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Project Title: Deterrent Strategy Planning for Asian Carp in The Ohio River Basin

Geographic Location:  Tennessee and Cumberland rivers including Mississippi, Alabama,Tennessee, and Kentucky.

Lead Agency: Kentucky Department of Fish and Wildlife Resources (KDFWR; Joshua Tompkins, Joshua.tompkins@ky.gov)

Participating Agencies:  Tennessee Wildlife Resource Agency (TWRA), Kentucky Department of Fish and Wildlife Resources (KDFWR), Mississippi Department of Wildlife, Fisheries, and Parks (MDWFP), Alabama Department of Conservation and Natural Resources, U.S. Army Corps of Engineers (USACE), Tennessee Valley Authority (TVA), Murray State University, Tennessee Technological University (TTU), U.S. Geological Survey (USGS), U.S. Fish and Wildlife Service (USFWS).

Introduction: 
 
Adult Silver Carp Hypophthalmichthys moltrix and Bighead Carp H. nobilis (bigheaded carp, collectively) have invaded the Ohio River Basin. Silver Carp were first reported in the state of Tennessee 1989, and Bighead Carp were reported in 1994 (Kolar et al. 2007). Despite over three decades of occupancy data suggesting presence in Tennessee, bigheaded carp invasion may still be in early stages as evidenced by skewed sex ratios, high growth rates, and robustness (Ridgway 2016). Bigheaded carp are highly effective planktivores that can impose considerable ecosystem changes by altering planktonic communities (Sass et al. 2014). Due to the ability to move through locks, bigheaded carp are capable of invading new reservoirs or perpetuating immigration into already invaded systems. Therfore, detering bigheaded carp from imigrating into vulnerable reservoirs will help to prevent and ameliorate bigheaded carp invasions. Furthermore, surveliance and detections of changes in the leading edge of invasion will inform prioritization of management actions.

Data regarding pool-to-pool movement and lock-and-dam passage will inform placement of deterrents that minimize trade-offs. Furthermore, baseline data will allow efficacy of deterrents to be measured after implimentation. This project supports the goals of the Ohio River Basin Asian Carp Control Strategy Framework including prevention, monitoring, and response. The specific strategy supported is to evaluate the use of deterrent barriers at strategic locations to limit further dispersal of bigheaded carp in the Ohio River Basin.  
   
Project Objectives:  
1)  	Characterize the need for deterrents and evaluate priority locations for deterrent placement to control movement of bigheaded carp in the Tennessee and Cumberland rivers.
2)  	Collect baseline movement information among reservoirs to inform bigheaded carp deterrent efficacy and lock-and-dam passage.
Project Highlights:

TWRA

Bigheaded carp made passage at Pickwick and Cheatham dams in 2022. No passages by bigheaded carp were detected at Wilson, Wheeler, or Old Hickory dams in 2022.
Bigheaded carp have moved from within the Tennessee River to the Cumberland River and vice-versa. Interconnectedness of these populations via the Barkley Canal and the Ohio River should be considered during management, mitigation, and control efforts for bigheaded carp.

KDFWR/MSU

The BAFF system has been observed to reduce silver carp crossing the deterrent by atleast 50% when ON. Silver carp were observed to exit the reservoirs in the spirng. The macrohabitats which were studied are too coarse, and more fine-scaled habitats are being considered. Preliminary data suggest that Silver Carp do not show a noticeable pattern in their distribution in the Lower Cumberland River (Figure 13) but they seem to cluster near RK 20 in the Lower Tennessee River.


Methods:  

TWRA

Efforts to monitor, maintain, and strengthen (i.e., increasing tag numbers, adding to receiver array, and updating receiver array) acoustic telemetry movement data for bigheaded carp were continued in 2022. Receivers were monitored throughout the year, which included downloading data, replacing damaged receivers, and replacing disposable components (e.g., batteries).  To inform pool-to-pool movement, Vemco acoustic telemetry receivers were placed at all locks and dams from Kentucky Dam to Guntersville Dam in the Tennessee River and from Barkley Dam to Old Hickory Dam in the Cumberland River. Receiver downloading and maintenance is a multi-state effort by KDFWR, TWRA, TTU, MDWFP, and ADCNR. An effort to increase the number of tagged bigheaded carp in Barkley, Cheatham, Kentucky, and Pickwick reservoirs occurred from 2017 – 2022 and plans to continue deploying acoustic transmitters in the Tennessee and Cumberland rivers in 2023 are planned. Electrofishing was used during cool water conditions to capture fish in order to minimize stress and maximize survival.  Fish were immediately released after recovery.  Telemetry receiver stations deployed throughout the Tennessee and Cumberland rivers were used to detect when fish moved from one pool to another (Figure 1). These pool-to-pool movements were documented when an individual was reliably detected by receivers in two different pools. 

