracking reach. I first determined the percentage of primary channel and velocity refuges within
each tracking reach. | defined the primary channel as areas which appeared to contain the
thalweg and were in direct flow of the river. I defined velocity refuges as areas out of the main
flow of the river or tributary (i.e., connected oxbow lakes, behind wing dikes, backwaters,
forewaters, and cut-off side channels). | used NAIP satellite imagery and ArcGIS Pro tools to
find the area in km? of both primary channel and velocity refuge areas. This informed the number
of available points that were needed in each area to gain an accurate representation of habitat
across the catchment. | assigned random available points using ArcGIS Pro prior to tracking,
ensuring that no available points were less than 50-m apart. | used the same 50-m linear buffer to
measure all covariates as in my used points. | created enough available points to obtain a 1:5
ratio to ensure adequate available habitat was quantified habitat within the lower Red River

(Nad’o and Kariuch 2018).

Based on previous estimates of carp movement, | designated the entire study area as
available to tagged individuals (DeGrandchamp et al. 2008; Coulter et al. 2016). My tracking
reaches totaled 291 rkm of the mainstem and several major tributaries. This accounts for 41% of

the total rkm mainstem the study area. Tracking reaches encompassed a wide range of habitats
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across the catchment including braided mainstem, channelized mainstem, free-flowing and
dammed tributaries, and backwater areas. Tracking a large area was important in locating tagged
carp and gathering a representative sample of available habitat (Barbet-Massin et al. 2012). |

quantified the same habitat measurements in both used and available points.

Habitat covariates

Rivers and streams are hierarchically structured, and I used this framework in quantifying
my habitat variables. Frissel et al. (1986) classified scales from fine to coarse where
microhabitats are nested within channel units (e.g., pools, riffles), which are then nested within
reaches. Reaches tend to be investigator defined and correspond to sampling effort associated
with the life history of an organism or to meet statistical assumptions of closure, etc. (Wathen et
al. 2017). Multiple reaches occur within the same stream segment (i.e., tributary confluence to
confluence). Lastly, stream segments make up the network within a catchment. Examining how
habitat is selected across both coarse and fine scales can be used to answer different questions
depending on the species and life history stage (Fausch et al. 2002). For example, Ramsey et al.
(2024) found that nursery habitat for some fishes depended on the location of finer-scale features
within the stream network. | examined habitat selection by carp at the reach-scale (i.e., used and
available points) and stream segment scale. Investigating multiple scales allows managers to see
the influence of selection at a coarser-scale such as segment sinuosity on finer habitat selection
such as average reach depth. A knowledge gap persists in habitat selection studies that lack a

multiscale analysis (McGarigal et al. 2016).

The habitat characteristics that | hypothesized would relate to habitat selection by carp
were water depth, water temperature, average velocity, habitat type (i.e., primary channel or

velocity refuge), segment sinuosity, distance to velocity refuge, distance to river bend, and

55



distance to third order or greater tributary confluence. | collected average water depth, water
temperature, average velocity, and habitat type within each used and randomly assigned
available point (detailed below). I also calculated the segment sinuosity, distance to velocity
refuge, distance to river bend, and distance to third order or greater tributary confluence at the
segment scale of each used and available point (Table 16). Habitat characteristics were indexed
to season, which was a factor (i.e., categorical variable) in my model. This allowed me to model

variation in habitat selection across seasons.

| quantified water depth (1.0 m) at each used and available point. Depth relates to many
important behavioral factors such as thermal regulation, feeding, and predator avoidance
(Allouche et al. 2001; MacNamara et al. 2018; Sullivan et al. 2021). DeGrandchamp et al. (2008)
found carp at an average depth of 3.9 m in the Illinois River. | recorded water depth using a boat-
mounted depth finder. | located the thalweg within each used and available point and collected
three measurements of depth at the top, middle, and bottom of each point, and averaged them to

reflect used or available point conditions.

| measured water temperature (1.0°C) because it is an important driver of fish habitat
selection due to water temperature’s effect on fish activity levels and reproductive development
(Brett and Groves 1979; Myrick et al. 2000; Wang et al. 2010). Prechtel et al. (2018) found
Silver Carp selected warmer water temperatures and avoided colder water in the Wabash River. |
collected water temperature using a water-quality meter (YSI ProDSS) or (Ultrapen PT1) in the

middle of the used or available point in the thalweg.

I quantified water velocity (1.0 m/s) because fish may occupy different velocities to avoid
predators, feed, or reproduce (Lamouroux et al. 1999; Allouche et al. 2001). Carp are associated

with lower-velocity areas to conserve energy or efficiently feed in the Illinois River,
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DeGrandchamp et al. (2008); Mississippi River, Calkins et al. (2012); and Wabash River,
Prechtel et al. (2018) and higher velocities to successfully spawn (Lenaerts et al. 2023a). |
measured water velocity using a flowmeter (Hach FH950) at approximately 1 m below the
water’s surface. | took three measurements of velocity at the bottom, middle, and top of the point

and calculated an average to represent the used or available point conditions.

| recorded the habitat type (primary channel or velocity refuge) of both used and
available points to determine their relative selection for carp. Bighead Carp and Silver Carp are
associated with backwater habitats in the Illinois and Mississippi Rivers (Calkins et al. 2012;
MacNamara et al. 2018). | designated each used or available point as a velocity refuge, or
primary channel. | made these designations based on definitions above. Briefly, | defined
velocity refuges as an area of minimal to no velocity that has little to no flow influence from the
main river discharge. This includes connected oxbows, behind wing dikes, and side channels. |
defined the primary channel as areas in the mainstem or tributaries which contained the thalweg

or primary direction of flow.

I quantified the sinuosity of both used and available segments. Sinuosity is a coarse scale
metric associated with finer-scale habitat complexity (Rowe et al. 2009). More complex habitat
includes areas with both high and low velocities which would allow carp to spawn or feed
(Deters et al. 2013). | calculated sinuosity by dividing the river kilometer distance of the segment
(i.e., area between 4" order or greater tributary confluences (Strahler 1957)) by the straight-line
distance of the segment using the distance tool in ArcGIS Pro. | measured the sinuosity of a

random subset of segments that were actively tracked, which served as the available segments.

| recorded the distance (1.0 rkm) from the center of each used and available point to the

nearest velocity refuge. Carp tend to associate with low-velocity habitat within both their
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invaded and native range (Kolar et al. 2007; MacNamara et al. 2018; Prechtel et al 2018;
Glubzinski et al. 2021). These areas provide refuge from the higher-velocity main channel
(Coulter et al 2016) and provide important larval and juvenile habitat for both species (George
and Chapman 2013). | marked the locations of all velocity refuges in ArcGIS Pro using NAIP
satellite imagery and NHDplus Flowlines. | defined velocity refuges as areas out of the main
flow of the river or tributary (i.e., connected oxbow lakes, behind wing dikes, and cut-off side
channels). I then overlaid the GPS coordinates of each used and available point onto the
NHDplus flowlines. Next, | used the distance tool in ArcGIS Pro to measure the distance from
each used and available point to the center of the closest velocity refuge point in either upstream

or downstream directions. | used the river distance to maintain an accurate measurement.

