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A B S T R A C T

The ability of fish to swim upstream through regions of swiftly flowing water is ultimately dependent on their
physiological capacity. Swimming performance, the relationship between swim speed and time-to-fatigue, has
been used to design fishways and identify barriers to fish movement. However, existing numerical models do not
all capture the variability in swimming abilities nor the turbulent, unsteady, and three-dimensional aspect of
natural flows. This deficiency is particularly problematic for fish species whose behavior is poorly understood
(i.e., invasive fish) and at sites with complex flow patterns. Here, we combine species-specific swimming per-
formance with high resolution abstractions of fluid flow in a new agent-based framework to model fatigue of
upstream swimming fish under turbulent flow conditions. Our model simulates fish paths, in the absence of
information on their behavioral tendencies, based on a rules-set aimed at fish swimming as far upstream as
possible before complete exhaustion by selecting the path of least fatigue. We demonstrate how this model
functions by examining theoretical passage of invasive silver carp, Hypopthalmichthys molitrix, and bighead
carp, H. nobilis, as well a native fish, the lake sturgeon, Acipenser fulvescens, through a typical Mississippi River
lock-and-dam (Lock-and-Dam #8 near Genoa, WI). The model then tests whether passage could be reduced by
altering spillway gate operations. Model results suggest that passage of all three species is low under current gate
operations and that passage of both carp species could be further reduced by about half through minor changes
in spillway gate operation without apparent impacts on navigation, scour, or lake sturgeon passage. Model
results are qualitatively consistent with observed passage rates monitored by other studies at similar lock-and-
dams and are consistent with the possibility that the model likely overestimates passage rates by relying on
physiological data only. This approach could be exported to other applications and fish species to help manage
and control fish migration and dispersal, especially for fish whose behavior and ecology are poorly understood
and not presently quantifiable.

1. Introduction

Fish migration and dispersal are key life history traits that are
highly susceptible to disruption by natural and man-made obstructions
like waterfalls, dams, and culverts. Upstream movement in particular is
heavily impacted by hydraulic challenges (i.e., regions of flow that
exceed a fish’s locomotor capacity). However, while understanding how
fish movement is influenced by water flow is vital to the design of
fishways and identification of barriers to movement, relating fish
movement to the naturally unsteady, turbulent, and three-dimensional
flow conditions found in these situations is not straightforward (Liao
et al., 2003). Accordingly, fisheries managers and engineers have

developed computer models to help bridge the gap between water flow
and fish movement. Preferably, models of fish movement would in-
corporate environmental stimuli (e.g., velocity, temperature, etc.) with
data on physiology (e.g., swimming performance) and key information
on behavioral attributes (e.g., when and why particular fish move).
However, while both environmental stimuli and physiological traits of
certain species of fish are often either well understood or readily ob-
tained using laboratory instrumentation (e.g., swim tunnels); fish be-
havior, especially in situ, is inherently difficult to obtain and usually
unavailable. Thus, with the exception of a handful of economically
important species (e.g., Pacific salmon, freshwater eels), behavioral
traits of upstream swimming fish in the field are largely unknown. This
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is especially the case for non-native fishes, some of which are invasive.
Since many existing models require information on behavioral traits,
which is lacking for invasive species, new models that emphasize
physiological limits of fish swimming (i.e., how fast and how long can
fish swim before exhaustion) to examine barriers to fish passage and
estimate movement ranges are needed.

One area where modelling of the physiological limits of fish
movement in complex flows would be especially beneficial is the con-
trol of invasive species such as the Asian or bigheaded carps (a genus
with two key species, the silver carp, Hypopthalmichthys molitrix and
bighead carp, H. nobilis). The bigheaded carps are large, voracious
microphagous fish that were introduced to North America in the 1970s
(Kolar et al., 2007) and are now disrupting food webs and negatively
impacting fisheries across the Mississippi River Basin (Carlson et al.,
1995; Schrank et al., 2003; Sass et al., 2014; Pendleton et al., 2017).
However, while they are ubiquitous in much of this large watershed,
they have not yet invaded many peripheral and interconnected areas
including the Mississippi River headwaters area, upper Illinois River,
and the Great Lakes (USFWS, 2014). Identifying new ways to block
upstream movement of bigheaded carp is a key objective of state, re-
gional, and federal management strategies in these regions (Tsehaye
et al., 2013). The set of 29 Mississippi River navigational lock-and-dams
located in this river network and managed by the U.S. Army Corps of
Engineers (USACE) offers a possible avenue to block bigheaded carp
passage as all fish must pass through them. Water velocities increase as
a result of passing through the lock-and-dam spillway gates which are
also fully adjustable and have already been suggested to reduce passage
of native migratory species in the Mississippi River (Knights et al.,
2002; Zigler et al., 2003, 2004). Further, a recent swim study on big-
headed carp swimming performance (Hoover et al., 2017) showed that
bigheaded carps are relatively weak swimmers. The possibility that
lock-and-dams could be used to block passage has also been supported
by telemetry studies at lock-and-dams in the Mississippi River (Tripp
et al., 2014) and Illinois River (Lubejko et al., 2017), which found
bigheaded carp passage rates to be low and occur largely during open-
river conditions (i.e., all spillway gates are raised out of the water and
velocities are relatively low). Lock-and-dams near the headwaters of the
Mississippi River, where bigheaded carp have not yet reached, rarely
experience open-river conditions (FishPro, 2004) and represent the
greatest likely impediment to fish passage (depending on when specific
fishes naturally move relative to open-river conditions). If gate opera-
tions could be modified in appropriate ways that do not increase scour
near the structure or impair navigation, these lock-and-dams would
offer great potential to further restrict bigheaded carp passage. How-
ever, flows through these structures are complex and not easily mea-
sured, and there are presently no data on carp behavior or movement
near these structures. Models must therefore rely on swimming per-
formance and hydraulic data alone. A common approach to such
models is to assume fish will swim to their maximum physiological
capacity (e.g., exhaustion), resulting in conservative estimates of pas-
sage as fish are not naturally expected to swim to complete exhaustion.
Models that calculate the highest number of fish passing a hydraulic
challenge are of great value as a first step to evaluate whether and how
to stop undesirable invasive species while allowing for the possible
passage of other species like the lake sturgeon, Acipenser fulvescens, a
native fish of ecological and cultural importance that makes prolonged
migrations throughout the Mississippi River Basin.

In this study we develop a new numeric model to describe fish
swimming upstream through a hydraulic challenge by incorporating
species-specific data on fish swimming performance and hydraulic data
around and through structures such as locks-and-dams. We then use the
model to both evaluate, and then simulate, fish passage through a ty-
pical lock-and-dam under various scenarios while comparing findings
with known data at similar structures. It is novel because of the manner
in which we merge two attributes, swimming performance and hy-
draulic conditions, the first of which we now introduce. Fish swimming

performance (i.e., the relationship between swim speed and time-to-
fatigue) is generally categorized by two distinct modes: sustainable and
unsustainable swimming. While fish can maintain relatively slow swim
speeds almost indefinitely by relying on aerobic metabolism (i.e., sus-
tainable swimming), they cannot do this at higher speeds as their ability
to swim become limited by the contribution of anaerobic metabolism
(i.e., unsustainable swimming). Further, fish can only maintain un-
sustainable swim speeds for limited durations that are inversely related
to swim speed (Beamish, 1978). Thus, after bouts of unsustainable
swimming, fish completely fatigue, and may require several hours to
recover (see review in Kieffer (2000)). Relationships between swim
speed and time-to-fatigue are readily quantified through laboratory
swim tunnel / flume trials (Beamish, 1978; Castro-Santos, 2005;
Hoover et al., 2017).