All bigheaded carp tagged in the Tennessee and Cumberland rivers, including those tagged by partner agencies for concurrent studies, exist in the analysis. In 2022, during a concurrent study, Silver Carp were captured upstream of a dam, tagged, and released downstream of the dam (referred to as translocated fish). When considering dam passage events, these fish are considered separately, as they may express unique behaviors associated with the translocation event.  Receiver data is filtered to remove possible false detections. Detections are considered reliable when a fish is detected at least twice by receivers in a pool or lock. The minimum two detections can occur consecutively on one receiver or on two different receivers in the same pool. Single detections are considered false detections and removed from analyses. 

Reliability of receiver detections are determined by tag drags, which refers to an event where a distinct acoustic test tag is used to determine if receivers were efficiently detecting tagged fish below, within, and above the locks. Unreliable detections are removed from analysis; for example, when a receiver frequently detects a test tag both in an upstream pool and in a lock, the detections would be excluded to remove the possibility of believing a fish to have made upstream passage when it never actually left the lock.  Tag drags are performed at least once a year to evaluate the telemetry array. During a tag drag, the test tag is dragged approximately 1 meter below the boat to simulate a telemetry-tagged bigheaded carp. The path of the tag drag passes downstream, inter-lock, and upstream receivers, and the unique test tag number is then later used to certify that each receiver is accurately detecting tagged fish that pass by within range. The path of the tag drag is recorded as a track layer on a GPS unit that allows receiver detections to be matched to the location of the test tag based on time stamps. Thus, location of the tag during detection is known and receivers can be evaluated (e.g., the range of detection can be determined). Tag drags are important for ensuring that detection data is accurately reported. 

KDFWR

Characterize the need for deterrents and evaluate priority locations for deterrent placement to control movement of bigheaded carp in the Tennessee and Cumberland rivers.

KDFWR participated in annual meetings with collaborating agencies to provide updates on the distribution of invasive carp populations, identify available deterrent methods, and prioritize installation and maintenance of deterrents in the TNCR. To identify and make necessary changes to the prioritized list of where deterrents to invasive carp movements are needed. Deterrent placement will be characterized by locations that will strategically reduce the potential of invasive carp expansion upstream in the Tennessee, and Cumberland rivers. Locations for field testing of available deterrent strategies will be paramount. KDFWR will further investigate the need for and priority locations that may warrant an invasive carp deterrent structure. Strategic Decision-Making protocols evaluation and determination for the best approach of engaging the partnership in discussions is ongoing. 

KDFWR continued to work with multiple agency partners to monitor the pool-to-pool movements of invasive carp in the middle and lower Ohio River. Movements of invasive carp among pools and comparisons of the possible open river conditions at various Locks & Dams will be used to determine the best options for the placement of invasive carp deterrent technologies. 

Collect baseline movement information among reservoirs to inform bigheaded carp deterrent efficacy and lock-and-dam passage.

KDFWR continued partnering with Murray State University to conduct tracking of tagged invasive carp within Barkley and Kentucky reservoirs, through the lock and dams and interactions with the Ohio River. Parameters considered for this project include seasonal and diurnal movements, distances traveled, passage via dam or lock, direction of travel, and speed of travel. The VEMCO stationary receiver array was maintained and improved as needed. Passage of invasive carp through other lock chambers on the Tennessee and Cumberland rivers is also being assessed by partners and sharing of data is essential. In order to quantify fish passage and ultimately assess deterrence strategies in these river systems, tagging of additional invasive carp and placement of supplementary receivers is essential. 

