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Evaluating Deterrent Locations and Sequence in the
Tennessee and Cumberland Rivers and the Tennessee—
Tombighee Waterway to Minimize Invasive Carp

Occupancy and Abundance

By Michael E. Colvin,! Caleb A. Aldridge,2 Neal Jackson,2 and Max Post van der Burg’

Abstract

Invasive carps, specifically silver carp
(Hypophthalmichthys molitrix), bighead carp (H. nobilis),
grass carp (Ctenopharyngodon idella), and black carp
(Mylopharyngodon piceus), have proliferated in the
Mississippi River Basin owing to escapes from aquaculture
facilities and intentional releases. In the Water Resources
and Development Act (WRDA) of 2020 Sec. 509, Congress
directed the U.S. Army Corps of Engineers to work with
the Tennessee Valley Authority and other relevant agencies
with deterrent projects to implement as many as 10 deterrent
projects intended to manage and prevent the spread of
invasive carp in the Tennessee and Cumberland River
subbasins. The WRDA was amended in 2022 to include
that at least one location must be situated on the Tennessee—
Tombigbee Waterway. This report documents a structured
decision-making process that engaged State and Federal
agencies to evaluate alternative deterrent site sequences at
specified lock and dam complexes on the Tennessee River,
Cumberland River, and the Tennessee—Tombigbee Waterway.
State and Federal agencies participated in a series of virtual
and face-to-face meetings to structure the problem, expand the
models used in previous decision analyses for the Tennessee
River, and define management objectives. Potential deterrent
sites were restricted to the downstream locations on the
Tennessee River (n=3), Cumberland River (n=2), and the
Tennessee—Tombigbee Waterway (n=10). Only considering
15 sites allowed all feasible deterrent site combinations and
sequences to be evaluated. Invasive carp relative abundance
was projected for the Tennessee River, Cumberland River, and
Tennessee—Tombigbee Waterway management units for 20
years using a simulation model. The deterrent site sequences
were ranked based on the system-level invasive carp relative
abundance and distribution in year 20. The unique downstream
expansion of invasive carp through the Tennessee—Tombigbee

U.S. Geological Survey.
2U.S. Fish and Wildlife Service.

Waterway was important to the interest group, but downstream
movement rates were unknown; therefore, several downstream
movement rates were evaluated, and the outcomes were

used to rank deterrent site sequences. Additionally, the
analysis incorporated two scenarios involving the retention
and removal of an experimental deterrent at Barkley Lock

on the Cumberland River. The results of the deterrent site
sequences varied among downstream movement rates, with
Tennessee—Tombigbee Waterway deterrent locations installed
earlier in highly ranked sequences with increasing downstream
movement rates. This analysis was time-limited owing to
agency needs and represents Phase 1 of this project. Phase 2
expands Phase 1 to address additional uncertainties and more
holistic management objectives and strategies.

Plain Language Summary

Invasive silver carp are spreading upstream in the
Tennessee and Cumberland Rivers. This report details a
collaborative effort among State and Federal agencies to
evaluate potential sites for invasive carp deterrent projects
along the Tennessee River, Cumberland River, and the
Tennessee—Tombigbee Waterway. The findings highlight that
project implementation timing could significantly impact their
success, especially with increasing downstream movement
rates of invasive carp.

Introduction

Invasive carps, specifically silver carp
(Hypophthalmichthys molitrix), bighead carp (H. nobilis),
grass carp (Ctenopharyngodon idella), and black carp
(Mylopharyngodon piceus), have proliferated in the
Mississippi River Basin owing to escapes from aquaculture
facilities and intentional releases. Previous research indicates
that these carp species adversely affect ecosystems by
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causing habitat disturbances and reducing native species
biomass, affecting recreational and commercial fisheries
(Kramer and others, 2019; Chick and others, 2020). For
instance, planktivorous bighead and silver carp degrade
plankton communities, competing with native fish species
like American paddlefish (Polyodon spathula). Additionally,
grass carp and black carp degrade water quality and affect
energy pathways by consuming aquatic plants and benthic
macroinvertebrates, respectively. These adverse effects present
ecological and economic challenges for natural resource
agencies. To counter the threats posed by invasive carps,
natural resource agencies have initiated management strategies
to control populations and prevent their spread to uncolonized
water bodies. Invasive carp management strategies often
include carp removal through contract and incentivized fishing
programs, and agency efforts and the use of deterrents at
pinch-point locations at lock and dam (L&D) complexes to
impede carp migration (Cupp and others, 2021).

In the Water Resources and Development Act (WRDA)
0f 2020 Sec. 509 (U.S. House of Representatives, 2020,
p- 350), Congress directed the U.S. Army Corps of Engineers
(USACE) to work “in conjunction with the Tennessee Valley
Authority (TVA) and other relevant Federal agencies, to carry
out ... projects to manage and prevent the spread of [invasive]
carp using innovative technologies, methods, and measures.”
Specifically, as many as 10 invasive carp deterrent projects are
to be located in the Tennessee River and Cumberland River
subbasins where invasive carp populations are expanding or
have been documented (Post van der Burg and others, 2021).
The WRDA 2022 (U.S. Senate Environment and Public
Works Committee, 2022, p. 350) amended WRDA 2020
so that “not less than 1 project shall be carried out on the
Tennessee—Tombigbee Waterway,” a navigation waterway
managed by USACE that connects the Tennessee and the
Mobile River basins. Consulting with “Federal, State, and
local agencies; institutions of higher education; and relevant
private organizations, including nonprofit organizations,” these
pieces of legislation mandate that USACE identify locations
for deterrent projects under the [Invasive] Carp Prevention and
Control Pilot Program (U.S. Senate Environment and Public
Works Committee, 2022, p. 350).

The comparison of alternative combinations of deterrent
locations and deterrent project completion timing often
relies on qualitative or semi quantitative techniques that use
existing literature, available monitoring data, and expert
insights; however, identifying a recommended alternative is
beset by uncertainties, constraints, and competing objectives.
Decision-analytic methods offer an approach to navigate these
complexities, enabling stakeholders to collaboratively develop
robust invasive carp management strategies (hereafter referred
to as “strategies”) under uncertain conditions, legal and
logistical constraints, and potentially conflicting objectives.
Additionally, the decision-analysis principles, often called

“structured decision making,” align well with USACE's
iterative six-step planning process (U.S. Army Corps of
Engineers, undated).

The USACE was tasked with recommending the
locations and sequencing of as many as 10 deterrent projects
in the Tennessee River, Cumberland River, and Tennessee—
Tombigbee Waterway. The emphasis on deterrent control
measures by the USACE was chosen given the ongoing
contract invasive carp removal implemented by State agencies
through Federal appropriations administered by the U.S. Fish
and Wildlife Service, as per the authorizations in WRDA 2020
(U.S. House of Representatives, 2020). The scope of authority
for implementing, maintaining, and managing deterrents lies
with USACE (responsible for the Cumberland River and
Tennessee—Tombigbee Waterway) and TVA (responsible for
the Tennessee River). Through a series of online workshops
and face-to-face meetings, we worked with USACE to develop
aspects of a decision-analysis process, which consisted
of properly framing the decision problem and developing
quantitative management objectives. USACE sought to
satisfy two fundamental objectives within its directive and the
constraints imposed to evaluate deterrent effectiveness: (1)
minimize occupancy of invasive carp in the Tennessee River,
Cumberland River, and Tennessee—Tombigbee Waterway and
(2) minimize system-level (Tennessee River, Cumberland
River, and Tennessee—Tombigbee Waterway) relative
abundance.

Purpose and Scope

The alternative actions that USACE is considering to
meet these objectives involves siting and building deterrents
at lock and dam (L&D) complexes in the Tennessee River,
Cumberland River, and the Tennessee—Tombigbee Waterway.
In this report, we document a numerical simulation model
used to identify the optimal sequence of deterrents in these
river systems given the problem constraints and management
objectives. The interest group used the analysis results to
draft a recommendation letter for review by the Mississippi
Interstate Cooperative Resource Association (MICRA).
MICRA then finalized, approved, and provided the draft
recommendation letter to USACE for inclusion in the
programmatic environmental assessment (PrEA).

Methods

The spatial extent considered in this study included
four major river systems: the Ohio River, Cumberland River,
Tennessee River, and the Tennessee—Tombigbee Waterway, as
described below.