| recorded distance (1.0 rkm) from the center of each used and available point to the
nearest river bend. | hypothesized that the outside bend of the primary channel contains the
conditions needed for both species to reproduce. Deters et al. (2013) indicated that carp could be
using the outside river bends to spawn in more sinuous segments. The higher velocities of the
outside bend could be important for carp to release their semi-buoyant eggs into the main
channel flow similar to other pelagic broadcast-spawners (Hoagstrom et al. 2015; Durham and
Wilde 2009; Camacho et al. 2023). | marked the locations of the middle of each river bend in
ArcGIS Pro using NAIP satellite imagery and NHDplus Flowlines. I then overlaid the GPS
coordinates of each used and available point onto the NHDplus flowlines. Next, I used the
distance tool in ArcGIS Pro to measure the distance from each used and available point to the
center of the closest river bend in either upstream or downstream directions. | used the river

distance to maintain an accurate measurement.
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Finally, I measured the distance (1.0 rkm) from the center of each used and available
point to the nearest third order or greater tributary confluence. I chose tributaries that were third
order or greater because | hypothesized carp would inhabit large tributaries and be unbale
inhabitat tributaries that were <3 order. For Bighead Carp and Silver Carp, tributaries can serve
as low-velocity areas that are used for feeding or refuge in the Mississippi, Illinois River, and
Red River (MacNamara et al. 2018; Glubzinski et al. 2021; Birdsall 2023). Tributary confluences
are also key spawning areas in their native ranges and the upper Mississippi River (Chapman
2006; Camacho et al. 2023). | calculated the distance to nearest third order or greater tributary
confluence using geospatial imagery and tools. | marked the locations of tributaries with a stream
order of three (Strahler 1957) or greater, which flowed into the lower Red River in ArcGIS Pro
using NAIP satellite imagery and NHDplus Flowlines. | then overlaid the GPS coordinates of
each used and available point onto the NHDplus flowlines. Next, | used the distance tool in
ArcGIS Pro to measure the distance from each point to the center of the closest tributary
confluence point in either upstream or downstream directions. | used the river distance to
maintain an accurate measurement. For used and available points that occurred within tributaries,

| measured the distance to the confluence with the Red River.
Data analysis

| made several hypotheses that | believed would explain habitat selection by carp. First, |
wanted to investigate if habitat relationships were associated with bioenergetics theory. The need
to feed and conserve energy is important for all fish to grow and mature (Brown et al. 1983;
Silva et al. 2012; Barneche et al. 2018). | hypothesized that carp would select habitat that would
maximize their growth. Bighead Carp and Silver Carp have shown to be associated with low-

velocity habitats among their native and invaded ranges (Prechtel et al. 2018; Shuai et al. 2018;
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Yu et al. 2018). These areas have higher zooplankton and phytoplankton abundances providing
carp with their primary food source (Cooke et al. 2009; Li et al. 2013; Houser et al. 2016).
Velocity refugia also allows carp to conserve energy (Calkins et al. 2012; Prechtel et al. 2018).
High velocity habitats force fish to expend energy by maintaining station (Hoover et al. 2017,
Tan et al. 2019; Xi et al. 2024). Optimal thermal conditions are also an important aspect of fish
bioenergetics (Selong et al. 2000; van Rijn et al. 2017; Prechtel et al. 2018). Selecting habitats
that provide thermal refuge in warm and cold conditions are important for carp growth
(MacNamara et al. 2018; Glubzinski et al. 2021). Additive effects of velocity, depth, habitat
type, and distance to velocity refuges allowed me to test these hypotheses. | also hypothesized an
interactive effect of water temperature and season because | expected carp would select for
warmer water in the winter season and cooler water in the summer season to maintain their
thermal optima. | expected carp would be more likely to select habitats with low velocities,
which were not in the primary channel, contained deeper water and select areas closer to velocity

refuges.

My second hypothesis was that carp would select habitat related to spawning. Carp
appear to spawn in habitats that differ from habitats more associated with feeding (Coulter et al.
2013; Hintz et al. 2017a; Yu et al. 2018). As protracted pelagic broadcast spawners, carp release
their neutrally buoyant eggs over unprepared unguarded substrates (Chapman 2006; Erickson et
al. 2016). Minimal velocities are needed to maintain their neutrally buoyant eggs and larvae in
suspension (Lenaerts et al. 2023a). Both species require specific spawning habitats (i.e.,
turbulent water conditions created by hard structures) in their native ranges (Duan et al. 2010;
Fang et al. 2022). These habitat requirements could influence carp habitat selection more than

their bioenergetic needs. | hypothesized carp may select higher velocity areas and be in closer
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proximity to possible spawning habitats (i.e., river bends, tributary confluence, or highly sinuous
segments). | hypothesized an interactive effect between season and distance to tributary
confluence. | expected carp to select habitat closer to tributary confluences in the spring and have
no relationship during the summer due to ideal spawning habitat in tributary confluences Deters
et al. 2013; Fang et al. 2022). | also hypothesized an interactive effect of velocity and season as |
expected carp would select higher velocities in the spring and lower velocities in the summer and

winter due to their spawning habitat association (Duan et al. 2010; Fang et al. 2022).

My third hypothesis was that individual characteristics would influence habitat selection
by carp. Individual characteristics (i.e., sex, weight, or species) could determine how carp select
habitat. Fish can partition resources based on a variety of characteristics due to differences in
individual behavior or habitat needs. (Berner et al. 2015; Buxton et al 2020; Harms et al. 2024).
For example, Rodnick et al. (2008) found female Coho Salmon Oncorhynchus kisutch selected
reaches with colder water temperatures compared to males in the West Fork Smith River in
Oregon. Sizes of individuals can also influence selection as larger fish may be more prone to
dispersal or have greater endurance in higher velocities (Radinger and Wolter 2014; Cooke et al.
2022) Bighead Carp and Silver Carp have very similar life-history traits (Jayasinghe et al. 2015)
but could be selecting habitat differently within the lower Red River catchment. Hoover et al.
(2017) found Silver Carp had greater endurance in high-velocities compared to Bighead Carp. |
hypothesized that females and larger individuals would be more likely to select high velocity
conditions and deeper water compared to smaller males. | also hypothesized that Bighead Carp
would be more likely to select velocity refugees compared to Silver Carp due to Silver Carps

higher endurance (Hoover et. 2017; Xi et al. 2024).
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I modeled the variation in carp habitat selection using a resource selection function (RSF)
(Manly et al. 2002). I interpreted predicted probabilities from the RSFs as indicators of relative
habitat selection (relative to Manly et al. 2002). RSFs are used to determine species selection or
avoidance of habitat. My analysis uses a presence-only logistic regression, where used points are
designated as 1s, and available points are designated as 0s. My analysis gives insights on how
habitat selection by carp in catchments differs between established populations and populations
in the lower Red River and informs managers on habitat that is important to carp (Matthiopoulos
et al. 2015; Harms et al. 2024). Locating individually tagged fish gives a detailed view of carp
behavior and allows managers make better inferences on population wide characteristics