Hydraulic conditions are the second key component of our model.
They can be generated using well-established computational fluid dy-
namics (CFD), computer models that simulate water flows by solving
the governing equations of fluid flow, and is a practical method to
model the complex flows in and around lock-and-dams in a framework
that fish passage can be readily incorporated. Since CFD models provide
fine-scale resolution (i.e., sub-meter, seconds/minutes) hydraulic data
over a wide range of conditions, it is already widely incorporated into
modelling applications focused on the interface of hydraulics and
ecology (Daraio et al., 2010; Harvey and Clifford, 2009). Generating
fine-scale simulations of flow fields experienced by fish is critical as the
efficacy of any model or assessment of fish movement is inexorably
linked to the scale at which spatiotemporal changes in water velocity
are modeled (Tullos et al., 2016). Our approach is driven by the need to
expand upon existing fish passage models which either are limited by
reliance upon simplified hydraulics and homogenized swimming per-
formance (ex. FishXing; Furniss et al., 2006) or require extensive
(usually nonexistent) telemetry data (Gao et al., 2016; Arenas et al.,
2015; Goodwin et al., 2014, 2006; Haefner and Bowen, 2002) Also,
with the exception of Gao et al. (2016), all extant behavioral models are
intended to describe downstream movement of fish where the influence
of swimming fatigue is minimized.

In this study, we develop and describe a new agent-based approach,
a mathematical model that simulates the interactions of individuals, or
agents, with each other and/or their environment. Our model in-
corporates swimming performance data with high resolution abstrac-
tions of complex fluid environments to evaluate fish swimming fatigue.
Agent-based approaches similar to this have proven to be effective in
simulating many complex ecological phenomena like larval fish navi-
gation (Staaterman and Paris, 2004), fish aggregations and movement
(Gao et al., 2016; Arenas et al., 2015; Goodwin et al., 2014, 2006;
Nestler et al., 2002; Huth and Wissel, 1992), and mussel dispersal
(Daraio et al., 2010), but they have not been deployed to understand
invasive fish passage at lock-and-dams before. Our model makes three
primary assumptions: (1) fish are only motivated to move upstream
(i.e., no backtracking); (2) fish swim at their distance-maximizing
ground speed; and (3) fish select a path of least energetic cost. The
percent endurance model, developed by Castro-Santos (2005) and
partially used in other fish passage evaluations (Neary, 2012) is used as
a proxy for energy expenditure. Stochasticity is introduced by varying
individual fish swimming performance and hydraulic fields based on
turbulent fluctuations.

We describe the framework of a new agent-based swimming fatigue
model and discuss its general characteristics and intrinsic models. We
then demonstrate the applicability of the model by simulating big-
headed carp passage at Lock-and-Dam #8 (Genoa, WI) on the
Mississippi River, a structure with similar geometry and hydrologic
features to many other lock-and-dams and located upstream of the
bigheaded carp invasion front. We examine whether these invasive
species are likely being blocked by current spillway gate operations at
this typical lock-and-dam and whether changes to gate operating pro-
cedures (i.e., gate opening height) could enhance this feature without
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impacting navigation, scour or passage of lake sturgeon. We qualita-
tively compare model results to observed fish passage rates at other
Mississippi River lock-and-dams. We also evaluate whether and how
different gate operating procedures might alter the use of the naviga-
tional locks and scour downstream of the lock-and-dam.

2. Methods

We develop a new type of agent-based model to evaluate upstream
swimming capabilities of fish based on swimming performance and
then explore how it can be applied. This fish swimming fatigue model is
comprised of an environmental domain (i.e., flow field) in which agents
(i.e., fish) are inserted and move throughout (Fig. 1). The aquatic en-
vironment is represented by a computational mesh (i.e., spatial grid of
elements) (Fig. 2) where the location of each element, water depth, and
water velocity are simulated using hydraulic models. Individual fish
follow predefined movement rules in response to local hydraulic con-
ditions (e.g., velocity vectors). When we force simulated fish to seek
routes requiring the least amount of energy (McElroy et al., 2012), the
model can reveal which pathways fish must take to cover the maximum
upstream distance possible. These pathways emerge from the interac-
tion of local hydraulic conditions and theoretical swimming perfor-
mance. Once identified, we investigate how passage along these paths
can be increased (or decreased) by modifying the hydraulic conditions
at our model site. Although there are many possible pathways fish can
take through a complex flow environment, we focus on the path with
the least energetic cost as all other paths would be higher energy paths
and less likely to lead to successful passage – and we are interested in
determining the highest possible number of fish passing the lock-and-
dam. Following the schematic representation of the model in Fig. 1, we
first describe how the aquatic environment and fish movement are re-
presented, and conclude with a demonstration of the model to identify
how invasive bigheaded carps may already be moving through a typical

Mississippi River lock-and-dam and then how gate operations at this
structure could be altered to block bigheaded carp.

2.1. Aquatic environment

We determine 3D simulations of the flow field using the ANSYS
(Release 17.1) Fluent CFD software package. The Reynolds-averaged
Navier-Stokes (RANS) equations and k-ε turbulence model with wall
functions are solved using the finite volume method. Pressure and ve-
locity are coupled using the Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm, and second-order discretization
schemes are used for the convection and viscous terms of the governing
equations. Unstructured tetrahedral meshes (i.e., spatial grid of ele-
ments within which discrete versions of the governing equations are
solved) are generated using the ANSYS Workbench meshing application
(Fig. 2). Unsteady RANS modeling is required to appropriately model
complex flow at high Reynolds numbers (Spalart, 2000) and to obtain
the mean velocity (U, V, W) and distribution of turbulent fluctuations

′ ′ ′(u , v , w ) at all nodes in the fluid domain. The instantaneous velocity at
all nodes is described by:

= +
= +
= +

′

′

′

u x y z U x y z u x y z
v x y z V x y z v x y z

w x y z W x y z w x y z

( , , ) ( , , ) ( , , )
( , , ) ( , , ) ( , , )
( , , ) ( , , ) ( , , ) (1)

where u, v , and w are the instantaneous velocity in the x-, y- and z-
direction. CFD models are run using a cluster node equipped with two
2.4 Ghz 14-core Intel Xeon processors and 128 GB memory.

2.2. Fish movement framework

We examine fish movement through the field using an agent-based
approach to model fish movement and fatigue. This process begins with
an initialization step followed by a movement step, which has several
sub-models.

2.2.1. Initialization
We start by generating numeric fish (agents) with unique swimming

performance metrics and total length. Swimming performance metrics
for each individual fish are selected randomly from swim speed-fatigue
time curves (see Section 2.2.2.3) normalized by total body length based
on experimental data (mean estimates of coefficients a and b with
standard deviation σa and σb, and sustained swim speed limit). Once
coefficients are selected, swim speed-fatigue relationships are trans-
formed by total body length to create fish with unique swimming
abilities. This approach is similar to methods outlined by Castro-Santos
(2006), combining unique individual total lengths and normalized
swimming performance metrics simulates natural biological variation
and yield individuals with a range of swimming abilities (e.g., small-fast
fish vs. large-slow fish). Fish are then randomly seeded along the
downstream boundary of the flow field following a uniform distribu-
tion. A uniform distribution is used in lieu of observed approach pat-
terns and to ensure simulated fish approach a hydraulic challenge from
as many different trajectories as possible.

2.2.2. Movement
Once seeded, each fish advances upstream through the flow field by

marching through nodes from the computational mesh following a step
selection process that follows the upstream pathway that causes the
least fatigue without backtracking and swimming at a theoretical dis-
tance maximizing ground speed (see Section 2.2.2.3) (Castro-Santos,
2005). At each node, fish “survey” neighboring nodes upstream of their
current location for fatigue that would result from swimming to each
node using the resultant velocity acting between the initial node and
each neighboring node (Fig. 3). The fish then selects and moves to the
node that results in the lowest possible fatigue. Each simulation repeats

Fig. 1. Schematic representation of the agent-based fish fatigue model to si-
mulate swimming pathways through complex flows that require the least en-
ergy. The model primarily consists of an aquatic environment (i.e., flow field)
and fish component. Fish movement is based on individual size and swimming
performance metrics following a rules set made of 5 sub-models. Descriptions of
the sub-models are provided in Section 2.2.
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this process for every fish until they completely exhaust or reach the
upstream boundary of the flow field.