1. Olmsted Pool (Ohio River, river kilometer 1,552 to river
kilometer 1,478.2) on the Ohio River receives flows
from the Tennessee and Cumberland Rivers (fig. 1).

The flows received are regulated by Kentucky Dam
and Barkley Dam on the Tennessee and Cumberland
Rivers, respectively). This analysis considers Olmsted
Pool a source of invasive carp to the Tennessee and
Cumberland River systems.

2. The Cumberland River originates in the Appalachian
Mountains and flows west through Kentucky and

northern Tennessee to its confluence with the Ohio River.

It spans approximately 1,107 kilometers (km) across
southern Kentucky and north-central Tennessee. The
river system is extensively modified for flood control
and navigation, with L&D complexes on the main stem
of the Cumberland River. This analysis considered five
management units (table 1) delineated by the confluence
with the Ohio River and four L&D complexes operated
by USACE (table 2).

3. The Tennessee River flows approximately 1,049 km
across Tennessee, Mississippi, Alabama, and Kentucky
and joins the Ohio River in Kentucky. The Tennessee
River has been dammed multiple times since the 1930s,
primarily by the TVA, leading to the creation of several
reservoirs (Tennessee Valley Authority, 2025). Barkley
Canal connects Kentucky Lake (Tennessee River) and
Lake Barkley (Cumberland River), offering a shorter
navigational route for river traffic (fig. 1).

4. The Tennessee—Tombigbee Waterway is a 377-km
artificial waterway that connects the Tennessee River to
the Tombigbee River, allowing commercial navigation
between the Tennessee River and Mobile River. This
connection opens an aquatic connection between the
Tennessee River and the Mobile River drainage in
Alabama. The connection between the Tennessee
River and the Tombigbee River was established with a
53-meter deep cut called the Divide Cut that connects
Yellow Creek Bay of Pickwick Lake to Bay Springs
Lake Reservoir created by Jamie Witten L&D on
the Tombigbee River (fig. 1). Ten L&D complexes
are located on the Tennessee—Tombigbee Waterway
(table 2).

Decision Analysis Overview

We used a structured decision making (SDM) approach
with a multi-agency interest group to co-produce a shared
understanding of the problem, management objectives, and
management actions (Gregory and others, 2012; Conroy and
Peterson, 2013). The interest group included representation
from State (Kentucky, Tennessee, Mississippi, Alabama)
and Federal (USACE, U.S. Fish and Wildlife Service,

U.S. Geological Survey, TVA) agencies with interest in
implementing invasive carp control actions and deterrents in a
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two-phase SDM process. Phase 1 of the SDM process sought
to inform the USACE's selection of pilot deterrent locations
at L&D complexes; therefore, a compressed timeline was
allotted to the Phase 1 process to coincide with releasing the
USACE draft PrEA. Simplifying assumptions and constraints
were placed on the analysis in Phase 1.

Clarifying the Decision Frame

We facilitated the interest group by developing a problem
statement during virtual engagements (appendix 1). The
problem statement reflected two analysis phases: a Phase 1
analysis to support the need of the USACE PrEA, and a more
holistic Phase 2 analysis that reduces constraints, expands
the management objectives, and accounts for additional
uncertainties. The interest group specified a 20-year temporal
extent for Phases 1 and 2 of analyses. This document reports
the methods and results of the Phase 1 analysis needed for
MICRA to draft its recommendation letter. The problem scope
of the Phase 1 analysis was limited to evaluating deterrent
locations and sequencing in the Tennessee River, Cumberland
River, and Tennessee—Tombigbee Waterway because USACE
interpretation of legislative language constraints imposed the
compressed timeline required to meet USACE needs.

Management Units

The four river systems were delineated into 28
management units for this analysis that, with four exceptions,
were river segments delineated by an upstream and
downstream L&D complex as a reservoir but are commonly
called pools, lakes, or reservoirs (tables 1 and 2). Four
exceptions were the Cumberland River tailwater below
Barkley Dam and its confluence with Olmstead Pool, the
Tennessee River tailwater below Kentucky Dam and its
confluence with Olmstead Pool, and Pickwick Lake and Bay
Springs Lake Reservoir, which the Divide Cut separated.
The confluence with Olmstead Pool for the Tennessee and
Cumberland Rivers delineated these management units
because of alignment with telemetry arrays, where passive
telemetry receivers are placed to detect telemetry-tagged
invasive carps migrating within the systems. Pickwick Lake
on the Tennessee River is connected to Bay Springs Lake
Reservoir on the Tombigbee River by way of the Divide Cut.
The Divide Cut was used to delineate the two management
units for analysis (fig. 1, table 1). Barkley Canal connects
Kentucky Lake and Lake Barkley and allows navigation and
fish passage between management units. Barkley Canal was
not used to delineate the Kentucky Lake and Lake Barkley
management units, which was a unique situation; however, the
connection allowing for invasive carp migration between the
management units was accounted for in this analysis.
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Figure 1.

Potential deterrent sites associated with the Tennessee River and Cumberland River locks and dams.

Tombighee-Mobile Drainage potential deterrent sites were associated with Tennessee—Tombigbee Waterway and Tombigbee
River locks and dams.
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Table 1. Management unit number, name, and summary metrics for the Ohio River, Tennessee River, Cumberland River, and
Tennessee—Tombigbee Waterway.

[km?, square kilometer; NA, not applicable]

5

T:;Zi‘::;": Management unit name River mile start River kilometer start (I'I\(r;f)
Ohio River
1 Olmstead Pool 964.4 1,551.7 NA
Cumberland River
2 Tailwater below Barkley Lake 0.0 0.0 NA
3 Lake Barkley 30.6 49.2 234
4 Cheatham Lake 148.7 2393 30
5 Old Hickory Lake 216.2 347.9 91
6 Cordell Hull Lake 3135 504.4 48
Tennessee River
7 Tailwater below Kentucky Lake 0.00 0.0 NA
Kentucky Lake 22.4 36.0 649
Pickwick Lake 206.7 332.6 174
10 Wilson Lake 259.4 4174 271
11 Wheeler Lake 274.9 4423 37
12 Guntersville Lake 349 561.5 279
13 Nickajack Lake 424.7 683.3 42
14 Chickamauga Lake 471 757.8 147
15 Watts Bar Lake 529.9 852.6 158
16 Fort Loudoun Lake 602.3 969.1 59
17 Melton Hill Lake 23 37.0 22
Tennessee—Tombighee Waterway and Tombigbee River
18 Bay Springs Lake Reservoir 411.9 662.7 27
19 Pool E 406.7 654.4 3
20 Pool D 398.4 641.0
21 Pool C 391 629.1 7
22 Pool B 376.3 605.5 11
23 Pool A 371.1 597.1 4
24 Aberdeen Lake 357.5 575.2 17
25 Columbus Lake 3347 538.5 36
26 Aliceville Lake 332.7 5353 34
27 Gainesville Lake 266.1 428.2 26
28 Demopolis Pool 213 342.7 40
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Table 2. Summary metrics and locations of potential deterrents associated with the Tennessee River, Cumberland River, and
Tennessee—Tombighee Waterway locks and dams.