KDFWR also assisted the USFWS with testing of a Bio-Acoustic Fish Fence (BAFF) technology on the downstream approach to Barkley Lock chamber.  In spring and fall, silver carp were tagged below the lock structure with VEMCO transmitters. Some native fish species were implanted with VEMCO acoustic transmitters to assess movement around and through the lock structure throughout testing of the BAFF system. These included 20 individuals of the following species: smallmouth buffalo, paddlefish, and freshwater drum. Fish were collected by electrofishing and gill netting, and then surgically implanted with transmitters. All VEMCO telemetry receivers were maintained, and data collected monthly. Analysis of data collected in the Kentucky portions of the Tennessee and Cumberland rivers continued to be a joint effort with Murray State University. Receiver locations, acoustic tag numbers, and data collected were communicated to project partners. Data collected by all partner agencies were used to determine when fish passage through lock chambers is greatest and how deterrents could best be utilized on the Tennessee and Cumberland rivers. KDFWR staff lead efforts to implant silver carp with acoustic transmitters from HTI as well. The number of fish implanted, and timing of efforts were determined by the BAFF research group. The HTI 3-D movement detection system requires a complex array of hydrophones around Barkley Dam. KDFWR assisted with deployment of hydrophones and maintenance of the array throughout the study. The equipment associated with the BAFF is contained in two Conex containers on Barkley Lock. KDFWR performed maintenance on the equipment onsite including changing filters, monitoring oil levels, and adjusting pressure released by the air compressor as needed. The BAFF research team has study design requiring the BAFF to be turned on and off at weekly intervals, for which KDFWR was responsible. To prevent damage to the BAFF, a fishing and boating restriction zone has been defined in KDFWR regulations which includes the lock canal approaching the system (Evaluation of a Bio-Acoustic Fish Fence (BAFF) at Barkley Lock and Dam: Study Design, USFWS). 


Murray State University

Collect baseline movement information among reservoirs to inform bigheaded carp deterrent efficacy and lock-and-dam passage.

MSU conducted tracking of tagged Asian Carp within Kentucky and Barkley lakes to determine diurnal movements, distances traveled, and habitat usage. Manual tracking effort increased substantially to better inform fine scale movements of Silver Carp in Kentucky Lake. Additional silver carp in Kentucky Lake will be collected and surgically implanted with transmitters for this study. Transmitters which indicate fish depth were used in order to gain more information on the behavior of Silver Carp. Native Paddlefish, which have been tagged for other projects, were be tracked on a fine scale to estimate the habitat overlap between these species and Silver Carp. MSU conducted analysis on information downloaded from stationary receivers in the TNCR basin.


Results and Discussion:

TWRA

TTU and TWRA continued efforts to tag fish throughout 2022. Forty four fish were tagged in the Johnson Creek area and six were tagged in the Riverbluff Park Ramp area of Chetham Reservoir. The number of raw detections of tagged individuals incresed in Cheatham Reservoir and Pickwick Reservoir from 2021 to 2022 (Table 1). The number of unique individuals detected in all pools and locks with at least one individual increased in 2022 (Table 2), relative to previous years.  Wilson, Wheeler, Guntersville, and Old Hickory reservoirs and locks have continued to yield zero detections of tagged Silver Carp (Tables 1 and 2).  Increases in detections in Cheatham Reservoir, Pickwick Reservoir, and Pickwick Auxillary Lock are likely attributed to increased tagging efforts within Cheatham and Pickwick reservoirs in 2022.  Likewise, the increased number of unique individuals is likely due to increased numbers of tagged fish in the system.

In 2022, 18 fish moved downstream from Pickwick Reservoir to Kentucky Reservoir on the Tennesee River and 5 fish moved downstream from Cheatham Reservoir to Barkley Reservoir on the Cumberland River, potentially through spillways (Table 3). It is important to note that a portion of pool-to-pool movements detected by translocated fish in 2022 were comprised of translocated fish tagged in 2021 and 2022. For example, some of the same 2021 translocated individuals that moved upstream from Kentucky Reservoir to Pickwick Reservoir in 2021 moved downstream from Pickwick Reservoir to Kentucky Reservoir in 2022 (Table 3). There were more downstream movements detected in the Tennessee and Cumberland rivers than upstream. Movements of tagged individuals between Barkley Reservoir to Kentucky Reservoir (and vice versa) made up the majority of pool-to-pool movements in 2022 (Table 3). Movements between the Cumberland and Tennessee rivers can occur via Barkley Canal or the Ohio River (with multiple dam passages) and highlight the need for an understanding of interpopulation dynamics. Excluding fish that likely migrated back and forth through the Barkley Canal between Kentucky and Barkley reservoirs, translocated fish made more pool-to-pool movements than fish that were not translocated in 2022 (Table 3).  It would be beneficial to consider 1) what factors might motivate upstream passage of fish that are not translocated, 2) what environmental factors influence higher levels of downstream passage events, and 3) how interpopulation dynamics of bigheaded carp in Kentucky and Barkley reservoirs will affect future deterrents and removal efforts. No passages were detected at upstream dams (Wilson, Wheeler, or Old Hickory). 