The process occurs via 5 sub-models that follow the process outlined
in Fig. 1. The sub-models address: (1) finding the upstream nodes
neighboring the fish’s current location; (2) calculating the resultant
velocity fish must swim against; (3) calculating the swim speed and
fatigue; (4) locating the next position and allocating fatigue; and (5)
updating the agent variables and velocity field.

2.2.2.1. Sub-model 1: Locate neighboring nodes. In this sub-model, fish
search through the computational mesh to locate potential locations to
move that are positioned in front of its current location and are within a
specified sensory range, δ (see Fig. 4). Since fish are assumed to be
motivated to only move upstream, only nodes located within an 180°
arc upstream of the fish’s position were considered (i.e., no
backtracking). To ensure fish do not bypass regions of higher velocity
that cannot otherwise be avoided, δ was set to half the total length of
the fish (i.e. approximately three times the minimum node spacing for
the smallest modeled fish). If less than 3 nodes were located within this
hemisphere, δ was doubled until 3 or more nodes were present. This
limit was set to force fish to survey across a minimum number of
movement directions and prevent fish movement paths from being

overly restricted by node locations. Without this requirement, fish
could be forced to move to a node because of its proximity and not local
hydraulic conditions. As a measure to reduce computation time, δ was
set to twice the total body length in areas where the mesh is coarse
(nodes spaced 1–1.5 m apart) and velocity gradients are low.

2.2.2.2. Sub-model 2: Calculate resultant velocity. A resultant velocity is
calculated for each neighboring node determined in the previous
section. We used resultant velocity instead of velocity magnitude as it
enables modifications which allow for the direction of fluid flow to
either aid or hinder movement. If the flow vector at the neighboring
node acts in the same direction as the potential swim vector, the
velocity fish must overcome is reduced (i.e., fish movement is
potentially aided by flow direction). For any initial point (x , y , z )o o o
and neighboring node (x , y , z )i i i with velocity vector (U , V, W)i i i and
depth below the water surface di, the resultant velocity can be written
as

= + +U U V W( )res N N N
2 2 2 (2)

where U , V , WN N N are conditional velocity components dependent on
the direction of movement between the initial point and neighboring
node and velocity vector (Fig. 4). The conditional velocity component
in the horizontal plane is defined as
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in the y-direction when the direction of movement is defined as

= −
= −

x x x
y y y

Δ
Δ

i o
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Using this arrangement, if the horizontal direction of movement
between the initial position and next node are oriented in the same
direction as the velocity component, that portion of the velocity vector
is set to zero in Eqs. (3) and (4). For example, if the fish was to move to
node 7 in Fig. 4A, the horizontal velocity component, UN, would be set
to zero because is acts in the same direction as the fish movement.

Movement in the vertical plane is dependent on both the velocity
direction and position relative to the preferred depth of the fish

Fig. 2. Example of computational mesh generation showing an unstructured 3D tetrahedral mesh with inset of an individual element in the mesh with nodes (black
dots) located at the corners of the element. Field data are stored at the nodes.

Fig. 3. Illustrated schematic of agent-based fish swimming fatigue model. Fish
sample the incremental fatigue caused to swim to each of the neighboring
nodes. Vertical bars indicate relative fatigue related to swimming to each
neighboring node. The example shows a fish selecting the lowest fatigue path at
a local level (arrows indicate potential paths) and domain level (solid black line
indicates pathway followed).
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(Fig. 4B). Fish regulate depth by altering the volume of their swim
bladder. Since this process takes several minutes to achieve even a
slight change in density (i.e. time to change swim bladder volume >
time to pass hydraulic challenge) (Strand et al., 2005), fish are assumed
to attempt passage with a constant swim bladder volume and thus a
preferred depth, dp. The conditional velocity component in the vertical
direction is then defined as:

=
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In this arrangement, the vertical velocity component contributes to
the resultant velocity only when the vertical velocity acts against the
fish trying to return to its preferred depth.

2.2.2.3. Sub-model 3: Calculate swim speed and fatigue. We estimated the
swim speed and time-to-fatigue for each individual fish based on
swimming performance data collected from swim tunnel tests. When
swim speeds exceed a fish’s maximum sustained swim speed, Usus,the
relationship between swim speed, Us, and endurance (i.e., time-to-
fatigue), T, generally follows a log-linear model (Castro-Santos, 2005;
Peake et al., 1997)

= + <a UlnT b , b 0s (7)

where a and b are the slope and intercept coefficients fit from
experimental data. Swim speed can then be related to ground speed,
Ug, by

= −U U Ug s res (8)

where Ures is the resultant water velocity assumed to act against fish
movement. The distance swam can then be found as the product of
ground speed and endurance. Castro-Santos (2005) used this
relationship to derive a theoretical distance maximizing ground speed
as:

= −U b1/gOPT (9)

The concept of distance maximizing ground speed is important be-
cause it assumes fish constantly adjust their swimming speed with
water velocity to swim the maximum possible distance.

If <U Ures sus, fish were assumed to swim at a speed equal to Usus and
incur no fatigue. However, when ≥U Ures sus fish must swim at un-
sustainable speeds (i.e., requiring some level of anaerobic fueling) to

continue upstream. To ensure fish reach as far upstream as possible
through the flow field while swimming at unsustainable speeds, the
ground speed was assumed to be equal to the distance maximizing
ground speed (Castro-Santos, 2005) according to in Eq. (9). The time,
Δt, for fish to swim between neighboring nodes can then be calculated
as

=t l UΔ / gOPT (10)

where l is the distance between nodes.
Calculation of fatigue caused by fish swimming from their initial

position to each of the neighboring nodes follows the percent-en-
durance model (Castro-Santos, 2006; Neary, 2012). Given the fish’s
endurance, T, for a given effort and time required to swim between
nodes, Δt, the percent fatigue, ΔF, expended by fish to reach the next
node can be derived as

= ⎧
⎨⎩

× ≥
<

F U U
U U

Δ 100%,
0,

t
T res sus

res sus

Δ

(11)

The fish’s endurance, T, is not static, but is recalculated during each
step based on the required swim speed to reach the neighboring node.
This approach assumes fish have a predetermined energy budget and
discrete bouts of swimming between nodes incrementally decreases the
budget, which, if used entirely, leads to complete exhaustion and ter-
mination of the passage attempt.

Unsustainable swimming is commonly divided into two distinct
modes: prolonged and burst (Castro-Santos, 2005). Prolonged mode
swimming is fueled by a mixture of anaerobic and aerobic metabolism
that can be maintained for 20 s – 200min, while burst mode swimming
is fueled entirely by anaerobic metabolism and can typically only be
maintained for < 20 s (Beamish, 1978). For each mode, the relation-
ship between swimming speed and endurance still follows Eq. (7), but
with unique coefficients (Castro-Santos, 2006). Notably, the distance
maximizing ground speed (Eq. (9)) would also be unique for each
swimming mode. The percent-endurance model can be modified to
estimate fatigue during both prolonged and burst swim modes (Castro-
Santos, 2006; Neary, 2012).