[Tennessee River locks and dams are operated by the Tennessee Valley Authority. Cumberland River and Tennessee—Tombigbee Waterway locks and dams are
operated by the U.S. Army Corps of Engineers. L&D, lock and dam]

Site River River . . Number Annual Spillway
. . Longitude Latitude
name mile kilometer of locks lockage present

Cumberland River

Barkley L&D? 30.6 19.0 —88.22477 37.02026 1 2,114 Yes
Cheatham L&D? 148.7 92.4 —87.22191 36.33307 1 2,157 Yes
Old Hickory L&D 216.2 1344 —86.65635 36.29569 1 1,566 Yes
Cordell Hull L&D 313.5 194.8 —85.94297 36.29071 1 24 Yes
Tennessee River
Kentucky L&D? 22.4 139 —88.26627 37.01533 1 4210 Yes
Pickwick L&D? 206.7 128.5 —88.25059 35.06823 1 2,349 Yes
Wilson L&D? 259.4 161.2 —87.62492 34.7964 2 2,995 Yes
Wheeler L&D 274.9 170.9 —87.3817 34.80042 2 2,361 Yes
Guntersville L&D 349 216.9 —86.39232 34.42346 2 1,131 Yes
Nickajack L&D 424.7 264.0 —85.62129 35.00545 1 978 Yes
Chickamauga L&D 471 292.7 —85.22918 35.10547 1 2,483 Yes
Watts Bar L&D 529.9 329.3 —84.77978 35.62182 1 1,368 Yes
Fort Loudoun L&D 602.3 374.3 —84.2423 35.78958 1 1,166 Yes
Melton Hill L&D 23 14.3 —84.29982 35.88593 1 0 Yes
Tennessee—Tombighee Waterway and Tombigbee River
Jamie Witten L&D? 411.9 256.0 —88.32404 34.5168 1 1,875 No
Sonny Montgomery Lock E? 406.7 252.8 —88.36623 34.46298 1 1,689 Yes
John Rankin Lock D2 398.4 247.6 —88.40887 34.36182 1 1,698 Yes
Fulton Lock C? 391 243.0 —88.42433 34.25793 1 1,485 Yes
Glover Wilkins Lock B? 376.3 233.9 —88.42659 34.06428 1 1,669 Yes
Thad Cochran Lock A2 371.1 230.6 —88.48845 34.01142 1 1,690 Yes
Aberdeen L&D? 357.5 222.2 —88.52004 33.83011 1 1,690 Yes
John C. Stennis L&D? 334.7 208.0 —88.48743 33.51838 1 1,961 Yes
Tom Bevill L&D? 332.7 206.8 —88.28745 33.21072 1 1,853 Yes
Howell Heflin L&D? 266.1 165.4 —88.13575 32.83714 1 1,795 Yes

aPossible deterrent locations evaluated.



Management Objectives

We engaged the interest group in virtual and in-person
meetings to formulate Phase 1 invasive carp management
objectives given legislative language and subsequent
interpretation by USACE. The interest group specified
that minimizing system-level invasive carp abundance and
distribution were the fundamental management objectives
to be achieved by implementing invasive carp deterrents.
With input and review from the interest group, we developed
performance metrics to quantify the management objectives.
The management objectives and associated performance
metrics are described in table 3.

Invasive Carp Deterrent Actions

The Phase 1 analysis limits the management actions
evaluated to invasive carp deterrent location and sequence
given USACE constraints imposed for deterrent evaluation
and placement of at least one on the Tennessee—Tombigbee
Waterway. Deterrents in this analysis did not reflect a specific
deterrent type but rather the assumed effect of a deterrent on
invasive carp upstream movement. The USACE interpretation
of WRDA 2022 section 509 (U.S. Senate Environment and
Public Works Committee, 2022) constrained the potential
deterrent locations (table 2). Specifically, the legislation
stated that the effectiveness of pilot deterrent projects must be
evaluated; therefore, potential deterrent sites were constrained
to locations between management units where the interest
group and subject matter experts believed sufficient invasive
carp attempts to pass a deterrent would occur to evaluate
deterrent efficacy in the near term (less than 10 years needed
to evaluate effectiveness). Three downstream L&D complexes
on the Tennessee River and two on the Cumberland River
were selected as potential deterrent sites (table 2). Additional
river system constraints were imposed to ensure that at least
one deterrent was on the Cumberland River and Tennessee
River and one deterrent was on Tennessee—Tombigbee
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Waterway. Specifically, in the Phase 1 process, potential
deterrent locations and construction sequences were limited to
the following to meet WRDA 2022 (U.S. Senate Environment
and Public Works Committee, 2022) legislative requirements
interpreted by USACE:

e Tennessee River: Kentucky L&D, Pickwick L&D,
Wilson L&D;

e Cumberland River: Barkley L&D, Cheatham L&D; and

e Tennessee—Tombigbee Waterway: all locations.

Additionally, management objectives determined by
USACE were strictly to minimize invasive carp distribution
and abundance, with distribution defined as the proportion of
occupied units and the number of units never occupied that
were evaluated over 20 years, and abundance defined as the
projected relative abundance at the end of 20 years.

We engaged the interest group in virtual 2-hour meetings
and a 6-hour in-person workshop during the Phase 1 process.
We developed the scope of the problem, management
objectives, potential deterrent locations, assessment of analysis
assumptions, sensitivity analyses, and evaluation of possible
deterrent sites and sequences. We expanded the operating
model of invasive carp population dynamics developed by
Post van der Burg and others (2021) to capture the additional
Cumberland River and Tennessee—Tombigbee Waterway
management units, the outcomes of alternative deterrent
site locations and sequencing, and tradeoffs among the
management objectives. We describe the methods used below.

The interest group believed a reasonable time for
completing a deterrent was one every 4 years; that time
interval was used in the analysis. Deterrent construction
assumed sequential deterrent completion, with a deterrent
construction beginning in the same year at the following
location after completing the previous deterrent. Although five
deterrents could be completed over 20 years, we evaluated
four because the fifth deterrent would be completed in
the final year and, therefore, would not affect simulated

Table 3. Management objectives, subobjectives, associated performance metrics, and weights used to evaluate the performance of

alternative deterrent site sequences.

Subobjective Performance metric Weight2

Objective 1: decrease invasive carp distribution

Decrease invasive carp distribution in 1.1. Proportion of occupied management units after 20 years 0.25

the system

Prevent invasive carp expansion into 1.2. Number of management units never occupied over 20 years 0.25

unoccupied systems
Objective 2: decrease invasive carp abundance

Minimize abundance in the Tennessee River 2.1. System-level relative abundance at year 20 0.50

above Kentucky Dam, Cumberland River
above Barkley Dam

aWeights were derived using inputs from the interest group and reflect equal weighting between the two objectives and equal weighting for the two

subobjectives specified for objective 1.
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relative abundance dynamics. The analysis allowed deterrent
construction in upstream or downstream directions; that is,
deterrents could be constructed at any open location within the
location constraints specified irrespective of flow direction.

Consequences—Predictive Modeling of
Invasive Carp Dynamics

Projecting Invasive Carp Dynamics

Annual invasive carp population dynamics were
projected for 20 years for each management unit using an
annual timestep. We used several models to simulate annual
recruitment and movement processes affecting invasive carp
stocks (that is, relative abundance) and their distribution
among management units in the Cumberland River, Tennessee
River, and Tennessee—Tombigbee Waterway. We used two
models to project relative abundance dynamics in this analysis,
a stock-recruit model and a surplus production model, similar
to the models used in Post van der Burg and others (2021).
The difference between the two model structures is how the
model accounts for density dependence. In the stock-recruit
model, we defined invasive carp stock as age-1 and older
fish; therefore, recruits represent new age-1 invasive carp
recruited to the stock. Additionally, in the stock-recruit model
structure, the number of recruits depends on the spawning
stock, and natural morality is density independent. The
surplus production model accounts for density dependence
in the population growth rate, which represents the balance
of recruitment and natural mortality rates. This population
growth rate is density dependent, which means the population
growth rate approaches zero as the population nears carrying
capacity. To further clarify, the models differ in the treatment
of recruitment and natural morality, with both processes
included in stock-recruit model structure and the balance of
the two processes included in the surplus production model.

The stock-recruit model used to project invasive carp
relative abundance dynamics was specified as

N.

it+1,m

=N,

it,m

+ Ri,t,m -D + ]i,t,m - Ei,t,mﬁ (1)

total,i,t,m

where
N is the invasive carp relative abundance for
management unit,

i indexes management unit,
t  indexes the year,

m  indexes the recruitment model used to project
relative abundance dynamics,

R is the number of age-1 invasive carp
recruiting to management unit,

D is the number of invasive carp that die due to

natural and fishing mortality,

total
I is the number of invasive carp immigrating to
the management unit, and

E  is the number invasive carp emigrating from
management unit.

The surplus production model used to project invasive
carp abundance dynamics was specified as

K.—N., .-
i it,m=4
Iv/',t+l,m=4 = ]v[,t,m:4 tr- ]vi,l,m:4 K -
1
Dﬁshing,i,t,m:4 + [i,t,m=4 - Ei,t,m=4’ (2)
where
N is the invasive carp relative abundance for
management unit,
i  indexes management unit,
t  indexes the year,
m indexes the recruitment model used to project
relative abundance dynamics,
r is the intrinsic growth rate,
K is the carrying capacity for management unit,
Djiping 18 the number of invasive carp removed by

fishing from the management unit

I is the number of invasive carp immigrating to
the management unit, and

E  is the number invasive carp emigrating from
management unit.