(Brownscombe et al. 2022).

| performed any necessary standardizations and transformation to variables prior to
model development. | log transformed depth and velocity due to right-skewness in their
distribution. I then tested for multicollinearity among my variables as described in objective one
(Table 17). Carp total length was highly correlated with carp weight (| r | = 0.96), thus | excluded
total length and retained all other variables. | examined all continuous variables to ensure they
met the assumptions of continuous data. All retained continuous variables were standardized to
have a mean of 0 and standard deviation of 1. This promotes convergence of the model and aids

interpretation. 1 used R (version 4.4.1 R Core Team 2024) to conduct all analysis.

| fit a generalized linear mixed-effects model (glmm) with a binomial distribution and
logit link function using the “Ime4” package (Bates et al. 2015). | gave used points (i.e.,
individual carp locations) a coded value of Y= 1 and available points (i.e., randomly selected
points) a coded value of Y= 0 (Boyce et al. 2002) for observation i and fish j assuming a

Bernoulli distribution.
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Yij ~ Bernoulli (¥ij ).

| assigned water depth, water temperature, water velocity, carp weight, distance to
tributary confluence, distance to velocity refuge, distance to river bend, and sinuosity as
continuous variables in my model. Sex, species, and habitat type were assigned as categorical
variables. | assigned individual fish as a random effect for all models (Gillies et al. 2006). The

glmm can be expressed as:

l0git(Yij ) = BotPn Xnij + on + Bnj Xnj + Yoj

Y = estimated probability of use

Bo = the grand intercept

Bn Xnij = the n coefficient for n continuous covariates at observation i for fish j

an = the n coefficient for n categorical covariates at observation i for fish j

Bnj Xnj = the n coefficient for covariate n for fish j

voj = the random fish intercept

| built a series of hypothesis-based models to investigate habitat selection by carp. | built
three models per overarching hypothesis (stated above) that examined a unique subset of
covariates to evaluate the relative support for each hypothesis (Table 18). Each model contained
covariates the represented a broad hypothesis about factors that could be influencing habitat
selection. | compared all models using Akaike Information Criterion corrected for small sample
size (AlCc, Burnham and Anderson 2002) to determine which model had the greatest support.
The model with the lowest AICc score was designated as my top model. All models with

AAICc< 2 were considered to have equal empirical support. If models had AAICc< 2, the
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simpler models with fewer parameters were favored to avoid unnecessary model complexity
(Burnham and Anderson 2002). I assessed the top model’s fit using a binned residuals plot.
Models were considered to fit adequately if approximately 95% of residuals fell between the
error bounds (Gelman and Hill 2006). | also assessed model fit using marginal R? (i.e., the
variance explained by my fixed effects) and conditional R? (i.e., the variance explained by fixed

and random effects

Results

Use and availability sampling

| tagged carp at an approximately even sex ratio and equal numbers of each species over
a range of sizes. | tagged 16 male and 9 female Bighead Carp, and 13 male and 12 female Silver
Carp. Bighead Carp had a mean total length (TL) of 1040.12 mm (SD: 104.75, range: 964-1340
mm) and a mean weight of 21698 g (SD: 5952.98, range: 11750-36000). Silver Carp had a mean
TL of 871.68 mm (SD: 96.71, range: 609-1052 mm) and a mean weight of 9632 g (SD: 3822.76,

range: 2500-16900) (Table 8).

| used active tracking to quantify both habitat used by Bighead Carp and Silver Carp and
habitat available. | completed171 tracking events across 12 reaches of the lower Red River
catchment during my winter, spring, and summer seasons (Table 19). | recorded 394 used points
(i.e., fish locations) from 43 individuals, and 2,526 available points. | attempted to gain at least a
1:5 ratio of used to available points, but | was able to achieve a 1:6 ratio of used to available

points.

Habitat covariates
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Active tracking across three seasons allowed me to gain a representative representation of the
habitats and conditions that were available to carp. Habitat covariates values measured at used
points were less variable than measurements at available points (Table 20). Available velocity
had a range of 2.36 m/s in mainstem habitats during spring flood pulses to 0.00 m/s in backwater
habitats. Used velocity only ranged from 1.76-0.00 m/s. Available depth had a mean of 3.07 m

and used depth had a mean of 4.10 m.
Data analyses

My selection model that had the most support contained the additive effects of velocity,
distance to velocity refuge, habitat type, water depth, and an interactive effect between water
temperature and season (Table 21). This model was had adequate fit according to the binned
residual plot and R? values (Figure 15 and Table 21). Covariates had varying effects on selection
likelihood (Table 22). Carp selected deeper water and were more likely to select velocity refuges
compared to the primary channel (Figure 16, Figure 17). Although a weak relationship, carp
were slightly more likely to select areas closer to velocity refuges (Figure 18). Both species
selected slower velocity conditions (Figure 19). Carp were more likely to select warmer water
temperatures during my winter season, however there was a considerable amount of uncertainty
around this estimate. Carp were slightly more likely to select warmer water temperatures during

my spring and summer seasons, however this relationship was also weak (Figure 20).

Discussion

My top model contained relationships consistent with my bioenergetics hypothesis. Carp
selected habitats and conditions that could be used to optimize their bioenergetic needs. These
habitats may allow carp to feed more efficiently and conserve energy. The selection by carp of

these habitats is common among other populations (Li et al. 2013; MacNamara et al. 2018;
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Werner et al. 2023). Selection of these habitats could contribute to carp’s capacity for rapid
growth and high fecundity (Sass et al. 2010; Lenaerts et al. 2023a; Williams et al. 2023). Both
traits make them well suited to invade new environments that have enough forage and refuge
habitat (Tsehaye et al. 2013; Anderson et al. 2017; Ivan et al. 2020). Plankton densities can be
much higher in lower-velocity habitats (Sampson et al. 2009; Houser et al. 2016; Hintz et al.
2017b). Thus, carp are likely using these areas to feed. Carp are also likely selecting lower
velocities to conserve energy. Xi et al. (2024) found Silver Carp and Bighead carp displayed
avoidance behaviors when subjected to accelerating velocities. Other large river fishes also use
velocity refugia. For example, Alligator Gar Atractosteus spatula in the Fourche Lafave River
were found to use floodplain habitats that provided reduced velocities compared to the mainstem
river (Kluender et al. 2017). Habitat outside of the main flow of large rivers are also important
for larval and juvenile fish to forge, grow, and avoid predators (Love et al. 2017; Chick et al.
2020a; Ramsey et al. 2024). This highlights the importance of hydrological conditions on large
river fishes ecology and the affects human alterations can have on both native and invasive
species. The selection of deeper water is less consistent among other studies. In the Illinois
River, Silver Carp abundances were found to be negatively associated with increased water
depths (Glubzinski et al. 2021). However, Prechtel et al. (2018) found Silver Carp to select water
depths greater than five meters in the Wabash River. My results could be influenced by the
deeper waters found in velocity refuge habitats. The braided channel mainstem in large sections
of the Red River are shallow and might not be suitable habitat for carp (Matthews and
Zimmerman 1990). Human modifications (i.e., wing dikes) to the river in the lower portions of
my study area create areas with deeper water and slower flow that are ideal for carp