2.2.2.4. Sub-model 4: Locate the next position and allocating fatigue. Step
selection assumes fish follow the upstream pathway that causes the
least amount of fatigue without backtracking. At each decision point, all
neighboring nodes are surveyed based on percent fatigue. In the event
all neighboring nodes cause fatigue, the node with the minimum
percent fatigue is chosen. In all other situations, where at least one

Fig. 4. Calculation of resultant velocity acting on fish in the (A) horizontal and (B) vertical planes. Circles indicate mesh nodes, dark arrows are velocity magnitude,
grey arrows are velocity components, and shaded area encloses the nodes being evaluated within a distance, δ, from the fish. The resultant velocity is the magnitude
of the velocity vector acting between the initial node and each neighboring node in opposition to the direction of movement. Light gray lines denote the compu-
tational mesh.
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node does not cause fatigue, the new position of the fish is selected at
random from the group of non-fatigue causing nodes. Because only
nodes in front of the fish are surveyed, the effect of the random node
selection makes the default movement pattern reflect a biased random
walk. Once the new position is selected, the total fatigue, F, is updated
based on the percent fatigue incurred during movement. This way, the
total fatigue at any point along a given pathway is the accumulation of
ΔF at all prior steps. Complete exhaustion occurs when

= + + ⋯+ ≥=F ΔF ΔF ΔF 100%j j 1 n , where = ⋯j 1,2, ,n denotes each
step.

2.2.2.5. Sub-model 5: Update agent and velocity field. After each step
selection the velocity field is updated (i.e., turbulent fluctuations
approximated) and agent variables are recorded. The velocity field is
updated by augmenting the steady state velocity with an approximation
of turbulent fluctuations by selecting a new water velocity at each node
from a normal distribution with mean (U, V, W) and standard deviation

′ ′ ′(u , v , w ). This step incorporates turbulence into the flow field using a
stochastic approach rather than attempting to directly correlate fish
movement with specific time steps of an unsteady flow condition. The
agent variables recorded after each step include: fish location (x, y, z),
water depth (d), distance traveled (l), resultant velocity (U )res ,
swimming speed (U )sus , percent fatigue (ΔF), and swimming time (Δt).
A collective summary of fish total length (TL), starting coordinates, and
binary passage result (0= success, 1= failure) is also recorded.
Passage success is quantified by fish reaching a predetermined
distance past a hydraulic challenge.

2.3. Applying the model to a typical Mississippi River lock-and-dam to
evaluate fish passage

To demonstrate the functionality of our agent-based model, it was
applied at Lock-and-Dam #8 (Genoa, WI) (Fig. 5A) to determine first
how current gate operations might be blocking bigheaded carp passage,
and then how this attribute might be enhanced. Lock-and-Dam #8 has
similar operation and geometry to other lock-and-dams in the Upper
Mississippi River. Flow through Lock-and-Dam #8 is controlled by two
types of spillways gates: 1) ten 10.7m wide tainter gates and 2) five
24.4 m wide roller gates. The adjacent lock chamber is 152.4 m long x
33.5 m wide (Fig. 5B). To pass flow, both sets of spillway gates raise off
the river bottom following a pre-determined operating schedule as
documented in the USACE Water Control Manual (USACE, 2003).
Water velocity through the gated openings is generally the greatest

when the gates are barely open and decreases as the gates are raised.
When the gates are raised completely out of the water, the dam is in so-
called “open-river” conditions. Existing gate operating procedures aim
to produce a uniform velocity distribution which does not exceed a
depth averaged velocity of 1.5 m/s at the endsill of the structure which
is situated ∼23m downstream of the roller gates and ∼17m down-
stream of the tainter gates (USACE, 2003). Discharge rating curves for
each gate type were established by the USACE using velocity data
collected from Acoustic Doppler Current Profiler (ADCP) surveys ∼100
m downstream and a physical model study (Markussen and Wilhelms,
1987) but has never been modeled using CFD. Existing gate operation
procedures dictate all tainter gates are opened to one uniform height
and all roller gates are opened to a different uniform height. The lock
was not considered in our model because they have minimal attraction
flow for fish, operate intermittently with boat traffic, and are not con-
sidered sustainable pathways for fish passage (Wilcox et al., 2004).

2.3.1. CFD models
3D CFD simulations were first run for five river discharges: 625,

1250, 1475, 2325, and 2720 m3/s at Lock-and-Dam #8 (see Table 2 for
gate positions). These flows represent the full range of gate controlled
flows (i.e. open-river conditions at 2720 m3/s). CFD velocity fields were
qualitatively validated using ADCP surveys ∼100 m downstream and
results from a physical model study (Markussen and Wilhelms, 1987)
(see Supplemental Figs. 1–12). Additional CFD models of river dis-
charge 1755 and 2067m3/s were performed and qualitatively validated
with physical model studies to further ensure CFD model accuracy, but
not analyzed for fish passage. Unstructured tetrahedral meshes (> 106

nodes) were generated using the ANSYS Workbench meshing applica-
tion. The mesh sizes ranged from 0.15 to 1.5 m (∼1-2 million nodes).
Construction drawings and sub meter resolution river soundings data
provided by the USACE were used to generate boundaries for the CFD
modelling. Upstream boundary conditions were specified as a uniform
depth averaged velocity. The downstream boundary was set as an
outflow boundary where the diffusion flux of all variables was set to
zero. No-slip (zero-fluid-velocity) boundaries were set at all solid sur-
face interfaces and surface roughness (roughness height of 0.03m for
all concrete surfaces and 0.3 m for river substrate) was accounted for by
applying the modified law-of-the-wall equations and velocity shift
formulas. Water surface boundary conditions were treated as a rigid lid
(i.e., zero shear stress) set to match the longitudinal water surface
profile obtained from gauge records. Although a rigid lid assumption
can induce errors in velocity field calculations in areas were the water

Fig. 5. (A) Map showing the locations of navigational lock-and-dams (represented as bars and labeled by number) on the Mississippi River. (B) Aerial photograph of
Lock-and-Dam #8 (43°34′12″N 91°13′54″W). Photo taken by U.S. Army Corps of Engineers (USACE). Flows are controlled at Lock-and-Dam #8 by ten 10.7m wide
tainter gates and five 24.4m wide roller gates. The lock chamber is 152.4m long×33.5m wide.
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surface fluctuates substantially, the water surface downstream of Mis-
sissippi River lock-and-dam spillways experience only minor fluctua-
tions due to the bottom release of water. The rigid lid assumption was
considered reasonable due good agreement with the physical model
study that collected profiles of velocities through the spillway. Sym-
metry boundary conditions were set along portions of the right river
bank (looking downstream) where river soundings were not available.
A hybrid initialization process was used to set the velocity field and
domain averaged values for turbulence variables within the fluid do-
main. The unsteady solution, used to generated turbulent statistics used
in Eq. (1), was run to a quasi-steady state (solution converges in a
statistical sense) with convergence criteria for residuals set at 10−4.
Unsteady calculations were run with a time step of =Δt 0.2 s with a
maximum of 15 dual-time-stepping iterations per physical time step. A
first-order implicit solver was used to simulate 1000 physical time
steps. Following Ge and Sotiropoulos (2005), the unsteady solution was
considered converged once the difference between instantaneous ve-
locity fluctuations about the mean were an order of magnitude less than
the mean.

Post-processing of the CFD data (e.g. velocity data and mesh co-
ordinates) included modifying the domain with artificial boundaries to
create convex surfaces to prevent fish from getting “stuck” (i.e., ac-
cessing regions where no continuous upstream pathways are available).
Because the model prevents fish from backtracking, in an unmodified
domain, instances could occur where fish move behind a spillway gate
or lock chamber and are unable to pass without backtracking. To re-
medy this situation, artificial boundaries were constructed downstream
of each tainter gate (i.e. the gate’s curve creates a region where fish can
get stuck) and the lock chamber. At the tainter gates, an artificial
boundary was applied along a plane extending downstream from the lip
of the gate and back to the water surface along a 1:1 slope. At the lock
chamber an artificial boundary was applied along a plane extending
downstream from the apex of the interior lock wall across the lock
chamber at a 1:1 slope. These boundaries did not change the velocity
field, but merely prevent fish from accessing these regions and direct
fish upstream.