We used management unit specific » and K values
elicited for Tennessee River management units and reported
in Post van der Burg and others (2021). The variable » was
set to 0.3 for all management units. A linear model relating
carrying capacity to management unit area was developed
for Tennessee River management units and used to predict K
for Cumberland River and Tennessee—Tombigbee Waterway
management units because K values reported in Post van der
Burg and others (2021) were for Tennessee River management
units (appendix 2). The variables R, D, Dunrars Diishings 1s
and E are further described in the following sections. The
relative abundance values used to initialize the projection
models are reported in table 2.1.



Recruitment Process—Alternative Recruitment
Models

The number of age-1 carp recruiting to each management
unit was specified as a function of the number of invasive carp
(stock-recruit relation AN, , ), discounted by the management
unit's reproductive potential, and specified as

R =S (Niym)RP,;, A3)
where
R is the number of age-1 invasive carp
recruiting to management unit,
i indexes management unit,
t  indexes the year,
m indexes the recruitment model used to project
relative abundance dynamics,
fNV) is a stock-recruit function, detailed in this
section; and
RP s the reproductive potential assigned to the

management unit.

Age-1 invasive carp recruited to the stock on January 1
of the year after spawning were directly added to the invasive
carp stock and subject to annual natural and fishing mortality.
The number of invasive carp recruited to a management
unit were discounted by the management-unit-specific
recruitment potential (RP) value that can vary from 0 to 1.
Refer to Post van der Burg and others (2021) for a discussion
of the methods used to elicit RP values for Tennessee River
management units. When possible, we used the values of
RP reported in Post van der Burg and others (2021), and the
interest group and subject matter experts provided what they
determined were reasonable values for other management
units needing RP values owing to time limitations.
Management-unit-specific RP values used to project relative
abundance dynamics are shown in table 2.1.

We used three stock-recruit relations (f{V, ) to
account for structural uncertainty in the recruitment process.
Specifically, we used the Ricker (Ricker, 1975),
Beverton-Holt (Beverton and Holt, 1957), and a hockey
stick (Barrowman and Myers, 2000) stock-recruit function
specified in Post van der Burg and others (2021) to model
the number of age-1 invasive carp recruited to the stock. The
management-unit-specific number of age-1 recruits given the
Ricker stock-recruit function was calculated as

R =a,-N,

it,m=1

. eibl Nyt , (4)

it,m=1

where
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R is the number of age-1 invasive carp
recruiting to management unit,

i indexes management unit,
t  indexes the year,

m indexes the recruitment model used to project
relative abundance dynamics,

o, represents a density-independent recruitment
rate (Ricker, 1975; Quinn and
Deriso, 1999),

N s the invasive carp relative abundance for
management unit,

b, is the strength of density-dependent
compensation, and

e is Eulers number.

Values for o, and b, used in this analysis were 5.32 and
0.00065, respectively (Post van der Burg and others, 2021).
The management-unit-specific number of age-1 recruits given
a Beverton Holt stock-recruit function was calculated as

a, - N,

it,m=2
R, = ——"" 5
,tm=2 1 + b2 . ]vitm:2 ( )

where
R is the number of age-1 invasive carp
recruiting to management unit,

i indexes management unit,
t  indexes the year,

m  indexes the recruitment model used to project
relative abundance dynamics,

o, represents a density-independent
recruitment rate,

N is the invasive carp relative abundance for
management unit, and

b, is a density-dependent parameter proportional
to fecundity and density-dependent
mortality (Beverton and Holt, 1957; Quinn
and Deriso, 1999).

Values for o, and b, used in this analysis were 3.77 and
0.0021, respectively (Post van der Burg and others, 2021). The
management-unit-specific number of age-1 recruits given a
hockey-stock stock-recruit function was calculated as
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(N _’)N ) (N —=Ny), N, <N,andN,, _, <N,
d
R, _
R, = (N,, N, ) (N, s —Ny), ifN,,, >N, andN, < Np, (6)
R, otherwise

where
R is the number of age-1 invasive carp
recruiting to management unit,

i indexes management unit,
t  indexes the year,

m indexes the recruitment model used to project
relative abundance dynamics,

is the peak number of age-1 recruits,
N is relative abundance at peak recruitment,
N,  is the depensation threshold, and

N s the invasive carp relative abundance for
management unit.

Recruitment model values used to project relative
abundance for R,, N,, and N, were 1,775; 2,000; and 50,
respectively (Post van der Burg and others, 2021).

Mortality Processes—Natural and Fishing

We combined natural and fishing mortality rates into an
overall mortality to account for mortality in the stock-recruit
models. Because natural and fishing mortality rates were
specified as instantaneous rates for this analysis and in Post
van der Burg and others (2021), the two rates were summed
and then converted to a finite mortality rate as

D = N,

itm

total,i,t,m : (1 - ei(MJrF'))a (7)
where

is the total deaths in a management unit due to
natural and fishing mortality,

total

i indexes management unit,
t  indexes the year,

m  indexes the recruitment model used to project
relative abundance dynamics,

N is the invasive carp relative abundance for
management unit,

M is the instantaneous natural annual
mortality rate, and

F is the instantaneous annual fishing
mortality rate.

Because natural morality is accounted for in the
surplus production model, the number of invasive carp
removed by commercial harvest in each management
unit was calculated as Dy i im = Ny - (1= €7F).
We calculated M,, assuming the maximum age (tmm)

an invasive carp achieves in any of the management

units was 13 years (Ridgway and Bettoli, 2017),

as In(M;)=1.44 - 0.98 - In(z,,,, ) (Hewitt and Hoenig, 2005;
Post van der Burg and others, 2021). Equation 7 assumes
annual instantaneous fishing and natural mortality rates are
additive and density independent in projection models 1, 2,
and 3. Model projections assumed that F was equal to M,
and F and M did not differ among management units.

Movement Processes—Management Unit
Immigration and Emigration

Interest group and subject matter experts identified
the main movement pathway of invasive carp movements
between connected management units was through
locks, but the exact pathway and relative importance was
uncertain, especially for uninvaded management units.

We specified upstream and downstream movement rates
based on values reported in Post van der Burg and others
(2021) and input from the interest group and subject matter
experts. Several movement probabilities were needed to
capture the possible direction-specific movement pathways
between management units. Most of the upstream or
downstream movement between Tennessee River,
Cumberland River, and Tennessee—Tombigbee Waterway
management units occurs at L&D complexes (table 2).
Subbasin partnership invasive carp experts specified that
upstream and downstream movement by invasive carp can
occur through lock chambers. The additionally specified
that invasive carp can move to a downstream management
unit over a dam spillway. The risk of downstream
movement over a spillway is limited by (1) the presence of
a spillway and (2) the management unit water elevations
exceeding the spillway elevation, which is generally low
given management unit operations follow a guide curve
that minimizes the risks of water spilling over the spillway.
Guide curves provide reservoir specific target elevation
targets for each day of the year (Patterson and Doyle,
2018). The analysis limits invasive carp movement to a
single connected unit per year.



Movement Rates

The immigration and emigration processes are linked
because emigration from one management unit to another
represents immigration to that management unit. The number of
invasive carp emigrating or immigrating from one management
unit to another was calculated from pathway-specific
movement probabilities specified as a square matrix (MV)
where the rows represent the management unit (i) from
which invasive carp were moving, and the columns represent
the management unit (k) to which invasive carp moved.