(DeGrandchamp et al. 2008; Glubzinski et al. 2021). The possible selection of warmer water
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during colder conditions could be related to thermal selection. However, the lack of used and
available measurement during my winter season did introduce more uncertainty in this
relationship than my spring and summer season. Prechetel et al. (2018) found Silver Carp to
positively select for warmer water temperature in both years of their study in the Wabash River.
Other studies found relative depth changes under different thermal conditions (MacNamara et al.
2018; Glubzinski et al. 2021). My results indicate carp are selecting low-velocity habitats that

contain deeper water and were out of the primary channel.

My results better inform managers of which habitats are being selected by Bighead Carp
and Silver Carp. In a unique catchment like the Red River, where the main channel and
floodplain are largely disconnected, and dynamic water levels are frequent, carp may be
challenged to find suitable habitat (Erickson et al. 2016; Lu et al. 2020). Other parts of their
invaded range such as the Illinois River contain large amounts of pool-like habitat (Stuck et al.
2015) which are more conducive to carp feeding (Sass et al. 2010; Calkins et al. 2012) and more
closely reflect their native ranges (Chen et al. 2007; Lu et al. 2020). Unlike other catchments, the
Red River has relatively few velocity refuges. This may provide a management opportunity
given the limited areas that carp seem to select. Management of these species in the Red River
would be made more efficient if control efforts were conducted in velocity refuges comprising of
deeper water. These selected habitats provide ideal conditions for broad-scale removal efforts
(Ridgway et al. 2023a). Along with lower velocity areas, habitats near velocity refuges would be
ideal for control efforts. Quantifying the availability of these habitats might be helpful in
determining a threat assessment for other regions in the catchment not yet invaded (e.g.,

Millwood Dam, Hugo Dam, or Denison Dam).
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Based on efforts to remove other invasive fishes, there are several possible management
strategies that may be useful to managers given the characteristics of the Red River catchment.
Using telemetry technologies to aid in removal efforts can be especially productive
(Brownscombe et al. 2022). Known as the Judas technique, individuals are tagged with
transmitters and released back into the environment. These tagged fish are then tracked to find
possible congregations of individual where they can be more efficiently captured. The tagged
individuals can then be released again, and the process can be repeated (Bajer et al. 2011; Bajer
et al. 2019). Hessler et al. (2023) captured more Grass Carp Ctenopharyngodon idella in a
Missouri reservoir at sites that contained tagged individual compared to sites assumed to contain
Grass Carp. This technique may not be well suited in large systems such as the Red River
because locating a small number of tagged individuals could prove difficult. Mechanical removal
is another common management practice (Rytwinski et al. 2019). Mechanical removal of
invasive trout has been successful in smaller streams (Shepard et al. 2014; Bosch et al. 2019).
However, few removal efforts have not demonstrated a successful change in abundance of carp
in large rivers (Tsehaye et al. 2013; Rytwinski et al. 2019), and caution should be made to not

negatively affect native fishes.

Carp selected habitat that overlap with habitats used by different life stages of several
important native fishes; managers might consider options for reducing carp numbers that
minimize threats to native fishes. Possible competition between carp and native fishes has been a
longstanding concern within their invaded range. (e.g., the 1.2-billion-dollar fishing industry
fishing industry in the Great Lakes could be affected through competition for resources between
carp and native species (Lauber et al 2016; Ivan et al. 2020; Ibarra et al. 2024). Carp have the

ability to alter zooplankton communities and consume similar zooplankton species as native
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planktivorous fishes (Sampson et al. 2009; Sass et al. 2014; Pendleton et al. 2017). These
negative effects are exacerbated if native fishes and carp occupy similar habitats. Native
planktivorous fishes such as the Paddlefish Polyodon spathula and Bigmouth Buffalo Ictiobus
cyprinellus are also associated with low-flow habitat where they can feed more efficiently
(Sampson et al. 2009; Hintz et al. 2017b). Many native juvenile fish in the lower Red River
catchment were found to be more associated with the major tributaries compared to the mainstem
(Ramsey et al. 2024). Native juvenile occupancy was also positively related to discharge
indicating at higher water levels more slackwater and backwater habitats may become available
to both native juvenile fish and adult carp. Growth and survival of juvenile fishes may suffer
given freshwater species feed on zooplankton in early life-stages (Nunn et al. 2012). Increased
competition for resources at early life stages can have pronounced negative effects on adult
population sizes. For example, Chick et al. (2020b) found declines in abundance in multiple
sport fish in the presence of Silver Carp indicating possible competition for resources between
juveniles and adult carp. Caution is warranted when conducting removal or other management
efforts to avoid unintended consequences on native fishes. Juvenile fishes of long-lived fishes
can be relatively plastic, greater concerns may be warranted for adult large river fishes during
sensitive times of the year. Paddlefish spawning cues are related to specific water temperatures
during spring flood pulses which are similar to carp’s spawning cues (Coulter et al. 2016; Tripp
et al. 2019). These similarities could cause unintentional capture of Paddlefish if removal efforts
are conducted during these conditions. Other pelagic broad-cast spawners could seek similar
habitats as carp during spawning conditions, putting them at risk of capture and mortality
(Hoagstrom et al. 2015). Drought conditions could also stress native species increasing the risk

of carp removal efforts causing unwanted mortality in native fishes (Lennox et al. 2019).
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Table 1. Variables, scale, unit, and gear or source used for determining movement trends of

Bighead Carp and Silver Carp in the lower Red River. SVC = Silver Carp, BHC = Bighead Carp.

M = male, and F =female, and SURs = Submersible ultrasonic receivers.