2.3.2. Modeling fish passage under current USACE gate operating
procedures

Our fish passage model was used to simulate movement of silver
carp, bighead carp, and a native species with known swimming per-
formance, the lake sturgeon, through Lock-and-Dam #8. For each
species, 5000 fish (agents) were assigned a total body length from one
of five 100mm size classes adapted from published population size
distributions. These were adapted from Seibert et al. (2015) for silver
carp (TL 600–1000mm), Schrank and Guy (2002) for bighead carp (TL
700–1100mm), and Mcdougall et al. (2013) for lake sturgeon (TL
900–1300mm) in other large rivers as no data existed for Lock-and-
Dam #8 (See Supplementary Fig. 13). These locations were believed to
have relatively large (unexploited) fish, thus making our models
“conservative” or likely to overestimate passage. Because silver and
bighead carps are pelagic feeders, they were assigned a preferred depth
of 1m; whereas lake sturgeon, a benthic species, was assumed to prefer
the maximum depth of the domain. Swimming performance data of all
three species showed no clear distinction between prolonged and burst
swimming modes (Hoover et al., 2017; Peake et al., 1997) so all en-
durance calculations used a single set of parameters for unsustainable
swimming. Table 1 provides the size range, maximum sustained swim
speed, Usus, and swimming performance curve coefficients of each
species. Fish passage analyses were run for current gate operating
conditions specified by the USACE Water Control Manual.

2.3.3. Modelling fish passage under modified gate operating procedures
After evaluating theoretical passage of silver carp, bighead carp,

and lake sturgeon during current gate operating procedures, we used
the model to evaluate whether and how modifications to gate operating

procedures might further impede bigheaded carp passage while at the
same time minimally impacting scour protection and lake sturgeon
passage. Because our evaluation of current gate operating procedures
found that they were producing a previously unknown and unexpected
imbalance in flow through the gates, a new set of gate operating pro-
cedures were sought. The modified gate operating procedures were set
to correct the flow imbalance and produce uniform velocity distribu-
tions downstream of the dam that were also less than the maximum
allowable velocity at the endsill for scour protection set by the USACE
of 1.5m/s. This was accomplished with modest modifications to gate
operating procedures, less than 0.6m difference on average in gate
opening height from current operating procedures in the USACE Water
Control Manual (See Table 2 for changes in gate opening heights). Fish
passage analyses were run for the modified gate operating procedures
using the same number of individuals, length distributions, and swim-
ming performance metrics as the analysis of current gate operations.
The efficacy of the modified gate operations to block silver carp and
bighead carp was determined by comparing the modified passage re-
sults with current passage.

2.3.4. Statistical analysis of fish passage
The passage index, an estimate of the maximum percentage of a

theoretical distribution of fish from each size class to pass was calcu-
lated by dividing the total number of successful passages by the total
number of individuals. Passage index data for each size class were
calculated according to Eq. (12) and binned into 10 equal sized groups
to obtain the mean ± S.D. passage index (PI )TL across the group.
Within each sub-group, the passage index is calculated as

=PI
Count of fish passed of size TL

Total of fish seeded into model of size TLTL
(12)

where each individual size class is designated by total length (TL).
Student’s t-tests (equal variance, two-sided) were used to test whether
the mean passage index of a specific size class differed between current

Table 1
Size range and swimming performance characteristics for silver and bighead
carp (Hoover et al., 2017) and lake sturgeon (Peake et al., 1997) used in Eq. (7).

Species Total length
(mm)

Usus (TL/
s)

a (mean ± σa) b (mean ± σb)

Silver carp 600–1000 1.25 1.92 ± 0.65 −1.02 ± 0.33
Bighead carp 700–1100 1.00 5.52 ± 0.73 −2.98 ± 0.41
Lake sturgeon 900–1300 0.75 11.03 ± 0.82 −8.44 ± 0.70

Table 2
Changes in gate opening height and depth-averaged velocities calculated from
the CFD model at the endsill of the tainter and roller gate sections under current
and modified gate operating procedures. The maximum allowable velocity at
the endsill by the USACE Water Control Manual is 1.5 m/s. Velocity calcula-
tions for modified gate operation at 625m3/s reflects conditions where two
roller gates are completely closed.

Discharge
(m3/s)

Tainter Gate Roller Gate

Current
velocity
(m/s)

Avg.
change
in
opening
(m)

Modified
velocity
(m/s)

Current
velocity
(m/s)

Avg.
change
in
opening
(m)

Modified
velocity
(m/s)

625 0.6 +0.12 1.0 0.8 −0.40* 1.0
1250 0.8 +0.14 1.0 1.2 −0.12 1.1
1475 0.9 +0.20 1.2 1.4 −0.15 1.2
2325 1.4 +0.24 1.8 2.1 −0.24 1.8
2720 1.5 NA NA 1.6 NA NA

NA – Not applicable, all gates are out of the water at 2720m3/s.
* Change in gate opening height averaged across the 3 open roller gates.
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and modified conditions. Next, population scale passage index (PIpop)
values were calculated by summing the products of the percent fre-
quency (%Pop) of each size class from species specific size distribution
by the size specific passage index as demonstrated by Eq. (13).

∑=PI PI Pop( * % )pop
i

TL

i i
(13)

The population scale passage index was calculated across the 10
sub-groups and student’s t-tests (equal variance, two-sided) were used
to test whether the mean passage index of a population differed be-
tween current and modified conditions. For both analyses, values were
examined for normalcy (Shapiro-Wilk tests). All analyses were con-
ducted with custom scripts in Matlab (Mathworks, MA, USA).
Significance was determined at p < 0.05.

2.3.5. Sensitivity analysis
Lastly, a sensitivity analysis was performed to demonstrate that the

model configuration used in our analysis resulted in the most con-
servative estimates of fish passage index and to understand how the
stochastic features of the model (swimming performance, turbulence
representation, and path selection method) might impact results. This
was performed in lieu of a traditional validation because bigheaded
carp are so uncommon at this location as to be uncatchable and no data
are available to relate bigheaded carp passage through individual lock-
and-dam gates. Sensitivity analyses were conducted about a base con-
dition using the results of the base model for 5000 silver carp with a
body length of 800mm during current gate operations at 2325m3/s.
The sensitivity analysis was run for silver carp during a single discharge
and gate operation condition because the impacts of the stochastic
model features are conserved across all flow and gate operating con-
ditions, fish species, and total length. First, we evaluated the impact of
swimming performance metrics on model results by doubling maximum
fatigue (i.e., fatigue occurs at 200%) and then by reducing the max-
imum fatigue by half (i.e., fatigue occurs at 50%). Next, we examined
the impact of turbulent velocity fluctuations by using the steady state
velocity field, thereby allowing fish to move through a static flow field.
Another model examined the impact of variation in swimming perfor-
mance metrics by using only the mean swimming performance metrics
(Section 2.2.1) (Table 1) for all individuals. Finally, to ensure our fa-
tigue based pathway selection method differed from a simple random
walk, we ran a model using the same swimming performance metrics
and turbulent fluctuations approaches as our base model with step se-
lection following a purely biased random walk.

3. Results

3.1. Passage under current USACE gate operating procedures

Model runs of our agent-based model under current operating pro-
cedures indicated that there are flow imbalances across Lock-and-Dam
#8, with low velocity regions that all fish could be exploiting to pass
without exhausting (Fig. 6A and B). CFD simulations revealed that the
low velocity regions were caused by areas of rotational flow and an
imbalance in discharge through the tainter and roller gates at all flow
conditions. Flow rates through each gate type differed by as much as
27% from those expected in the Water Control Manual (USACE, 2003).
The water volume ratio of flow through the tainter and roller gates was
39:61 across all discharges. Depth-averaged velocities downstream of
the roller gates exceed the USACE maximum allowable velocity of
1.5 m/s (Table 2). Deceleration of flows downstream of the dam under
current operating procedures also creates two zones of horizontal ro-
tating flow along both banks and a third zone of vertical rotational flow
in a downstream scour hole.