Off diagonal values of MV contain the overall movement
probability (Pr(move),,), representing the probability of moving
from one management unit to another given the possible
direction-specific movement pathway probabilities. The overall
movement probability depends on whether movement from

one management unit to another is through an open channel
(that is, canal, river confluence) or a L&D complex. The overall
movement probability from management unit i to management
unit £ was calculated as

E"™ Pr(lock) g,
(Pr(/()(‘,/«’)mv, + (I\p:H,I -Pr(spill)), ) -

if Direction, = US A Connection, = L&D

Pr(move), = e . (8)
(Pr(/’mk)m,/ (L, - Pr(spill)), ), if Direction, = DS A Connection, = L&D
Pr(open),, if Connection, = Open
where
Pr(move) is the probability of moving from one
management unit to another,
i indexes the management unit an invasive carp
moves from,
k  indexes the management unit an invasive carp
moves to,
D is a matrix of Os and 1s signifying whether
a deterrent is operating (further in this
section),
E  is the deterrent efficiency,
/ indexes the deterrent location,
t  indexes the year,
US  denotes upstream,
DS denotes upstream,

Pr(lock),s  1is the probability of an invasive carp
successfully moving to the upstream
management unit through a lock,

Pr(lock),g  1is probability of an invasive carp successfully

moving to the downstream management
unit through a lock,
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is a connection specific indicator with a value

spill
of 1 if a spillway is present at the L&D or 0
if no spillway was present,

PR(spill) is probability of an invasive carp successfully
moving to the downstream management
unit over the dam spillway, and

PR(open) is probability of an invasive carp successfully

moving to a connected management unit
through an open pathway (that is, river,
channel).

The term D in equation 8 is a rectangular matrix with
rows representing a management unit connection (/), columns
representing each year simulated (#), and cell entries indicating
the implementation status of a deterrent. To further clarify, if
a deterrent is completed in year 4 then the first three columns
for the corresponding row will be 0 (that is, deterrent not
operating) and the remaining columns will be filled with 1
to denote the operation of the deterrent. The value of E was
assumed to be 0.75 for all deterrent sequences evaluated
because deterrent efficiency was unknown and was expected
to be a conservative value. We did not evaluate other values
for £ because the ranking of deterrent site sequences is relative
and therefore the deterrent site sequence was not expected to
change with varying values of E. The proportion of invasive
carp moving upstream through a lock annually was modeled as
a function of the number of annual lockage (table 2) as

_ 1
Pr(lock) s = 1 + ehrth-((Lockages—2185)/1110.775)° ©
where
Pr(lock),s  is the probability of an invasive carp
successfully moving to the upstream
management unit through a lock,
e is Eulers number,
B is the intercept,
B, is the effect of the number of annual
lockage, and
Lockages  is the number of annual lockages.

The constants included in the denominator of equation
9 were the mean and standard deviation of annual lockage
and used to normalize lockage. The values of f, and S, used
in analysis were —3.52 and 0.41, respectively, and set such
that at average annual lockage the proportion of invasive
carp moving through a lock was between 0.01 and 0.06,
which were comparable to the upstream movement rates
reported in Post van der Burg and others (2021) for Tennessee
River locks but allowed expansion to Cumberland River
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and Tennessee—Tombigbee Waterway locks through annual
lockage rates rather than attempting to elicit values from the
interest group and subject matter experts.

The analysis of Post van der Burg and others (2021)
did not include downstream movements of invasive carp;
however, this analysis included an emphasis on downstream
movement because of the unique potential for downstream
expansion of invasive carp through Tennessee—Tombigbee
Waterway managements units by the connection of Pickwick
Lake (Tennessee River) to Bay Springs Lake Reservoir
(Tennessee—Tombigbee Waterway). The probability of
downstream movement through locks was uncertain,
especially for locations like Tennessee—Tombigbee Waterway
L&Ds where invasive carp have yet to expand and exert
propagule pressure. Additionally, despite hundreds of fish
with acoustic tags, a single downstream movement through
a lock was reported by the interest group and subject matter
experts; therefore, we used a range of values Pr(/ock) 4 to
project invasive carp relative abundance dynamics, which are
detailed in the “Sensitivity Analysis” section. The probability
of an invasive carp moving downstream over a dam spillway
was identified by the interest group as a possible additional
downstream movement pathway as Pr(spil/)=0.13, where the
value of 0.13 was assumed for all spillways based on interest
group and subject matter expert inputs. The movement rate
through open water connections was uncertain and was
arbitrarily set to Pr(open)=0.25, assuming a high level of
movement. The movement rates associated with spillway
and open water connections reflect what we determined were
conservative values (that is, likely higher than expected in this
analysis) that result in a higher downstream expansion risk in
the Tennessee—Tombigbee Waterway.

Modeling Movement Among Management Units

We used a square matrix (MV) to model the number
of invasive carp immigrating to and emigrating from a
management unit. Each matrix cell was filled with a 0 if no
movement could occur between the management units or the
appropriate Pr(move), value that captured the probability of
moving from management unit i (rows) to management unit
k (columns). The diagonal of MV represents the probability
of an invasive carp remaining in the management unit and is
calculated as

K
Pr(stay)., = 1-— pr(mo"e)i,ka (10)

itk

where
Pr(stay) is the probability of staying in the

management unit,

i indexes the management unit an invasive carp
moves from,

k  indexes the management unit an invasive carp
moves to,

K is the number of management units, and

Pr(move) is the probability of moving from

management i to management unit .

The rows of MV sum to 1 because movement was
mutually exclusive; that is, we assumed invasive carp can only
occupy a single management unit per annual time step, and the
same assumption was used by Post van der Burg and others
(2021). To calculate the number of invasive carp moving
from one management unit to another, we set the diagonal
of MV to 0. The diagonal of MV was set to 0 such that the
multiplication of management unit specific relative abundance
did not include the number of invasive carp remaining in the
management unit. The number of invasive carp moving from
a management unit to another (Nmove, ) was calculated as
the Hadamard product (that is, elementwise product) of the
matrices MV and Y, as

Zt+1,m = Yt,m O MV’ (1 1)
where
MV is a square matrix of movement

probabilities, and

Y is a matrix of zeros of the same dimension as
MYV with the diagonal set to N, , =D,

which conditions movement from a

management unit on survival to the next

time step.

Fish must survive to the current time step to move
during the next time step. The number of invasive carp
emigrating from a management unit is the row-wise sum

28
of Nmove specified as E,,,, = ZNmov e, ,.» and the
=1

number of fish immigrating to a management unit was
calculated as the column-wise sums of Nmove and calculated

28
as [i,t,m = klemovei,k,t,m'



Aggregation to System-Level Accounting for
Structural Uncertainty

We used four models to project management-unit-specific
invasive carp relative abundance dynamics annually for
20 years and m indexes model-specific relative abundance
values (N, ). Equal probabilities were assigned to each
model to account for uncertainty in model performance. The
system-level invasive carp relative abundance dynamics
were calculated as the sum of the management unit-specific
weighted abundance values as

25 4
At = Zzpm : ]vi,t,m’

=1 m=1

(12)

where
A is invasive carp relative abundance,

i indexes management unit,
t  indexes the year,

m  indexes the recruitment model used to project
relative abundance dynamics,

p is the probability assigned to each alternative
model (p=0.25), and

N is the invasive carp relative abundance for
management unit.

The overall invasive carp relative abundance (4,) was
used to calculate the performance metrics associated with the
management objectives (table 3).

Evaluating Deterrent Site Locations and
Sequence

The previous analysis by Post van der Burg and others
(2021) evaluating invasive carp control strategies for the
Tennessee River used a greedy optimization algorithm
rather than simulating and evaluating all possible scenarios.
Because of the constraints imposed on potential deterrent site
locations, generating all possible deterrent site sequences for
this decision problem was computationally feasible, including
a no-deterrent option; therefore, we projected invasive carp
relative abundance dynamics for all possible deterrent site
sequences given the deterrent site locations constraints
(table 2). Currently, a BioAcoustic Fish Fence (BAFF)
experimentally operates at the entrance to the Barkley Dam
lock (fig. 1) to evaluate invasive carp deterrent efficiency
(Fritts and others, 2023). Because the BAFF is considered an
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experimental pilot implementation of a carp deterrent, it was
uncertain if it would remain in operation after the evaluation
period. Because of the uncertainty related to continued BAFF
operation, the interest group considered two scenarios:

1. the existing BAFF deterrent is removed at Barkley Dam
lock, and all possible deterrent site sequences (n=2,161)
were evaluated, or

2. the BAFF remained in place, so deterrent sequences,
including Barkley L&D, were removed from
consideration (n=721).

We calculated a utility value for each scenario and
deterrent site sequence to compare among site sequences.
Specifically, we summed 4, .,, to quantify the projected
system level relative invasive carp abundance. If the
relative invasive carp abundance was 0 or greater than 0,
the management unit invasive carp occupancy status was
assigned as 0 (unoccupied) or 1 (occupied), respectively. The
proportion of management units occupied during the 20 years
was calculated as the mean occupancy status for year 20.