Three receivers were added to Cheatham Dam, and lost receivers were replaced upstream of Cheatham Dam and downstream of Pickwick Dam.  The receivers at Big Sandy in Kentucky Reservoir are considered to be lost after 2 unsuccessful attempts at recovery. Attempts were made to download all receivers 3 times in 2022, however, due to unforeseen events (eg. bad weather and high flows), many were only downloaded twice. 

Table 1. Total number of raw detetctions of tagged bigheaded carp per pool or lock by year.
	  
	Year 

	Pool 
	2017 
	2018 
	2019 
	2020 
	2021 
	2022 

	Barkley Reservoir 
	6,478 
	57,966 
	168,640 
	369,849 
	1,080,349 
	624,401

	Cheatham Reservoir 
	NA 
	NA 
	NA 
	NA 
	25,624 
	657,861

	Cheatham Lock 
	NA 
	NA 
	22 
	52 
	15,415 
	2,115

	Old Hickory Reservoir
	NA
	NA
	0
	0
	0
	0

	Old Hickory Lock
	NA
	NA
	0
	0
	0
	0

	Kentucky Reservoir
	209,979 
	1,005,318 
	589,555 
	520,747 
	1,830,358 
	527,179

	Pickwick Aux Lock 
	NA 
	127 
	787 
	669 
	27,448 
	8,608

	Pickwick Reservoir
	8,747 
	134,364 
	83,229 
	32,370 
	48,543 
	136,255

	Pickwick Lock 
	NA 
	196 
	2,166 
	1,866 
	19,676 
	16,013

	Wilson Reservoir
	0 
	0 
	0 
	0 
	0 
	0 

	Wheeler Reservoir
	0 
	0 
	0 
	0 
	0 
	0 

	Wheeler Aux Lock 
	0 
	0 
	0 
	0 
	0 
	0 

	Guntersville Reservoir
	NA 
	NA 
	NA 
	0 
	0 
	0

















Table 2. Total number of individual fish detected per pool or lock by year.
	  
	Year 

	Pool 
	2017 
	2018 
	2019 
	2020 
	2021 
	2022 

	Barkley Reservoir
	7 
	27 
	49 
	67 
	146 
	323

	Cheatham Reservoir
	NA 
	NA 
	NA 
	NA 
	18 
	72

	Cheatham Lock
	NA 
	NA 
	1 
	2 
	47 
	73

	Old Hickory Reservoir
	NA
	NA
	0
	0
	0
	0

	Old Hickory Lock
	NA
	NA
	0
	0
	0
	0

	Kentucky Reservoir
	15 
	71 
	98 
	77 
	192 
	292

	Pickwick Aux Lock
	NA 
	2 
	6 
	3 
	57 
	91

	Pickwick Reservoir
	7 
	30 
	36 
	26 
	38 
	65 

	Pickwick Lock
	NA 
	2 
	3 
	6 
	70 
	100

	Wilson Reservoir
	0 
	0 
	0 
	0 
	0 
	0 

	Wheeler Reservoir
	0 
	0 
	0 
	0 
	0 
	0 

	Wheeler Aux Lock
	0 
	0 
	0 
	0 
	0 
	0 

	Guntersville Reservoir
	NA 
	NA 
	NA 
	0 
	0 
	0





















Table 3. Number of pool-to-pool movements (starting location, ending location, and lock traveled) by tagged bigheaded carp by year; “None” indicates no detections in locks between pools. Passage combinations that have not been detected at least once are not included. 
	 