The passage index of both silver and bighead carp under all flows
and current operating procedures was proportional to fish length, with

larger fish groups having a higher passage index than small fish (Fig. 7).
The population scale passage index (i.e., maximum percentage of a
theoretical distribution of fish to pass) for silver and bighead carp po-
pulations ranged from 2 to 12% and 0-4%, respectively (Table 3) across
all flow conditions. The highest passage indices of either species oc-
curred for silver carp during both open-river, 2720 m3/s, and the lowest
modeled discharge, 625m3/s. While high values of passage index were
expected for open-river conditions, when velocities at the structure are
lowest, similarly high index values at the lowest discharge, when ve-
locities are highest, were unexpected. Close inspection of silver carp
trajectories through a tainter gate opening revealed it was possible to
avoid the high velocity jet created by the narrow gate opening by uti-
lizing regions of relatively slow and reversed flow caused by the
stepped spillway and recirculating flows near the water surface
(Fig. 8A).

Results of the agent-based model also indicated lake sturgeon pas-
sage during current gate operating procedures was relatively constant
across all flows (Table 3), ranging from 2 to 6%. Similar to the silver
carp, lake sturgeon that passed through the dam did so through the
outermost gates (Fig. 6E and F). The specified tendency of lake sturgeon
to swim on the bottom resulted in pathways that shifted laterally in
front of the roller gates as demonstrated by the increased line density
near the roller gates in Fig. 6E and F, a feature not observed in either
silver or bighead carp. Although silver and bighead carp have superior
swimming performance compared to lake sturgeon relative to body
length (Table 1), lake sturgeon (median TL ∼ 1000mm) can obtain
similar absolute swim speeds as bighead carp (median TL ∼ 700mm)
due to their large size.

3.2. Passage under modified gate operating procedures

Gate operating procedures in the model were modified to match a
constant water volume ratio of 45:55 through the tainter and roller
gates, respectively, to mitigate the predicted high velocities down-
stream of the roller gates under current conditions. This would result in
modest modifications to gate operating procedures (see Table 2) which
the model predicted to produce near uniform velocity distributions
downstream of the dam, while also seemingly minimizing regions silver
carp and bighead carp could exploit (Fig. 9 and Supplementary Fig. 15).
Although the proposed modifications do not eliminate zones of rota-
tional flow, velocities are redistributed across the dam which mini-
mized regions of low velocities. The modifications caused an increase in
depth-averaged velocity below the tainter gates while decreasing the
depth-averaged velocities below the roller gate openings (Table 2).
Although the depth-average velocity at 2325m3/s still exceeded the
maximum allowable velocity set by the USACE of 1.5 m/s, the velocity
at the roller gate was reduced from 2.1 m/s to 1.8 m/s. No incremental
increase in scour around the dam was expected since the average ve-
locities under modified gate operating procedures do not exceed cur-
rent conditions.

Results of the agent-based model indicated that both silver and
bighead carp passage would be reduced during all flow conditions
during modified gate operating procedures (Table 3). Silver carp pas-
sage was reduced by over 50% from current conditions (t-test:
p < 0.05) (Table 3) at discharges greater than 1250 m3/s, while big-
head carp passage was found to decrease at all flows but 1250 m3/s (t-
test: p < 0.05). Further, bighead carp passage was reduced to nearly
zero at 1475 and 2325m3/s. While uniform modifications to gate op-
eration at 1250 m3/s increased the silver carp passage index slightly,
the overall index remained below 5% and the bighead carp passage
index was unchanged (Table 3). At the lowest river discharge, 625m3/
s, a second modification case was considered because flow spread
across all gates and minimally reduced passage of both bigheaded carp
species (Fig. 7A, C and E). To reduce carp passage, flow had to be
further restricted by closing the two outside roller gates (flow dis-
tributed across all tainter gates and 3 of 5 roller gates) (Figs. 8B and 9A,
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and Supplementary Fig. 19). This modification produced velocity con-
ditions similar to the current operation for a discharge of 1250 m3/s,
and reduced the silver carp passage index by 76% (t-test, p < 0.01)
(Table 3). In general, this low flow modification increased velocities in
the center of the river and alters the shape of the recirculation zones
(Fig. 9A). An analysis of outdraft conditions (i.e., flow capable of
pulling barges away from the lock approach and towards the spillway
gates) during river discharge of 625m3/s indicated modified gate op-
erations should not impact navigation, as nearly no change in velocity
or direction of flow is expected (See Supplementary Fig. 16).

The passage index of lake sturgeon decreased during modified gate
operations only for 625m3/s (t-test: p < 0.05) (Table 3). While not
significant, the lake sturgeon passage index increased under all re-
maining discharges. Passage of lake sturgeon was not strongly related to

total length; under 625m3/s the range of passage index for all size
classes was between 0–5% (Fig. 7E and F). Although somewhat di-
minished compared to current operations, lake sturgeon pathways still
exhibited significant lateral movement downstream of the roller gates
under modified gate operating procedures as demonstrated by the in-
creased line density near the roller gates in Fig. 9E and F.

3.3. Sensitivity analysis

There were significant differences observed in the passage index
between model variants (Fig. 10). Although repeated measures ANOVA
indicated that the passage index was not sensitive to a two-fold increase
in total fatigue, a two-fold decrease significantly decreased passage.
Comparisons between the two stochastic parameters suggested variable

Fig. 6. Velocity magnitude contours at a plane 1m below the tailwater surface level during a river discharge 625m3/s (A) and 2325m3/s (B) at Lock-and-Dam #8
under current gate operations. River flow is moving left to right. Simulated swimming paths of 100 silver carp (C and D) and 100 lake sturgeon (E and F) are shown
for each condition. See Supplemental Figs. 17 and 18 for enlarged velocity contour map with vector fields and Supplemental Fig. 14 for swimming paths of 100
bighead carp.

D.P. Zielinski et al. Ecological Modelling 382 (2018) 18–32

26



swimming performance parameters have greater influence on passage
indices than does velocity fluctuations. As expected, our fatigue based
pathway selection method generated a significantly higher passage
index than that resulting from a random walk process.

4. Discussion

In this paper, we introduce and describe a novel agent-based ap-
proach built on the physiological limits of fish swimming performance
as a broadly applicable fish passage model to estimate fatigue in fish
swimming upstream in complex flows, like those present around lock-

Fig. 7. Mean passage index ± S.D. of silver carp (A and B), bighead carp (C and D), and lake sturgeon (E and F) at each size class for river discharges of 625m3/s and
2325m3/s during current (white bar) and modified gate operations (grey and hatched bars). At 625m3/s two cases of modified gate operation were considered: (1)
all gates used to evenly distribute flow (grey bar) and (2) reduced gate usage (2 of 5 roller gates closed) (hatched bar). Statistical significance of p < 0.05 from t-tests
between current and modified cases are denoted by a black bar. Note change in ordinate axis.
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and-dams. Our approach is novel because it computes the highest
possible number of fish from a given population to pass a hydraulic
challenge by forcing simulated fish to swim upstream and seek a path of
least fatigue. Model results are considered conservative (i.e. they likely
overestimate fish passage) from the perspective of invasive species
control for which managers seek ways to reduce passage and do not
want to underestimate passage as it would have devastating con-
sequences. Importantly, our model operated independently of fish be-
havioral data, which can be hard to come by for newly invading species
and do not yet exist for bigheaded carps. We demonstrated the value of
the model by simulating the potential passage of invasive bigheaded
carp through a typical lock-and-dam in the Mississippi River and found
modifications to gate operating procedures that should decrease pas-
sage.