The proportion of never-occupied management units was
calculated as the number of never-occupied units divided

by the number of management units. A single utility value
was calculated from scaled performance metrics for each
deterrent site sequence within each scenario and used to rank
alternative deterrent site sequences for each scenario. We used
proportional scaling (Conroy and Peterson, 2013) to normalize
each performance metric to a common scale varying from

0 to 1, representing an undesirable to a desirable outcome.
Then, each scaled performance metric was multiplied by the
performance of the metric-specific weight specified in table 3.
The utility for each site deterrent sequence was calculated

as the sum of the weighted scaled performance metrics,

and weights were assigned such that the two fundamental
objectives were equally weighted. We sorted possible
deterrent sequences by their utility value and identified the
best-performing deterrent sequences as those with the highest
utility value.

Sensitivity Analyses

The connection between the Tennessee River and the
Tennessee—Tombigbee Waterway is unique because of the
potential downstream expansion of invasive carp through
the Tennessee—Tombigbee Waterway, and the interest group
wanted to explore how the optimal site sequences changed
with increasing downstream passage rates. We evaluated
the optimal site sequence for scenarios where downstream
movement through a lock was at a rate of 0, 0.001, 0.01, and
0.1 per year. The downstream passage rate was applied to all
locks for downstream passage through the lock.
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Results and Discussion

The optimal deterrent site sequence varied between
BAFF scenarios and the downstream passage rates evaluated.
In several cases, ties occurred among the optimal deterrent
site sequences evaluated (table 4); for example, if the BAFF
remained and given a downstream passage rate of 0.001, there
were two optimal deterrent site sequences. In this instance,
the deterrent site locations were the same between the two
sequences, but the site sequencing differed. The consistent
selection of Thad Cochran Lock A on the Tennessee—
Tombigbee Waterway was surprising to the interest group
and was further investigated by comparing the distribution
and abundance dynamics of the no-deterrent alternative to
optimal site sequences with the highest downstream passage
rate evaluated. Refer to appendix 3 for all deterrent sequence
rankings.

The difference between the no-deterrent alternative and
the optimal site deterrent sequence for a downstream passage
rate of 0.1 is illustrated in figures 2 and 3 for scenarios of the
BAFF remaining in place and being removed, respectively.
Invasive carp distribution, quantified as relative abundance
values greater than 0, did not vary much with time relative
to the no-deterrent alternative (figs. 2 and 3). The slight
difference between the no-deterrent alternative and the
optimal deterrent site sequence scenarios was associated
with the timing of the invasion of Pool E on the Tennessee—
Tombigbee Waterway (figs. 4 and 5). Comparing differences
in abundance illustrated how a deterrent sited at Thad Cochran
Lock A slowed invasive carp expansion upstream through the
Tennessee—Tombigbee Waterway. Although this result was
unexpected, it did make sense given the potential for invasive
carp to bypass much of the Tennessee—Tombigbee Waterway if
they escape over the Pool E Spillway. Specifically, if invasive

carp pass over the Pool E spillway, they enter the Tombigbee
River network and can travel unimpeded downstream and
re-enter the Tennessee—Tombigbee Waterway at Aberdeen
Lake, approximately 8 river kilometers [5 river miles]
downstream from Thad Cochran L&D, with the potential to
expand upstream to Pool A and downstream to Columbus
Lake on the Tennessee—Tombigbee Waterway. If expansion
into Pool A occurs, invasive carp can expand upstream in the
Tennessee—Tombigbee Waterway towards Pool E, creating
upstream and downstream invasion fronts.

Uncertainties associated with demographic rates,
abundance, and distribution pose a challenge when evaluating
deterrent site sequences or other control measures for invasive
carp. Primarily, there is limited species information for newly
invaded habitats, and the primary expansion pathways have
yet to be challenged by invasive carp; therefore, upstream
and downstream passage rates are unknown. Many of the
parameters used to project invasive carp relative abundance
can be monitored and likely estimated in the future as data
accumulates from telemetry and deterrent studies. Regardless
of the underlying uncertainties, decisions must be made;
therefore, we did evaluate varying levels of downstream
expansion rates given the unique downstream invasion risk
to unoccupied Tennessee—Tombigbee Waterway management
units. Additionally, low fish densities at the invasion front may
be challenging to detect perfectly, resulting in false negatives.
Time limitations during the Phase 1 process prevented a
comprehensive evaluation of uncertainties; however, this
analysis provided enough insight to the interest group that
they could use the analysis to draft a recommendation letter
for review by MICRA. MICRA then finalized, approved,
and provided the draft recommendation letter to USACE
for inclusion in PrEA. Phase 2 of this process includes a
comprehensive evaluation of uncertainties and a more holistic
set of management objectives.
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Table 4. The optimal site deterrent sequences for locations and sequence for scenarios where the BioAcoustic Fish Fence remains in
place or is removed at Barkley Lock.

[L&D, lock and dam]

Downstream Year .
passage rate completed Site deterrent sequence
Scenario: BioAcoustic fish fence remains
0 4 Wilson L&D (Tennessee River)
Kentucky L&D (Tennessee River)
12 Any Tennessee—Tombigbee Waterway L&D location
16 Cheatham L&D (Cumberland River)
0.001 4 Wilson L&D (Tennessee River) or Thad Cochran Lock A (Tennessee—Tombigbee
Waterway)
8 Thad Cochran Lock A (Tennessee—Tombigbee Waterway) or Wilson L&D (Tennessee
River)
12 Kentucky L&D (Tennessee River)
16 Cheatham L&D (Cumberland River)
0.01 Thad Cochran Lock A (Tennessee—Tombigbee Waterway)
8 Kentucky L&D (Tennessee River) or Wilson L&D (Tennessee—Tombigbee Waterway)
12 Wilson L&D (Tennessee—Tombigbee Waterway) or Kentucky L&D (Tennessee River)
16 Cheatham L&D (Cumberland River)
0.1 4 Thad Cochran Lock A (Tennessee—Tombigbee Waterway)
Pickwick L&D (Tennessee River)
12 Kentucky L&D (Tennessee River)
16 Cheatham L&D (Cumberland River)
Scenario: BioAcoustic Fish Fence Removed
0 Wilson L&D (Tennessee River) or
Kentucky L&D (Tennessee River)
12 Barkley L&D (Cumberland River)
16 Any Tennessee—Tombigbee Waterway L&D location
0.001 4 Kentucky L&D (Tennessee River) or Thad Cochran Lock A (Tennessee—Tombigbee
Waterway)
8 Thad Cochran Lock A or Kentucky L&D (Tennessee River)
12 Wilson L&D (Tennessee River)
16 Barkley L&D (Cumberland River)
0.01 Thad Cochran Lock A (Tennessee—Tombigbee Waterway)
Kentucky L&D (Tennessee River)
12 Wilson L&D (Tennessee River)
16 Barkley L&D (Cumberland River)
0.1 Thad Cochran Lock A (Tennessee—Tombigbee Waterway)
Pickwick L&D (Tennessee River)
12 Kentucky L&D (Tennessee River)
16 Barkley L&D (Cumberland River)
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No-action alternative: BioAcoustic Fish Fence remains
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Figure 2. Abundance dynamics for the no action alternative with the BioAcoustic Fish Fence remaining in place and for downstream
movement rates of A, 0; B, 0.001; C, 0.01; and D, 0.1.
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Figure 3. Abundance dynamics for the no action alternative where the BioAcoustic Fish Fence is removed and for downstream
movement rates of A, 0; B, 0.001; C, 0.01; and D, 0.1.
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Figure 4. Distribution and abundance dynamics for the no action alternative when the BioAcoustic Fish Fence remains in place and
the downstream lock movement rate is 0.1. A, Differences in distribution between the optimal site sequence and the no-deterrent option.
B, The absolute difference in invasive carp relative abundance between the optimal and the no-deterrent option.