	 
	 
	Year

	From
	To
	Lock Used
	2017
	2018
	2019
	2020
	2021
	2021
Translocated
	2022
	2022
Translocated

	Barkley Reservoir
	Cheatham Reservoir
	Cheatham Lock
	NA
	NA
	NA
	NA
	NA
	18
	NA
	4

	Barkley Reservoir
	Kentucky Reservoir
	None
	NA
	21
	35
	26
	30
	44
	100
	46

	Cheatham Reservoir
	Barkley Reservoir
	None
	NA
	NA
	NA
	NA
	NA
	2
	4
	1

	Kentucky Reservoir
	Barkley Reservoir
	None
	1
	25
	48
	31
	44
	49
	105
	50

	Kentucky Reservoir
	Pickwick Reservoir
	None
	NA
	NA
	3
	NA
	NA
	NA
	NA
	NA

	Kentucky Reservoir
	Pickwick Reservoir
	Pickwick Aux Lock
	NA
	NA
	1
	1
	1
	3
	1
	4

	Kentucky Reservoir
	Pickwick Reservoir
	Pickwick Lock
	NA
	2
	3
	3
	5
	21
	NA
	1

	Pickwick Reservoir
	Kentucky Reservoir
	None
	NA
	10
	18
	19
	7
	NA
	3
	13

	Pickwick Reservoir
	Kentucky Reservoir
	Pickwick Aux Lock
	NA
	NA
	NA
	1
	NA
	NA
	NA
	NA

	Pickwick Reservoir
	Kentucky Reservoir
	Pickwick Lock
	NA
	NA
	NA
	NA
	NA
	NA
	NA
	2



[image: ]
Figure 1.  The Tennessee River and Cumberland River lock-and-dam receivers (translucent grey circles) that are monitored to evaluate pool-to-pool movements of bigheaded carp and monitor the upstream invasion of bigheaded carp.



KDFWR

Based on data analyzed by the BAFF research group the field testing of this deterrent is indicating there is atleast a 50% reduction in BAFF crossing of silver carp when the system is ON (Appendix A). Final report for the BAFF study is anticipated in 2024.


Murray State University

Tracking Silver Carp Movement in Kentucky Lake

Effort
KDFWR captured, tagged, and released 184 fish below Lake Barkley dam in 2022 (Table 1). Since 2016, KDFWR has tagged 688 Silver Carp and 269 native fish (Table 2). Overall, if we include the fish we tagged plus those fish tagged by other agencies, and if we include all stationary receivers and active tracking, we have had live detections on 7 Alligator Gar, 10 Bighead Carp, 1 Black Carp, 6 Blue Suckers, 108 Freshwater Drum, 6 Grass Carp, 1 Gulf Sturgeon, 4 Lake Sturgeon, 90 Paddlefish, 1635 Silver Carp, 137 Smallmouth Buffalo, 1 Walleye, and 362 unknown fish. 
Most of the effort in this project was expended to service the passive receivers. The passive receivers were checked or deployed on 28 different dates in Lake Barkley (28 receivers), 36 different dates in Kentucky Lake (35 different receivers), and 13 different dates on the Ohio River (18 receivers). 

Results- Fish Movement
We are going to start comparing fish movement in the reservoirs to movement in the rivers below each dam. Mean daily speed (km / day) varied among species and reservoirs (Table 3). 

Results – Dam Passage
The number of crossings was dominated by Silver Carp because they contain the most tags. Silver Carp mostly leave the lake in spring, but this is when most native species are crossing up into the reservoirs. The carp come back and cross into the reservoirs mostly in summer (Table 4). 




[bookmark: Table_01]Table 1. Summary of fish captured, tagged, and released in the Lake Barkley tailwaters by KDFWR in 2022. 
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[bookmark: Table_02]Table 2. Number of fish tagged by KDFWR in Lake Barkley, Kentucky Lake, and their tailwaters since 2016.
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[bookmark: Table_03]Table 3. Mean daily swimming speed (km / day, ± SE) for all species tracked in Kentucky Lake and Lake Barkley.

[image: Table

Description automatically generated]














[bookmark: Table_04]Table 4. Summary of number of dam crossings by species, season, and direction.