Variable Scale Unit Gear/Source
Average water Catchment °C SURS
temperature

Three days before

average water Catchment °C SURs
temperature

CV of average water Catchment i SURS
temperature

Average water Catchment °C SURs
temperature squared

Average photoperiod Catchment min https://aa.usno.navy.mil/
Average discharge Catchment m3/S USGS stream gage
CV of discharge Catchment - USGS stream gage
Three day_s before Catchment m3/S USGS stream gage
average discharge

Day of study NA 1 Day Fish movement
Direction Individual 1/0 Fish movement
Species Individual SVC/BHC Morphology
Sex Individual M/F Morphology
Weight Individual g Scale

Total Length Individual mm Measuring board
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Table 2. Pearson’s Correlation matrix for movement distance and rate model covariates. Values > |0.6| were considered multicollinear.
Only one of each multicollinear pair was retained in future model building. MQ = mean discharge (m®/s), MT = mean water
temperature (°C), MPP = Mean photo period (Min), DOS = day of study, CVT= coefficient of variation of water temperature, CVD =
coefficient of variation discharge, MT3db = mean water temperature of the three days before a movement (°C), MQ3db = mean

discharge of the three days before a movement (m?/s), W = weight of individual carp (g), and L = total length of individual carp (mm).

Covariates MQ MT MPP DOS CVT CVD MT3db MQ3db W L

MQ  1.00
MT 006 1.00

MPP 018 090 1.00

DOS 011 078 070 1.00

CVT 003 -049 -042 -0.32 1.00

CVvD 025 -0.11 -0.06 -0.13 0.23 1.00

MT3db 005 099 088 078 -050 -0.13 1.00
MQ3db 091 007 019 012 -003 017 006  1.00

w -0.02 -0.02 0.01 -001 0.08 0.03 -0.03 -0.02  1.00
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L -0.10 -0.02 0.00 0.00 0.07 0.01 -0.02 -0.09 093 1.00
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Table 3. Hypothesized movement distance and rate models. DOS = day of study, MT = mean

water temperature (°C), MQ = mean discharge (m®/s), CVT= coefficient of variation of water

temperature, CVD = coefficient of variation discharge, W = weight of individual carp (),

Species = Bighead Carp or Silver Carp, Sex = sex of individual, Season = my three season labels

(Winter, Spring, and Summer), Direction = upstream or downstream movement based on the

previous detection, Hypothesis = overarching hypothesis that may relate to carp movement

patterns. s() denotes smoothed terms. The random effect of individual was included in all

models. Preliminary models to assess temporal autocorrelation are denoted with “*”,

Model description

Hypothesis

~s(DOS)*

~s(DOS) + corARMA(~1|DOS)*
~s(W) + s(MQ) + Sex
~s(W) + s(MT) + Sex
~s(W) + s(MQ x Species)
~s(MQ x Season)

~3(MT x Season)

~3(MQ x Direction)
~3(MT x Direction)
~s(CVT) + s(CVD)
~3(CVD x Temp)

~s(CVT x MQ)

Exploratory
Exploratory
Individual traits
Individual traits
Individual traits
Season and direction
Season and direction
Season and direction
Season and direction
Variability
Variability

Variability
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Table 4. Description of environmental conditions for each open period interval (i.e., time

between each closed period) based on water temperature and discharge in (Figure 7).

Period intervals

Environmental conditions

tltot2

t2 to t3

t3 to t4

t4totd

t5to t6

Discharges were highly variable with four
increases above the mean discharge for the
study period (170 m®/s). Water temperatures
increased between these two periods.

Discharges were lower than average between
these periods with one increase in discharge
magnitude above mean. Water temperatures
decreased from the maximum for the year.

Discharges were below the mean with one
increase in magnitude above the mean. Water
temperatures reached the minimum for the
study period between these two periods.

Discharges were highly variable with four
increases in magnitude above the mean. Water
temperatures steadily increased with moderate
variability.

Discharges were highly variable with extended
periods above the mean and a decline below
the mean. Water temperatures increased and
reached the maximum for the year between
these periods.
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Table 5. SUR array deployment, final download of data, and the number of detections that each

SUR recorded throughout its deployment. These detections were filtered into one detection per

fish per day.
Serial number ~ Deployed Final download  Detections
489658 3/3/2023 8/26/2024 1869
489657 3/6/2023 8/22/2024 0
489659 3/6/2023 8/22/2024 0
489651 3/15/2023 8/26/2024 61
489653 3/15/2023 8/26/2024 294
489650 3/20/2023 8/26/2024 340
489654 3/20/2023 8/26/2024 211
489652 3/31/2023 8/27/2024 0
489656 3/31/2023 8/27/2024 0
490126 4/4/2023 8/26/2024 520
489655 4/19/2023 8/7/2024 2
490127 4/19/2023 8/31/2023 1
491275 1/12/2024 8/26/2024 0
491276 1/12/2024 8/26/2024 0
491273 1/17/2024 NA -
491269 1/24/2024 3/6/2024 22
491274 1/24/2024 3/6/2024 20
491268 1/28/2024 8/14/2024 301
491267 21712024 4/23/2024 7
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491270 2/7/2024 8/27/2024 129
491271 2/7/2024 8/27/2024 29

491272 2/7/2024 4/23/2024 0
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Table 6. Detection history for all tagged individuals for all six periods. t1-t6 indicate each
discrete time period in which estimates of transition probability were made across. Tag ID
indicates individual tagged fish. Each letter indicates one of the three states that carp could
occupy T (tributary), M (mainstem), B (backwater). A zero indicates an individual was not found
during that period. “.” Indicate individuals that were estimated to have died or shed their tag. *

indicates instances where a detection was moved from an open period to capture a transition.

Tag ID tl t2 t3 t4 t5 t6
A69-1604-24204 B B B B M* B
A69-1604-24205 T 0 0 0 0 0
A69-1604-24206 T M* 0 0 M 0
A69-1604-24207 T T T T T T
A69-1604-24208 T 0 0 0 M 0
A69-1604-24209 T 0 0 0 M* 0
A69-1604-24210 M 0 0 0 0 0
A69-1604-24211 M T 0 T

A69-1604-24212 T T T T T T

A69-1604-24213 B

A69-1604-24214 T T 0 T T T
A69-1604-24215 B 0 0 0 0 0
A69-1604-24216 T 0 0 0 T 0
A69-1604-24217 T M* 0 0 0 0
A69-1604-24218 T 0 0 0 0 0
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AG69-1604-24241

A69-1604-24242

A69-1604-24243

A69-1604-24244

A69-1604-24245

A69-1604-24246

A69-1604-24247

A69-1604-24248

A69-1604-24249

A69-1604-24250

A69-1604-24251

A69-1604-24252

A69-1604-24253

T*

B*

M*

T*

T*
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Table 7. Recapture probability estimates (p) for time periods (t) and time-constant average
survival probability estimate (s) from the three-state transition model. Parameters = each
estimated parameter where B is backwater, M is mainstem, and T is tributary, Mode = most

likely value, C.I. = 95% credibility interval.