Results and Discussion 19
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Figure 5. Distribution and abundance dynamics for the no action alternative when the BioAcoustic Fish Fence is removed and the
downstream lock movement rate is 0.1. A, Differences in distribution between the optimal site sequence and the no-deterrent option. B,
The absolute difference in invasive carp relative abundance between the optimal and the no-deterrent option.
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Appendix 1. Problem Statement

State (Alabama, Kentucky, Mississippi, and Tennessee
environmental and natural resources agencies) and Federal
(U.S. Army Corps of Engineers [Nashville and Mobile
Districts], the Tennessee Valley Authority, and U.S. Fish and
Wildlife Service) agencies seek to implement an optimal
combination of deterrents, removals (physical, biological, or
chemical), and habitat manipulations to prevent the expansion
of and control invasive carp in unoccupied portions of the
Tennessee River, including Melton Hill Lake on the Clinch
River (tributary), the Cumberland River, and the Tennessee—
Tombigbee Waterway (hereafter referred to as the “river
system”) and control populations in occupied portions. This
decision was triggered by the realized and perceived negative
effects of invasive carp on aquatic ecosystems, fisheries,
and resource user groups associated with the river system
by subbasin partnership partners. The decision-makers are
developing a strategy in two phases. Phase 1 satisfied the
immediate need to recommend locations and sequencing of
deterrent projects to be implemented under the U.S. Army
Corps of Engineers Pilot Program described under Section 509
of the Water Resources Development Act of 2020 (U.S. House
of Representatives, 2020) and as amended in Water Resources
Development Act 2022 (U.S. Senate Environment and
Public Works Committee, 2022). Phase 2 informs a holistic
perspective associated with preventing the spread of invasive
carp and managing existing populations in the river system.
Both phases consider a 20-year time horizon and aim to
evaluate management actions that minimize the distribution
and total abundance of invasive carp in the river system.
Phase 2 also considers additional management objectives
related to minimizing the effects of invasive carp and invasive
carp management on native aquatic species, safety for river
system users, resource users’ property damage, recreational
opportunity losses, and the implementation costs of invasive
carp strategies. Uncertainties that may be considered in the
strategy include:

e current invasive carp population status and dynamics of
invasive carp populations in the river system, including
the environmental effects and habitat potential for
expansion and establishment;
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e potential effects of invasive carp on system components
like native mollusks and fish, recreational use of the
system, and sportfish;

o cffectiveness of current and developing management
actions, logistics implementation timeline; and

e public and political support for management actions.

Strategy implementation will likely take into
consideration:

e funding constraints to implement the strategy (for
example, cost-share, nonfederal sponsor) and support
long-term operation and maintenance,

e compliance with State and Federal laws and
regulations,

e maintenance of navigation and operational
authorizations,

e infrastructure constraints like physical facilities, and

e uncertainties associated with management action
effectiveness, non-Federal sponsor availability, and
invasive carp population dynamics.
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Appendix 2. System And Projection Model Parameters

Appendix 2 provides details on management unit, complexes—that connect management units and therefore
locations that connect management units, and additional provide pathways for invasive carp to move into or between
analysis details. Values used to initialize the invasive carp those management units are detailed in table 2.2.

relative abundance projection model are provided in table 2.1.
Information about locations—primarily lock and dam

Table 2.1. Management unit descriptions and delineations for units in the Ohio River, Tennessee River, Cumberland River, Tennessee—
Tombigbee Waterway, and Tombigbee River.

[km?, square kilometer; NA, not applicable]

Management unit _River Area Recruitn_lent Relative Carryiflg
mile start (km2) potential abundance capacity
Ohio River
Olmstead Pool NA NA 1.00 4,500.000 4,500.0000
Cumberland River
Tailwater Below Barkley Lake 0.0 NA 1.00 4,500.000 4,500.0000
Lake Barkley 30.6 234 1.00 4,500.000 4,500.0000
Cheatham Lake 148.7 30 1.00 3,777.000 5,666.0000
Old Hickory Lake 216.2 91 0.00 2,000.000 866.1549
Cordell Hull Lake 313.5 48 1.00 1,000.000 1,552.0536
Tennessee River
Tailwater Below Kentucky Lake NA NA 0.50 0.000 1,068.5512
Kentucky Lake 22.4 649 0.72 5,651.000 8,477.0000
Pickwick Lake 206.7 174 0.18 2,825.500 1,745.0000
Wilson Lake 259.4 271 0.10 56.510 478.0000
Wheeler Lake 274.9 37 0.50 56.510 3,539.0000
Guntersville Lake 349.0 279 0.20 5.651 3,648.0000
Nickajack Lake 424.7 42 0.21 0.000 549.0000
Chickamauga Lake 471.0 147 0.27 0.000 1,916.0000
Watts Bar Lake 529.9 158 0.14 0.000 2,067.0000
Fort Loudoun Lake 602.3 59 0.15 0.000 772.0000
Melton Hill Lake 23.0 22 0.09 0.000 287.0000
Tennessee—Tombighee Waterway and Tombigbee River
Bay Springs Lake Reservoir 411.9 27 0.01 5.651 832.4222
Pool E: 406.7 3 0.00 0.000 562.5604
Pool D 398.4 8 0.00 0.000 618.7816
Pool C 391.0 7 0.00 0.000 607.5373
Pool B 376.3 11 0.00 0.000 652.5143
Pool A: 371.1 4 0.00 0.000 573.8046
Aberdeen Lake 357.5 17 0.05 0.000 719.9797
Columbus Lake 334.7 36 0.30 0.000 933.6203
Aliceville Lake 332.7 34 0.30 0.000 911.1318

Gainesville Lake 266.1 26 0.01 0.000 821.1779




Table 2.2. Connection information for management units.

[ID; identifier; US, upstream; DS, downstream; L&D, lock and dam; NA, management unit numbers for DS or US connections outside of the study area]

. Connection Management unit Management unit ID
Connection site
ID Type Direction From To From To
Cumberland River
Barkley L&D 3 Lock and dam US; DS Below Barkley Lake Lake Barkley 2 4
Spillway DS Lake Barkley Below Barkley Lake 4 2
Cheatham L&D 4 Lock and dam US; DS Lake Barkley Cheatham Lake 4 5
Spillway DS Cheatham Lake Lake Barkley 5 4
Cordell Hull L&D 6 Lock and dam US; DS Old Hickory Lake Cordell Hull Lake 6 7
Spillway DS Cordell Hull Lake Old Hickory Lake 7 6
Cumberland River Confluence 1  River US; DS Olmstead Pool Below Barkley Lake 1 2
Spillway DS Below Barkley Lake Olmstead Pool 2 1
Old Hickory L&D 5  Lock and dam US; DS Cheatham Lake Old Hickory Lake 5 6
Spillway DS Old Hickory Lake Cheatham Lake 6 5
Tennessee River
Chickamauga L&D 13 Lock and dam US; DS Nickajack Lake Chickamauga Lake 13 14
Spillway DS Chickamauga Lake Nickajack Lake 14 13
Fort Loudoun L&D 15 Lock and dam US; DS Watts Bar Lake Fort Loudoun Lake 15 16
Spillway DS Fort Loudoun Lake Watts Bar Lake 16 15
Guntersville L&D 11 Lock and dam US; DS Wheeler Lake Guntersville Lake 11 12
Spillway DS Guntersville Lake Wheeler Lake 12 11
Kentucky L&D 7  Lock and dam US; DS Below Kentucky Lake Kentucky Lake 8
Spillway DS Kentucky Lake Below Kentucky Lake 3
Melton Hill L&D 16  Lock and dam US; DS Fort Loudoun Lake Melton Hill Lake 16 17
Spillway DS Melton Hill Lake Fort Loudoun Lake 17 16
Nickajack L&D 12 Lock and dam US; DS Guntersville Lake Nickajack Lake 12 13
Spillway DS Nickajack Lake Guntersville Lake 13 12
Pickwick L&D 8 Lock and dam US; DS Kentucky Lake Pickwick Lake 9
Spillway DS Pickwick Lake Kentucky Lake
Tennessee River Confluence 2 River US; DS Olmstead Pool Below Kentucky Lake 3
Spillway DS Below Kentucky Lake Olmstead Pool 3 1
Watts Bar L&D 14 Lock and dam US; DS Chickamauga Lake Watts Bar Lake 14 15
Spillway DS Watts Bar Lake Chickamauga Lake 15 14
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Table 2.2. Connection information for management units.—Continued

[ID, identifier; US, upstream; DS, downstream; L&D, lock and dam; NA, management unit numbers for DS or US connections outside of the study area]