	
	Winter
	Spring
	Summer
	Fall

	Species
	Down
	Up
	Down
	Up
	Down
	Up
	Down
	Up

	Bighead Carp
	-
	-
	-
	1
	2
	5
	-
	1

	Freshwater Drum
	-
	1
	4
	14
	2
	2
	1
	1

	Grass Carp
	-
	-
	-
	3
	-
	1
	-
	-

	Lake Sturgeon
	-
	-
	-
	1
	-
	-
	-
	-

	Paddlefish
	1
	4
	2
	26
	10
	2
	18
	15

	Silver Carp 
	57
	11
	234
	62
	25
	127
	41
	50

	Smallmouth Buffalo
	-
	-
	-
	3
	2
	4
	1
	2

	TOTAL
	58
	16
	240
	110
	41
	141
	61
	69




Fine-Scale Telemetry

Murray State University (MSU) with assistance from Kentucky Department of Wildlife Resources (KDFWR) began a fine-scale telemetry project on Kentucky Lake and Lake Barkley in May 2021. This study was initiated to supplement the ongoing large-scale telemetry project which started in 2017. 


Tagged Fish

A large number of tagged fish from existing projects are present in both reservoirs and we had no trouble finding sufficient number of fish to track. So, no fish were tagged for this project in 2022.


Tracking Effort

Our tracking effort was split between two strategies: 24-hour diel activity and macrohabitat use.  The 24-hour diel activity data were collected by locating a Silver Carp and then relocating that fish approximately every hour for 24 hours. We usually did not relocate the fish between midnight and 4 AM for safety reasons. Every time the fish was located, we anchored the boat and measured both wind speed and direction. Each location was labeled with the general time of day based on sunrise and sunset. “Dawn” was the time period 1 hour before sunrise until 1 hour after sunrise, while “Dusk” was a similar time period around sunset. “Day” and “Night” were the appropriate periods between dawn and dusk. Diel activity was recorded on 25 days in Kentucky Lake and 9 days in Lake Barkley (Table 1).

To collect the macrohabitat use data, we traveled along 1 side of the reservoir, stopping every 1 km or less to listen for tagged fish. Once a fish was detected, we determined the location of the fish within 100 m. After tracking in 1 direction for approximately 2.5 hours we repeated these measurements on the opposite side of the reservoir during the return trip in the opposite direction. Fish were located for macrohabitat analysis on 43 days in Kentucky Lake and 23 days in Lake Barkley (Table 2). 


Diel Activity Results

For all Silver Carp, we determined the distance between successive locations as the shortest distance which the fish could swim while remaining in the water (i.e. not necessarily the straight line distance). This distance was divided by the time between locations to estimate the swim rate in m/s. 

Mean swimming speed over a 24-hour period was not significantly different among sex (Figure 1) or residency (Figure 2). The mean swimming speed was positively related to water temperature (both reservoirs combined) (Figure 3). Mean swimming speed was lower at dawn, but these results were not statistically significant (Figure 4). Wind speed did not influence mean swimming speed in Kentucky Lake but had a positive effect on mean swimming speed in Lake Barkley (Figure 5). 

During diel tracking, fish generally stayed in the same macrohabitat. However, we wished to investigate the factors which influenced the location of each fish. To determine if wind affected fish location, we first calculated the fetch in meters for 8 directions (at 45 degree intervals) at each fish location. Then, we used the wind data which was measured at that fish location to determine which of these 8 fetch values represented the actual wind at the time of that location. Finally, we multiplied the proper fetch by the wind speed to calculate the Relative Exposure Index (REI) at each fish location in m2/s (Rohweder et al. 2008). The REI measures the general “windiness” or wind energy at a location. We buffered each fish location based on the mean swimming rate so that we could determine the area to which each fish could potentially have swum. Random points (N = 10) were chosen within each buffer and REI was also calculated at each of these random points. A paired t-test was used to compare the mean REI of the random points to the actual REI of each fish location. Mean REI was not significantly different between the fish locations and the random locations for both Kentucky Lake and Lake Barkley (Figure 6). We considered that the fish might not be relating to wind on a given day, but instead chose their overall location based on its general wind energy. So, we performed the same analysis but this time we used the total fetch in each of the fish locations compared to random locations. However, again we found no significant difference in mean fetch between the fish locations and the random locations in both Kentucky Lake and Lake Barkley (Figure 7). 