Importantly, we found that very modest modifications to gate op-
eration, which accomplish the USACE goal of evenly distributing ve-
locities across the dam, can further reduce passage of bigheaded carp
without seemingly impacting lake sturgeon passage. Modeling flow and
fish passage in three-dimensions highlights the importance the dis-
tribution of velocities through an opened gate plays on fish passage at
Mississippi River lock-and-dams. Initial attempts to correlate fish pas-
sage to gate operation used depth averaged velocities only to suggest
fish were unlikely to pass through the dams when the head differential
was > 1m (i.e., low river discharge) (Zigler et al., 2004); however,
Tripp et al. (2014) recently found that aside from open-river conditions,
the majority of fish passages observed in the lower Mississippi River
occurred at≥ 1m head differential. Our model also found that silver
carp passage peaked at 10% when the river discharge was 625m3/s and
the head differential was 2.6 m. Increased passage can be attributed to
fish being able to avoid high velocity jets through gate openings by
utilizing adjacent regions of slow and reversed flow caused by the
stepped spillway and recirculating flows near the water surface (Fig. 8).
We found that restricting flow across fewer gates at low discharge
eliminates this weakness. Conventional fish passage models using depth
and time averaged velocities would not have identified this condition
because of their inability to resolve such fine flow details.

The low passage rates of carp predicted by our model at Lock-and-
Dam #8 are very consistent with (and may explain) the low number of
bigheaded carp captured in the Upper Mississippi River. For instance,
over the past 21 years, only 33 bigheaded carp have been captured
upstream of Lock-and-Dam #8 (USGS Nonindigenous Aquatic Species
database). Remarkably low passage rates of acoustically tagged big-
headed carp have also been described at the Starved Rock Lock-and-
Dam on the Illinois River (13 of 153 detected below the dam passed

Table 3
Mean ± S.D. population scale passage index at modeled river discharges for silver carp, bighead carp, and lake sturgeon under current and modified gate operating
procedures (n= 5000 each species per flow). At river discharge 625m3/s modified case C1 distributed flow across all gates while modified case C2 distributed flow
across gates 1–13. Student’s t-test comparison between current and modified passage indices determined p-value, p < 0.05 indicates a significant change in mean
value.

Species River discharge (m3/s)

625 1250 1475 2325 2720

Silver carp
Current (%) 10.6 ± 3.2 1.3 ± 1.0 3.7 ± 2.0 8.6 ± 2.8 11.3 ± 4.7
Modified (%) C1: 6.5 ± 2.1 C2: 2.4 ± 1.3 2.5 ± 1.6 1.8 ± 1.6 0.2 ± 0.5 NA
p-value C1:< 0.01 C2:< 0.01 0.03 < 0.01 < 0.01 NA

Bighead carp
Current (%) 0.1 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 0.6 ± 0.4 3.6 ± 1.1
Modified (%) C1: 0.1 ± 0.1 C2: 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 NA
p-value C1: 0.09 C2: 0.01 0.12 0.01 < 0.01 NA

Lake Sturgeon
Current (%) 3.0 ± 1.3 2.4 ± 1.4 2.5 ± 1.3 2.3 ± 1.1 6.4 ± 2.0
Modified (%) C1: 3.5 ± 1.8 C2: 2.2 ± 1.3 2.7 ± 1.5 2.9 ± 1.8 3.0 ± 1.5 NA
p-value C1: 0.11 C2: 0.01 0.47 0.29 0.10 NA

NA – Not applicable, all gates are out of the water at 2720m3/s.

Fig. 8. Cross-sectional velocity magnitude contours, vector field, and sample
silver carp swimming paths through a tainter gate bay during a discharge of
625m3/s, at Lock-and-Dam #8 during current (A) and modified, C2, (B) gate
operations. Terminated swimming paths indicate fish that completely fatigued.
River flow is moving left to right in each image. The difference between current
and modified operations is the distribution of velocities upstream of the tainter
gate (curved grey object) and gate opening.
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upstream over 3 years) (Lubejko et al., 2017) and between Lock-and-
Dam #20-26 on the Mississippi River (63 of 320 detected at any of the
6 dam s passed upstream over 4 years) (Tripp et al., 2014). Consistent
with previous tagging studies, our model predicts most passages would
occur during open-river. An ongoing telemetry study of common carp,
Cyprinus carpio, passage at Lock-and-Dam #2 on the Mississippi River
has also observed no successful passages through spillway gates, an
observation reinforced by preliminary runs of this model at Lock-and-
Dam #2 (Finger et al., unpublished data).

Our assertion that the model overestimates fish passage rates draws
support from three lines of evidence. First, the model assumes all fish
will swim continuously upstream, without backtracking. This assump-
tion represents an extreme condition because not all fish will try to pass

a hydraulic challenge (Bunt et al., 1997; Haro et al., 2004; Castro-
Santos, 2004). In the case of silver carp, Coulter et al. (2016) found that
15–30% of tagged individuals moved downstream during March and
April in an unregulated river, when fish were expected to move up-
stream to spawn. Second, the model assumes fish are able to in-
stantaneously adjust their swim speed to maintain the distance-max-
imizing ground speed. Not only does this assumption lead to fish
swimming the absolute maximum distance possible, but instantaneous
adjustments to swim speed result in simulated accelerations that are
unrealistically high. In nature, the forward acceleration of a fish is
determined by the balance of forces acting on the fish (i.e., friction,
local velocities, and pressure) and thrust generated by locomotion.
Even in simplified hydraulic conditions with uniform velocities, Castro-

Fig. 9. Velocity magnitude contours at a plane 1m below the tailwater surface level during a river discharge 625m3/s (A) and 2325m3/s (B) at Lock-and-Dam #8
under modified gate operations. River flow is moving left to right. Simulated swimming paths of 100 silver carp (C and D) and 100 lake sturgeon (E and F) are shown
for each condition. The modified gate operation in A re-distributes flow across 13 of 15 gates while the case shown in B uses all 15 gates (see Table 2). See
Supplemental Figs. 19 and 20 for enlarged velocity contour map with vector fields and Supplemental Fig. 15 for swimming paths of 100 bighead carp.
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Santos (2005) observed only one of six species (anadromous clupeids)
swam at their distance maximizing ground speed. Third, the model
assumes fish follow the path of least fatigue and swim continuously
until they completely exhaust. This assumption likely leads to over-
estimates of passage because real fish may terminate unsustainable
swimming efforts prior to complete exhaustion (Castro-Santos, 2005;
Peake and Farrell, 2006). Fish may stop short of complete exhaustion to
stage multiple passage attempts (Castro-Santos, 2005) or facilitate in-
termittent locomotion (i.e., fish exploit favorable hydraulic conditions
to alternate unsustainable swimming efforts with periods of rest
without losing ground) (Kramer and McLaughlin, 2001). While the
model accounts for fish exploiting favorable hydraulic conditions
through use of the resultant velocity, periods of rest are not explicitly
considered. To address this potential issue, we used the sensitivity
analysis to examine a similar situation where fish are given a two-fold
increase in their time-to-fatigue. This case is akin to fish swimming to
exhaustion, immediately recovering without losing ground, and swim-
ming to exhaustion again. The fact increased time-to-fatigue did not
significantly increase the passage index (Fig. 10), lends greater support
to our assumption that the path of least fatigue is analogous to path-
ways generated from multiple passage attempts.