Parameter  Mode C.l

p(B,t2) 0.92 (0.69, 0.99)
p(B,t3) 0.93 (0.73, 0.99)
p(B,t4) 0.88 (0.64, 0.99)
p(B,t5) 0.82 (0.53, 0.98)
p(B,t6) 0.82 (0.54, 0.98)

p(M,12) 056  (0.25,0.92)
p(M,t3) 0.13 (0.02, 0.44)
p(M,t4) 013  (0.02,0.44)
P(M,15) 0.83  (0.56,0.99)

p(M, t6) 026  (0.07,0.62)

p(T 12) 062  (0.35,0.87)
p(T t3) 059  (0.30,0.89)
p(T t4) 077  (0.41,0.98)
p(T.t5) 0.82  (0.46,0.98)
p(T.t6) 073  (0.33,0.98)
s(B..) 0.95 (0.95, 1)

s(M,.) 086  (0.67,0.97)
s(T..) 0.96 (0.87, 1)
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Table 8. Summary of tagged fish demographics, tagging dates, shed tag or death, and number of
detections. Tag Identification, date tagged, species (Silver Carp (SVC) or Bighead Carp (BHC)),
length (total length mm), weight (g), sex (male (M) or female (F)), number of detections of
tagged carp, and shed tag or death are included. Shed tag or death column indicates the date that
a fish is estimated to have died or shed their tag. Individuals with no date were believed to be

alive throughout the study.

Length Weight Number of  Shed tag
Tag ID Date Tagged Species (mm) (9) Sex detections  or death
A69-1604-24204 3/14/23 SVC 900 8000 M 286
A69-1604-24205 3/13/23 SVC 1052 15900 F 0
A69-1604-24206 3/10/23 SVvC 798 6000 M 6
A69-1604-24207 3/22/23 BHC 974 14500 M 10
A69-1604-24208 3/17/23 BHC 1055 16500 M 16
A69-1604-24209 3/17/23 SVC 835 11000 F 1
A69-1604-24210 3/24/23 SVC 682 5000 F 0
A69-1604-24211 3/24/23 SVvC 856 7500 M 10 2/12/2024
A69-1604-24212 3/22/23 BHC 1005 15000 M 315
A69-1604-24213 4/4/23 SVC 991 16900 F 13 6/23/2023
A69-1604-24214 3/29/23 SVvC 786 6750 M 42
A69-1604-24215 3/24/23 SVC 838 7000 M 0
A69-1604-24216 4/6/23 SVC 850 9000 F 3
A69-1604-24217 4/6/23 SVC 795 6000 F 3
A69-1604-24218 4/5/23 SvC 881 7000 M 0
A69-1604-24219 4/26/23 BHC 1200 21800 F 1
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Table 9. Summary statistics of movement for Silver Carp (male (M) or female (F)) and Bighead
Carp (male (M) or female (F)). Movement distances were calculated as the distance moved
between consecutive detections. Movement rates were calculated as the movement distance
divided by the duration of time between consecutive detections. Means, standard deviations (%),

maximum distance, and maximum rate are reported.

Mean distance Mean rate Maximum Maximum rate
Species Sex (km) (km/d) distance (km) (km/d)
Silver M 1.43+0.31 0.40 +£0.03 206.99 18.02
Silver F 0.37 .03 0.29 £ 0.02 26.39 3.73
Bighead M 1.87 £0.43 0.46 = .04 319.19 25.70
Bighead F 3.96 +1.35 0.45+0.13 336.57 37.89
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Table 10. Exploratory movement distance and rate models investigating linear and smooth terms
for each covariate. MT = mean water temperature (°C), MQ = mean discharge (m%s), CVT = CV
of water temperature, CVD = CV of discharge, W = weight of individual carp (g), and s()

denotes smoothed terms. A random effect of individual was included in all models.

Model description

~s(MT) + s(MQ) + s(CVT) + s(CVD) + s(W)
~ MT + 5(MQ) + S(CVT) + 5(CVD) + S(W)
~s(MT) + MQ + S(CVT) + 5(CVD) + s(W)
~s(MT) + s(MQ) + CVT + 5(CVD) + s(W)
~s(MT) + s(MQ) + S(CVT) + CVD + s(W)

~3(MT) + s(MQ) + s(CVT) + s(CVD) + W
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Table 11. Summary of top movement distance model. Model = response variable, Covariates =
covariates included in the model, CVD = coefficient of variation discharge, CVT= coefficient of
variation of water temperature MQ = mean discharge (m®/s), Individual = random effect of

individual fish, and edf = effective degrees of freedom. s() denotes smoothed terms. X denotes an

interactive effect.

Model Covariate edf

Distance s(CVD) 7.9
s(CVT x MQ) 27.39

s(Individual) 35.55
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Table 12. Summary of top movement distance and movement rate models. Model = response variable for each model, Model
description = covariates included either additive (+) or interactive (x), CVD = coefficient of variation discharge, CVT= coefficient of
variation of water temperature MQ = mean discharge (m®/s). s() denotes smoothed terms. The random effect of individual was
included in all models. df = degrees of freedom, logLik = log-likelihood AICc = AIC corrected for small sample size, AAICc = the
difference between each model and the top ranked model, wi = Akaike weight, and Deviance explained = proportion of the deviance in

residuals that is explained by fixed and random effects.

Model Model description df logLik AlCc AAICc Wi Deviance explained
Distance ~s(CVD) + s(CVT x MQ) 73 -3338.524 6825.8 0 1 71%
Rate ~5(CVD) + s(CVT x MQ) 68 -1153.404 2446.2 0 1 39.2%
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Table 13. Summary of top movement rate model. Model = response variable, Covariates =
covariates included in the model, CVD = coefficient of variation discharge, CVT= coefficient of
variation of water temperature MQ = mean discharge (m®/s), Individual = the random effect of
individual, and edf = effective degrees of freedom, s() denotes smoothed terms. X denotes an

interactive effect.

Model Covariate edf

Rate s(CVD) 5.45
s(CVT x MQ) 26.3

s(Individual) 34.27
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Table 14. Probability of remaining in a given state (¥) and time constant average survival
probability for each state (s) from my two-state model. Parameters = Probabilities of remaining
in each state (A = backwater/tributary state, M = mainstem state) across each time period and
time constant survival estimates for each state. Mode = most likely value, C.l. = 95% credibility

intervals.

Parameter Mode C.L

PA-ALL) 062  (0.45,0.77)
Y(A-AL2) 0.95 (0.76, 1)
P(A-AL3) 0.95 (0.77, 1)
P(A-At4) 063  (0.40,0.79)
P(A-A5) 0.89 (0.53, 1)
YM-Mtl) 041  (0.0,0.94)
YM-Mt2) 096  (0.732, 1)
PM-M3)  0.97 (0.71, 1)
PM-Mt4) 061  (0.22,0.9)
YM-M5) 023  (0.0,0.61)
s(A..) 0.98 (0.92, 1)

s(M,.) 085 (.72, 0.95)
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Table 15. Recapture probability estimates (p) from the two-state model. Parameters = detection
probabilities for each state (A = backwater/tributary state, M = mainstem state) within each time

period (t2-t6), Mode = Most likely value, C.1. = 95% credibility intervals.