During this portion of the tracking study, we tracked a single fish with a depth-sensing tag in the area of Little Bear cove. Over the 24-hour period this fish spent most of its time in the upper 1 m of water with a single excursion down to 3 m in the late evening (Figure 8). We used the diel tracking data to estimate the daily home range size for each fish. All locations were used to obtain a kernel density estimate of home range size based upon the 90th percentile of locations. This home range was clipped to include only those portions which were in the water, and then the total area was calculated for the clipped home range. Daily home range size was not significantly different among sexes (Figure 9) or residency (Figure 10). Mean daily home range size was not significantly different between the reservoirs (Figure 11). 

Digital maps of both reservoirs were partitioned into 5 macrohabitat types: thalweg (deepest channel through the main body of the lake), side channel (main body of the lake excluding the thalweg), coves (> 5 ha but < 100 ha), major coves (> 100 ha), and the canal which connects the reservoirs (Figure 12). A log-ratio chi-squared analysis suggested that the fish were not selecting for or against any macrohabitat in Kentucky Lake (Table 3) and Lake Barkley (Table 4). We feel that the macrohabitats which we studied are too coarse, and we are investigating more fine-scaled habitats. 


Lower Tennessee and Cumberland River Tracking

The portions of the Tennessee and Cumberland Rivers below each dam but above their confluence with the Ohio River represent a unique habitat, but the movement patterns of Silver Carp and other fish species have not been studied there. Tracking fish in these areas might give insight into behaviors which cause the fish to crowd below the dams, which in turn might influence their rate of crossing into the reservoirs. 

Starting in June 2022, we tracked the lower portion of each river from the dam to the confluence with the Ohio. We tracked one river per week, alternating rivers every week (26 weeks total). The boat was stopped approximately every 1 km to listen for fish; the large number of fish in these locations necessitated using 2 hydrophones simultaneously in order to record all fish detected. 

Preliminary data suggest that Silver Carp do not show a noticeable pattern in their distribution in the Lower Cumberland River (Figure 13) but they seem to cluster near RK 20 in the Lower Tennessee River (Figure 14). We will be investigating the habitat and flow of both rivers to try and explain any patterns we find. We also have deployed several stationary receivers in smaller tributaries of both these rivers to measure the use of these tributaries by both Silver Carp and native fish species. 