. Connection Management unit Management unit ID
Connection site —
ID Type Direction From To From To
Tennessee River—Continued
Wheeler L&D 10  Lock and dam US; DS Wilson Lake Wheeler Lake 10 11
Spillway DS Wheeler Lake Wilson Lake 11 10
Wilson L&D 9 Lock and dam US; DS Pickwick Lake Wilson Lake 9 10
Spillway DS Wilson Lake Pickwick Lake 10 9
Tennessee—Tombighee Waterway and Tombigbee River
Aberdeen L&D 24 Lock and dam US; DS Columbus Lake Aberdeen Lake 25 24
Spillway DS Aberdeen Lake Columbus Lake 24 25
Divide Cut 17  River US; DS Pickwick Lake Bay Springs Lake 9 18
Reservoir
Spillway DS Bay Springs Lake Pickwick Lake 18 9
Reservoir
Fulton Lock C 21  Lock and dam US; DS Pool B Pool C 22 21
Spillway DS Pool C Pool B 21 22
Glover Wilkins Lock B 22 Lock and dam US; DS Pool A Pool B 23 22
Spillway DS Pool B Aberdeen Lake 22 24
Howell Heflin L&D 27  Lock and dam US; DS Demopolis Pool Gainesville Lake 28 NA
Spillway DS Gainesville Lake Demopolis Pool NA 28
Jamie Witten L&D 18  Lock and dam UsS; DS Pool E Bay Springs Lake 19 18
Reservoir
Spillway DS Bay Springs Lake Aberdeen Lake 18 24
Reservoir
John C. Stennis L&D 25 Lock and dam US; DS Aliceville Lake Columbus Lake 26 25
Spillway DS Columbus Lake Aliceville Lake 25 26
John Rankin Lock D 20  Lock and dam USs; DS Pool C Pool D 21 20
Spillway DS Pool D Pool C 20 21
Sonny Montgomery Lock E 19 Lock and dam US; DS Pool D Pool E 20 19
Spillway DS Pool E Aberdeen Lake 19 24
Thad Cochran Lock A 23 Lock and dam US; DS Aberdeen Lake Pool A 24 23
Spillway DS Pool A Aberdeen Lake 23 24
Tom Bevill L&D 26  Lock and dam US; DS Gainesville Lake Aliceville Lake NA 26
Spillway DS Aliceville Lake Gainesville Lake 26 NA

/14
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Estimating Carrying Capacity

We used linear regression to estimate carrying capacity
values needed to project density dependent relative abundance
dynamics for Cumberland River and Tennessee—Tombigbee
Waterway management units. Specifically, we developed a
predictive linear relation of carrying capacity values elicited
for Tennessee River management units available from Post
van der Burg and others (2021) with management unit area.
The linear model was fit using the Im() function in R (R
Core Team, 2022). The model fit the data well (probability
value=0.0015, coefficient of determination=0.65). The fitted
model used to estimate carrying capacity for Cumberland
River and Tennessee—Tombigbee Waterway management units
was K;=528.8+11.2xArea, where K is the carrying capacity,

i indexes management unit, and the area was the management
unit area measured in square kilometers and reported in
table 2.1.

Appendix 2. System And Projection Model Parameters 25

References Cited

Post van der Burg, M., Smith, D.R., Cupp, A.R., Rogers,
M.W., and Chapman, D.C., 2021, Decision analysis of
barrier placement and targeted removal to control invasive
carp in the Tennessee River Basin: U.S. Geological Survey
Open-File Report 2021-1068, 28 p., accessed June 2023 at
https://doi.org/10.3133/0fr20211068.

R Core Team, 2022, R—A language and environment
for statistical computing: R Foundation for Statistical
Computing, accessed June 2024 at https://www.R-
project.org.


https://doi.org/10.3133/ofr20211068
https://www.R-project.org
https://www.R-project.org

26 Evaluating Deterrent Locations and Sequence in Tennessee and Cumberland Rivers and Tennessee-Tombighee Waterway

Appendix 3. Deterrent Sequence Rankings

The approximate rankings of all possible deterrent
sequences for the downstream movement rates evaluated are
shown in figure 3.1. The optimal site deterrent sequences
reported in table 4 (in the main report) are associated in
figure 3.14 because the utility was calculated such that
outcomes with minimal invasive carp distribution valued by
performance metrics 1.1 and 1.2 and abundance valued by
performance metric 2.1 defined in table 3. The utility values
illustrated in figure 3.1 represent the tradeoff between the
fundamental objectives based on the weights assigned to the
three performance metrics.
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Figure 3.1. Invasive carp deterrent site sequence rankings versus utility value for analyses where the BioAcoustic Fish Fence

at Barkley lock and dam (L&D) remained in place or was removed. A, Barkley L&D remained in place and scenario was evaluated
assuming a movement rate of 0.0. B, Barkley L&D was removed and scenario was evaluated assuming a movement rate of 0.0. C,
Barkley L&D remained in place and scenario was evaluated assuming a movement rate of 0.001. D, Barkley L&D was removed and
scenario was evaluated assuming a movement rate of 0.001. £, Barkley L&D remained in place and scenario was evaluated assuming
a movement rate of 0.01. F, Barkley L&D was removed and scenario was evaluated assuming a movement rate of 0.01. G, Barkley L&D
remained in place and scenario was evaluated assuming a movement rate of 0.1. H, Barkley L&D was removed and scenario was
evaluated assuming a movement rate of 0.1.






For more information about this publication, contact:
Director, USGS Columbia Environmental Research Center
4200 New Haven Road

Columbia, MO 65201

573-875-5399

For additional information, visit: https://www.usgs.gov/centers/cerc

Publishing support provided by the
Rolla and Baltimore Publishing Service Centers


https://www.usgs.gov/centers/cerc

Colvin and others—Evaluating Deterrent Locations and Sequence in Tennessee and Cumberland Rivers and Tennessee-Tombighee Waterway—OFR 2025-1039

https://doi.org/10.3133/0fr20251039

ISSN 2331-1258 (online)



https://doi.org/10.3133/ofr20251039

	Acknowledgments
	Abstract
	Plain Language Summary
	Introduction
	Purpose and Scope
	Methods
	Decision Analysis Overview
	Clarifying the Decision Frame
	Management Units
	Management Objectives
	Invasive Carp Deterrent Actions
	Consequences—Predictive Modeling of Invasive Carp Dynamics
	Projecting Invasive Carp Dynamics
	Recruitment Process—Alternative Recruitment Models
	Mortality Processes—Natural and Fishing
	Movement Processes—Management Unit Immigration and Emigration
	Movement Rates
	Modeling Movement Among Management Units

	Aggregation to System-Level Accounting for Structural Uncertainty

	Evaluating Deterrent Site Locations and Sequence
	Sensitivity Analyses

	Results and Discussion
	References Cited_0
	References Cited
	Appendix 1. Problem Statement
	Appendix 2. System And Projection Model Parameters
	Appendix 3. Deterrent Sequence Rankings
	Figure 1. Map showing potential deterrent sites associated with the Tennessee River and Cumberland River locks and dams.
	Figure 2. Graph showing abundance dynamics for the no action alternative with the BioAcoustic Fish Fence remaining in place and for downstream movement rates of 0, 0.001, 0.01, and 0.1.
	Figure 3. Graph showing abundance dynamics for the no action alternative where the BioAcoustic Fish Fence is removed and for downstream movement rates of 0, 0.001, 0.01, and 0.1.
	Figure 4. Graph showing distribution and abundance dynamics for the no action alternative when the BioAcoustic Fish Fence remains in place and the downstream lock movement rate is 0.1.
	Figure 5. Graph showing distribution and abundance dynamics for the no action alternative when the BioAcoustic Fish Fence is removed and the downstream lock movement rate is 0.1.
	Table 1. Management unit number, name, and summary metrics for the Ohio River, Tennessee River, Cumberland River, and Tennessee–Tombigbee Waterway.
	Table 2. Summary metrics and locations of potential deterrents associated with the Tennessee River, Cumberland River, and Tennessee–Tombigbee Waterway locks and dams.
	Table 3. Management objectives, subobjectives, associated performance metrics, and weights used to evaluate the performance of alternative deterrent site sequences.
	Table 4. The optimal site deterrent sequences for locations and sequence for scenarios where the BioAcoustic Fish Fence remains in place or is removed at Barkley Lock.