Parameter Estimate C.l

p(At2)  0.90 (0.73, 0.99)
p(At3)  0.86 (0.68, 0.97)
p(At4)  0.89 (0.70, 0.99)
p(Ats)  0.88 (0.62, 0.99)
p(At6)  0.67 (0.45, 0.95)
p(M,t2)  0.37 (0.17, 0.6)
p(M,t3)  0.10 (0.02, 0.3)
p(M,t4)  0.12 (0.02, 0.34)
p(M,t5)  0.79 (0.52, 0.96)
p(M,t6)  0.45 (0.09, 0.95)
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Table 16. Variables collected, scale, unit, and gear or sources of the variables for determining the

habitat selection by Bighead Carp and Silver Carp in the lower Red River.

Variable Scale Unit Gear/Source
Sinuosity Segment km NAIP imagery
Distance to velocity Segment km NAIP imagery
refuge
Distance to river :

Segment km NAIP imagery
bend
Distance to tributary Segment Kkm NAIP imagery
confluence
Water temperature Reach °C YSI
Thalweg depth Reach m Boat mounted sonar
Average velocity Reach m/s Portable Velocity Meter
Habitat type Reach PC/VR Visual inspection
Sex Individual M/F Visual Inspection
Weight Individual g Scale
Total length Individual mm Measuring board
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Table 17. Pearson’s correlation matrix for habitat selection covariates. Temp = water temperature
(°C), Depth = water depth (m), Velocity = water velocity (m/s), Dis_trib = distance in km to
closest 3" order or greater tributary confluence, Dis_RB = distance in km to the closest river
bend, Dis_VR = distance in km to the closest velocity refuge, L = total length of individual in

mm, W = weight of individual in grams Sinuosity = Sinuosity of segment.

Covarites Temp  Depth Velocity Dis_trib Dis_RB Dis_VR L w Sinuosity

Temp 1.00
Depth -0.20 1.00
Velocity  -0.19 -0.01 1.00
Dis_trib  -0.06 0.12 0.06 1.00
Dis_RB 0.05 -0.14 -0.32 -0.14 1.00
Dis_VR -0.07 0.05 0.15 0.53 -0.21 1.00
L 0.01 -0.02 0.02 0.01 0.05 0.02 1.00
w 0.01 -0.02 0.01 0.01 0.05 0.02 0.96 1.00

Sinuosity  -0.04 0.28 -0.17 0.23 -0.03 0.09 -0.03 -0.03

1.00
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Table 18. Hypothesized resource selection models. (+) indicate additive effects and (x) indicate
interactive effects. Hab = primary channel (PC) or velocity refuge (VR), Temp = water
temperature (°C), D = water depth (m), V= water velocity (m/s), Dis_trib = distance in km to
closest 3" order or greater tributary confluence, Dis_RB = distance in km to the closest river
bend, Dis_VR = distance in km to the closest velocity refuge, Sin = Sinuosity of segment,
Species = Bighead Carp or Silver Carp, Sex = male or female, and Season = (winter, spring, and
summer). A random effect of individual was included in all models. Main effects were included

in models with interaction.

Model description Hypothesis
~D + V + Temp x Season Bioenergetics
~V + Hab*D + Temp x Season Bioenergetics
~V + Dis_VR + Hab + D + Temp x Season Bioenergetics
~V + Dis_trib + Dis_RB + Sin Spawning
~Dis_trib + Dis_RB + V x Season Spawning
~V + Dis_RB + Dis_trib x Season Spawning
~Hab+D +V xW Individual traits
~D + Hab x Species + V x Sex Individual traits
~D + V + Hab x Species Individual traits

93



Table 19. Summary of all tracking reaches that were used to actively track tagged Bighead Carp
and Silver Carp. Reach identification letter (Figure 5), length of the river reach in kilometers, the
number of tracking events conducted per reach, and the total number of river kilometers actively

tracked within each tracking reach are included.

Reach Length of reach Number of tracking events River km
J 24 21 504
G 23 24 552
F 31 22 682
K 48 12 576
A 25 1 25

| 35 11 385
C 22 16 352
E 33 15 495
H 21 27 567
D 37 10 370
B 20 12 240
Total 319 171 4748
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Table 20. Summary of used and available habitat within the lower Red River. Temp = water

temperature (°C), Depth = water depth (m), Velocity = water velocity (m/s), Dis_trib = distance
in km to closest 3 order or greater tributary confluence, Dis_RB = distance in km to the closest
river bend, Dis_VR = distance in km to the closest velocity refuge, L = total length of individual

in mm, Sinuosity = sinuosity of segment.

Available Awvailable Available Available Used Used Used Used

Covariates  Mean SD Min Max Mean SD Min  Max
Temp 24.89 6.98 4.60 37.7 2524 7.07 8.10 36.00
Depth 3.07 1.75 0.22 10.79 4.10 169 050 10.59
Velocity 0.62 0.38 0.00 2.36 0.24 036 0.00 1.76
Dis_trib 8.61 6.70 0.00 28.74 505 278 0.03 16.59
Dis_RB 1.01 0.88 0.00 6.26 3.74 571 0.00 22.16
Dis_VR 8.83 7.28 0.00 26.22 1.68 1.22 0.01 6.00
Sinuosity 1.73 0.22 1.21 1.95 1.80 016 126 1.93
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Table 21. Summary of my top ranked habitat selection model. A random effect of individual was added to the model. Model
description = covariates included either additive (+) or interactive (x), df = degrees of freedom, LogLink = the log-likelihood, AICc =
AIC corrected for small sample size, AAICc = the difference between each model and the top ranked model, wi = wi = Akaike weight,

R?c = variance explained by fixed and random effects, and R?m = the variance explained by only the fixed effects.

Model description df LogLik AICc AAICc Wi R’ R’m

~V + Dis_VR + Hab + D + Temp x Season 11 -717  1456.10 0 099 026 0.25
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Table 22. Coefficient estimates and their associated standard errors, 95% confidence intervals
(C.I), from my top ranked habitat selection model. V = water velocity (m/s), Dis_VR = distance
in km to the closest velocity refuge, Hab = habitat type where primary channel was the reference,
D = water depth (m), Temp x Winter = the interaction between water temperature and my winter
season, Temp X Spring = the interaction between water temperature and my spring season, Temp

X Summer = the interaction between water temperature and my summer season.

Covariate Estimate SE C.