[bookmark: Table01]Table 1. Total diel activity tracking effort by season and lake.
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[bookmark: Table02]Table 2. Total macrohabitat analysis tracking effort by season and lake. [image: ]
[bookmark: Table03][bookmark: _Hlk118581770]Table 3. Summary of Silver Carp use compared to available macrohabitat in Kentucky Lake.
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[bookmark: Table04]Table 4. Summary of Silver Carp use compared to available macrohabitat in Lake Barkley.
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[bookmark: Figure01][bookmark: _Hlk115800227][bookmark: _Hlk114809903]Figure 1. Mean Silver Carp swimming speed (± SE) among known and unknown sex within Kentucky Lake and Lake Barkley. A Kruskal-Wallis test suggested that swimming speed was not significantly different among sex. 
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[bookmark: Figure02][bookmark: _Hlk113532955][bookmark: _Hlk112476347]Figure 2. Mean Silver Carp swimming speed (± SE) among residency status within Kentucky Lake and Lake Barkley. A Kruskal-Wallis test suggested that swimming speed was not significantly different among residencies. Nonresident-far fish were tagged at Lake Pickwick tailwaters or in Lake Pickwick. Nonresident-near fish were tagged below either Kentucky Lake or Lake Barkley tailwaters, and resident fish were tagged in Lake Barkley or Kentucky Lake.
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[bookmark: Figure03]Figure 3. Scatterplot comparing swim rates of Silver Carp to surface temperature within both lakes. A linear regression suggested that temperature had a significant, positive effect on swim rates.
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[bookmark: Figure04][bookmark: _Hlk113533222]Figure 4. Mean Silver Carp swim rate throughout the day. Sunrise and sunset are the period 1 hour on either side of sunrise or sunset. A repeated-measures ANOVA suggested that swimming speed was not significantly different among time periods.
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[bookmark: Figure05][bookmark: _Hlk113533198]Figure 5. Scatterplot comparing swim rates of Silver Carp within Kentucky Lake and Lake Barkley. A linear regression suggested that wind did not have an effect on swim rates in Kentucky Lake but wind did have an effect on swim rates in Lake Barkley.
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[bookmark: Figure06]Figure 6. Mean relative exposure index (REI) for nearby random locations and Silver Carp locations in Kentucky Lake (top) and Lake Barkley (bottom). A paired t-test suggested that mean REI was not significantly different between groups for either lake.
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[bookmark: Figure07]Figure 7. Mean fetch for nearby random locations and Silver Carp locations in Kentucky Lake (top) and Lake Barkley (bottom). A paired t-test suggested that mean fetch was not significantly different between groups for either lake.
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[bookmark: Figure08]Figure 8. Depths utilized over a 24-hour period by a single Silver Carp in Little Bear cove on Kentucky Lake.
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[bookmark: Figure09]Figure 9. Mean Silver Carp daily home range (± SE) among sex. A Kruskal-Wallis test suggested that daily home range size was not significantly different among sexes.
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[bookmark: Figure10]Figure 10. Mean Silver Carp daily home range (± SE) among residencies. A Kruskal-Wallis test suggested that daily home range size was not significantly different among residencies. All tagged fish were assigned a residency status based on their tagging location. For example, a fish tagged in Pickwick reservoir or at the Pickwick tailwaters was classified as “non-resident far”. Fish tagged within Kentucky Lake and Lake Barkley were assigned as “residents” and fish tagged in the tailwaters of Kentucky Lake and Lake Barkley were called “non-resident near”.
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[bookmark: Figure11]Figure 11. Mean Silver Carp daily home range (± SE) in Kentucky Lake and Lake Barkley. A Welch’s t test suggested that daily home range size was not significantly different between lakes.
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[bookmark: Figure12][bookmark: _Hlk113533682]Figure 12. Example of the 5 macrohabitat types evaluated within each lake. Each lake’s thalweg was evaluated as being > 20m of depth. Coves were > 5 ha but less than 100 ha, and major coves were > 100 ha. The side-channel included the remaining areas of the lake, excluding the canal between Kentucky Lake and Lake Barkley.
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[bookmark: Figure13]Figure 13. Average number (with SE) of Silver Carp located in the Cumberland River at 5 km intervals per month. No clear pattern or grouping is shown.
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[bookmark: Figure14]
Figure 14. Average number (with SE) of Silver Carp located in the Tennessee River at 5km intervals per month. A clear grouping is show at RK 20.





Recommendation:
Continued monitoring of telemetry receivers and data analyses are required to determine what conditions encourage successful lock-and-dam passage, which will allow a more comprehensive review of deterrent options and prioritization. 

Tagging efforts should be continued to increase the quantity of bigheaded carp with active transmitters. Furthermore, tagging efforts should be spatially stratified to ensure representation of bigheaded carp from various locations throughout the basin.

Interpopulation dynamics (e.g., immigration and emigration) between bigheaded carp in Barkley and Kentucky reservoirs should be described to determine the importance of isolating populations (e.g., will source-sink population dynamics occur if bigheaded carp are suppressed in one reservoir and not the other, or will effective population controls on one river be negated by ineffective controls on the other). 

Telemetry receiver arrays should be tested and adaptivley-managed to ensure robust ability to detect transmitters above, in, and below locks. Analyzing robust data consisting of both successful and unsuccessful  passages is necessary to evaluate management needs and prioritize future deterrents.

The receiver network continues to produce useful data, and as more native fish migrate into the lakes we will be able to collect better data on the movement patterns of these species. With the large number of tagged fish being released in the tailwaters, future analysis will focus on movement patterns through the dams and interactions with the Ohio River. 

Plans for 2023 include continuing to tag more bigheaded carp for further passage evaluations and monitoring. Likewise, additional tag drags through the lock systems will allow for greater understanding of receiver detections and help ensure reliable detections. Analyses of data are ongoing. Future efforts will characterize environmental conditions during passage events (e.g., flow) and temporal trends of passage events (e.g., diel or annual patterns) will be evaluated.  Continued telemetry efforts will allow for a better understanding of the capabilities of bigheaded carp to continue moving upstream in the Tennessee and Cumberland rivers.
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