Although integrating hydraulics with swimming performance in a
numerical model that predict upstream fish passage is not a new con-
cept, it has had limited application. For example, FishXing (developed
in the late 1990s) has become a common software package used by fish
passage practitioners (Furniss et al., 2006), even though it relies on
overly simplified representations of flow (e.g., 1-D hydraulic models)
and assumes swimming performance is constant for all fish of a given
species. These simplifications can result in conservative estimates of
fish passage which can lead to designs with limited biological benefit
(Mahlum et al., 2014; Furniss et al., 2006). More robust models pairing
steady state, three-dimensional flow simulations with fish energetics
have been used in contemporary analyses of fishway designs (Khan,
2006; Khan et al., 2008). However, these models only consider two or
three prescribed movement paths meant to capture the range of con-
ditions fish are expected to encounter. This restriction of movement
pathways essentially devolves the model to a one-dimensional problem.
Arguably the most robust fish movement model is the Eulerian-La-
grangian-agent method (ELAM) developed by Goodwin et al. (2006,
2014). The ELAM forecasts fish movements in novel conditions using
behavioral decision making algorithms that relate fish movements to
water accelerations. However, while the ELAM has been successful at

describing mechanisms governing downstream migrating salmon
(Goodwin et al., 2014), it requires large telemetry data sets to formulate
and test the behavioral rules. Using a mechanistic approach, Arenas
et al. (2015) also pairs high-resolution CFD output with large telemetry
data sets (401 fish tracked with 63,465 positions) to characterize fish
behavior in responses to hydraulic conditions. Unfortunately, such data
sets are lacking for many species, including invasive fish like bigheaded
carp, and upstream passage at dams in general. Moreover, behavior-
based fish passage models like those developed by Haefner and Bowen
(2002) and Goodwin et al. (2006, 2014) minimize the influence of
swimming fatigue as they were intended to describe downstream
movement of juvenile Pacific salmon. This is a crucial feature since
upstream movement through hydraulic challenges requires significant
unsustainable swimming efforts, whereas it is primarily used to avoid
obstacles when swimming downstream.

Modelled fish pathways emerged through discrete decisions made
by individual fish based on physiological attributes and local velocity
fields. The pathways were unique to each simulated fish due to the
introduction of physical (e.g., turbulence fluctuations) and biological
variation (e.g., swimming performance parameters, size, starting
point). The requirement of fish to seek the pathway of least fatigue
manifested in routes that tended to move along shorelines and structure
boundaries and concentrated near areas of low velocity / high friction
(Figs. 6, 8, and 9). This phenomenon appears consistent with the re-
duced-velocity zone hypothesis which states fish accomplish upstream
movements through culverts via pathways in low-velocity, low turbu-
lence boundary layers (Johnson et al., 2012, Powers et al., 1997). De-
spite no explicit link to fish behavior and vastly different hydraulic
conditions, the fact our simplified model simulated pathways that are
similar to coho salmon (Oncorhychus kisutch) and brook trout (Salve-
linus fontinalis) passing through corrugated culverts (Johnson et al.,
2012; Goerig et al., 2016) reinforces the hypothesis that successful
upstream passage at lock-and-dams has strong dependence on swim-
ming ability. Regardless, linking movement decisions to observed be-
haviors of fish in situ would further enhance model utility and should
be sought for future installments of the model.

The sensitivity analysis demonstrated that modifications to our base
assumptions (including a two-fold increase in time-to-fatigue) do not
produce higher estimates of fish passage. The comparison between the
two stochastic features of the model (e.g., turbulence and swimming
performance metrics) revealed that swimming parameters accounts for
more variation in the model than a fluctuating velocity field. This may
indicate that uncorrelated velocity fluctuations used here may offer
little improvement over steady state velocity conditions, and exact si-
mulations of correlated velocity fluctuations are needed. An alternative
explanation of the low impact of turbulent fluctuations may be the
minimal turbulence in areas the fish frequented. Since the model sought
zones of least fatigue, fish would presumably avoid regions where the
turbulent fluctuations would be greatest (i.e., chance for high in-
stantaneous velocity), thus reducing its influence on passage index.
Further examination of unsteady flow statistics on fish passage is re-
quired.

The resolution of the computational mesh limits the model because
of its effects on CFD simulations and fish movement. Decisions on mesh
size selection must balance the need for accurate simulations with the
requisite computational resources. Our computational meshes con-
tained elements with a side length (i.e., distance between nodes) be-
tween 0.15–1.5m, which resulted in meshes containing nearly 2 million
nodes and 12 million elements. These mesh parameters limit simulation
of turbulence with a length-scale less than 0.15m, which is still more
than 3 times smaller than the smallest fish modeled. Regardless, there
was good agreement between the CFD models and both field and la-
boratory velocity measurements, so the potential benefit of a finer mesh
was not considered. Mesh resolution could also impact fish trajectories
because fish were restricted to moving between nodes. We attempted to
limit grid dependent paths by forcing simulated fish to examine 3 or

Fig. 10. Sensitivity of agent-based model to variations in maximum fatigue
level, stochastic representation of flow and swimming ability, and random
movement. All cases ran 1000 silver carp (TL= 800mm) under historic gate
operations during a river discharge of 2325m3/s. Results presented as
mean ± S.D. passage index. Different letters above bars indicate significant
differences between groups using a Tukey HSD post hoc comparison
(p < 0.05).
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more nodes during each movement step (e.g., silver carp examined an
average of 12 neighboring nodes at each step). Future improvements to
the model should consider changes to the step selection process that
minimizes mesh dependency (i.e., Lagrangian movement model).

Additionally, while selected lock-and-dam structures (#2, #5, and
#8) are already anecdotally considered barriers to native fish passage in
the Mississippi River (Zigler et al., 2003, 2004; Knights et al., 2002),
alterations to their gate operating procedures could be studied using
our model to perhaps improve passage, at least at certain times of the
year. While the conservative assumptions of the model preclude any
definitive conclusions on lake sturgeon passage, the results indicate that
the opportunity for passage is not diminished by the proposed mod-
ifications. Further, lake sturgeon represents just one of over 100 Mis-
sissippi River species (Wilcox et al., 2004) and swimming performance
data on other species is limited to < 10 species. Regardless, there is
always the possibility for fish to pass a lock-and-dam by swimming
through the navigational lock chamber. Although bigheaded carp do
pass through lock chambers, the rate appears to be small (Lubejko et al.,
2017; Tripp et al., 2014) and could be further reduced using behavioral
deterrents, such as sound projectors, to guide fish towards the gated
spillway (Noatch and Suski, 2012; Zielinski and Sorensen, 2016). These
sound systems can be taxon specific as carp have an extraordinary sense
of hearing (Zielinski and Sorensen, 2016). Generally, lock chambers are
also not considered sustainable pathways for fish because they have
minimal attraction flow and only operate intermittently with boat
traffic (Wilcox et al., 2004).

Although our model provides immediate utility to invasive fish
control, it could be improved. Recent advances in our understanding of
fish swimming behavior (Otezia et al., 2017) could allow inclusion of
fish behavior in the model, expanding on the fairly rigid movement
rule-set currently employed (i.e., fish only swim upstream). Similarly,
fish behavior is not just influenced by flow alone, it can be influenced
by other environmental stimuli (e.g., temperature, light, sound, pre-
dators), and further study is needed to understand how to account for
these factors computationally. Adding these data would be especially
useful for native fish.

5. Conclusions

We describe and test a novel agent-based fish passage model that
can now be used to guide efforts to slow the upstream migration of non-
native invasive species whose behavior is not yet understood and that
may be easily and safely implemented. Our findings show the utility of
a novel computational tool to identify and potentially modify hydraulic
conditions to benefit fish passage or control. The agent-based approach
offers robust opportunity to test how different physiological char-
acteristics (i.e., fish with improved swimming performance) could in-
fluence overall passage and is a critical first step in predicting passage
of fish through hydraulic challenges. In particular, at Lock-and-Dam
#8, we found that current gate operations inhibit bigheaded carp pas-
sage and that modest operational modifications could enhance this
feature. Such modifications could be implemented quickly, at little to
no cost, and seemingly would not interfere with the navigational
function of lock-and-dams (See Supplemental Fig. 16). Due to the
possibility of improving velocity distributions downstream of the dam
and the ancillary benefit of limiting upstream passage of invasive spe-
cies, the USACE is now evaluating the potential to implement these gate
operating procedures on a trial basis. Although gate operations alone
cannot block all bigheaded carp in the Mississippi River, the mod-
ifications offer a management tool that could minimize passage of
bigheaded carp to delay or possibly prevent establishment of popula-
tions upstream. This approach could also be exported to other appli-
cations that require an improved understanding of fish fatigue such as
fishway design or identification of barriers to migration and dispersal.
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