V -0.74 0.10 (-0.94, -0.53)
Dis_VR -0.31 0.09  (-0.49,-0.14)
Hab 2.14 032  (1.52,2.77)
D 0.90 0.09 (0.73, 1.08)

Temp x Winter 0.72 1.05 (-1.18, 2.79)
Temp x Spring -0.14 1.03 (-2.79, 1.18)

Temp x Summer -0.72 1.05 (-0.51, 0.78)
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Figure 1. My study area in the mainstem Red River catchment including the lower portions of
the major tributaries from Lake Texoma to the Arkansas-Louisiana border. The uppermost extent
of my study area in the tributaries was an impoundment in several cases (e.g., Little River and
Kiamichi River), limited by boat access (e.g., Blue River and Choctaw Creek), or determined by

examining SUR data (e.g., Muddy Boggy Creek, Big Pine Creek, and Sulphur River).
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Figure 2. Locations of deployed SUR gates in the lower Red River catchment. Black dots

indicate the locations of each SUR gate. Gates consisted of two SURs that were placed

approximately 0.5-3 km apart.
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Figure 3. Receiver mooring design used to hold SURs in the Red River catchment to passively
detect carp movements at a coarse scale. The black rectangle indicates the receiver that was
attached to the mooring system. | used a 72-kg concrete anchor with a 0.6-meter rebar post
placed in the middle of the anchor. The rebar post was attached to a near-surface buoy by a 6.3-
millimeter stainless steel cable. The SUR was attached to a rebar bracket and threaded onto the
rebar anchor post, and a secondary rope was attached from the SUR bracket to the near-surface

buoy.
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Figure 4. The locations where tagged carp were surgically implanted with acoustic transmitters

across the lower Red River catchment. Black dots indicate each tagging site, and the associated

number indicates the total number of carp tagged in that location.
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Figure 5. Active tracking reaches across the lower Red River catchment. Black squares indicate

the beginning and end of tracking reaches. Letters between corresponding squares indicate

individual tracking reaches.
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Figure 6. USGS stream gages within the lower Red River catchment. The red squares indicate

each stream gage location from which discharge data were collected for my movement pattern

analysis.
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Figure 7. Environmental conditions for the lower Red River catchment during the study period.
Discharge measurements (black line) were collected from the USGS stream gage near Arthur
City TX 07335500. The dashed line represents mean discharge for the study period (170 m3s).
Water temperature measurements (blue line) were collected from the USGS stream gage near
Index AR 07337000. Shaded bars indicate closed periods which were condensed to create the six

time periods of my multistate model.
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Figure 8. Cumulative apparent survival estimates for my three-state model. Panel B shows

survival estimates in the backwater state, panel M shows the survival estimates in the mainstem
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state, and panel T shows survival estimates in the tributary state. The y-axis shows the
probability of survival. The x-axis shows the survival notation (S) of each time period. The black

dots indicate the mode estimate, and the black lines indicate the 95% credibility intervals.
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Figure 9. Relationship between CV of discharge and movement distance. Shaded areas around
the line indicate the 95% confidence intervals. The y-axis shows the model-predicted distance
traveled in river-kilometers between consecutive detections by tagged individuals. The x-axis

shows natural-logged-transformed coefficient of variation of discharge.
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Figure 10. The relationship between CV of water temperature and movement distance at three

levels of discharge. Shaded areas around the line indicate the 95 % confidence intervals. Panel A
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shows the relationship while holding discharge two standard deviations below the mean. Panel B
shows the relationship while holding discharge at the mean value. Panel C shows the relationship
while holding discharge two standard deviations above the mean. The y-axis shows the model-

predicted river-kilometers traveled between consecutive detections by tagged individuals. The x-

axis shows the natural-logged-transformed coefficient of variation of water temperature.
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Figure 11. Relationship between CV of discharge and movement rate. Shaded areas around the
line indicate the 95% confidence intervals. The y-axis shows the model-predicted river-
kilometers traveled per day between consecutive detections by tagged individuals. The x-axis

shows the natural-logged-transformed coefficient of variation of discharge.
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Figure 12. The relationship between CV of water temperature and movement rate at three levels

of discharge. Shaded areas around the line indicate the 95 % confidence intervals. Panel A shows
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the relationship while holding discharge two standard deviations below the mean. Panel B shows
the relationship while holding discharge at the mean value. Panel C shows the relationship while
holding discharge two standard deviations above the mean. The y-axis shows the model-
predicted river-kilometers traveled per day between consecutive detections by tagged

individuals. The x-axis shows the natural-logged-transformed coefficient of variation of water

temperature.
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Figure 13. Transition probability estimates from state A to state M from the MCMC simulation
for the two-state model. The y-axis shows the probability of transitioning. The x-axis shows
transition notation (y) between each time period. The black dots indicate the mode estimate, and

the black lines indicate the 95% credibility intervals.
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Figure 14. Transition probability estimates from state M to state A from the MCMC simulation
for the two-state model. The y-axis shows the probability of transitioning. The x-axis shows
transition notation () between each time period. The black dots indicate the mode estimate, and

the black lines indicate the 95% credibility intervals.
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Figure 15. Binned residuals plot for my top ranked habitat selection model showing adequate fit.

Gray lines are the theoretical error bounds and black points are the binned residuals.
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Figure 16. Model predicted probability of selection of water depth (m) by Bighead Carp and
Silver Carp. The solid line shows the predicted probability of selection. The shaded areas around
the line indicates the 95% confidence intervals. The y-axis shows the probability of selection.

The x-axis shows the natural-log-transformed water depths in meters.
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Figure 17. Model predicted probability of selection of habitat type by Bighead Carp and Silver
Carp. The black dots show the point estimate of selection. The lines around each point indicate
the 95% confidence intervals. The y-axis shows the probability of selection. The x-axis shows

my two habitat distinctions, primary channel (PC) or velocity refuge (VR).

117



1.00;

0.751

0.50

Probability

0.251

0.001

0 1 2 3 4 5
Distance to Velocity Refuge (km)

Figure 18. Model predicted probability of selection of distance to the closest velocity refuge by
Bighead Carp and Silver Carp. The shaded area around the line indicates the 95% confidence

intervals. The y-axis shows the probability of selection. The x-axis shows the distance to the

closest velocity refuge in kilometers.
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Figure 19. Model predicted probability of selection of water velocity (m/s) by Bighead Carp and
Silver Carp. The solid line shows the predicted probability of selection. The shaded areas around
the line indicates the 95% confidence intervals. The y-axis shows the probability of selection.

The x-axis shows the natural-log-transformed water velocity in meters per second.
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Figure 20. Model predicted probability of selection of water temperature (°C) within my winter,

spring, and summer seasons by Bighead Carp and Silver Carp. Panel A shows the relationship
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during my winter season (Dec 1st to Feb 29th). Panel B shows the relationship during my spring
season (March 1st to May 31st). Panel C shows the relationship during my summer season (June
1st to Aug 31st). The shaded area around the line indicates the 95% confidence intervals. The y-

axis shows the probability of selection. The x-axis shows water temperatures in degrees Celsius.
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