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ABSTRACT .
Informing Control Efforts for a Prolific Invasive Species: Characterizing Common
Carp Spatio-Temporal Distribution and Evaluating the Impacts of
Gear Selectivity in Utah Lake
by
Rae Fadlovich, Master of Science
Utah State University, 2024
Major Professor: Dr. Timothy E. Walsworth
Department: Watershed Sciences
Control programs that aim to mitigate the consequences of invasive species are
often challenged by highly fecund invaders and selective removal gears. Selectivity, the
relative impact of harvest on different size classes, can contribute to population recovery
when younger fish are not effectively targeted. In Utah Lake, the location of one of the
world’s largest freshwater vertebrate species control programs, managers have been
attempting to control common carp (Cyprinus carpio, hereafter “carp”) since 2009 but
efforts have been hindered by the use of selective fishing gears. I conducted a lake-wide
field study to gain insights into the spatio-temporal distribution of juvenile and small
adult carp and to identify alternative gears that can be incorporated in control efforts. I
used a hurdle generalized linear mixed effects model assuming a negative binomial error
structure to evaluate catch of juvenile, small adult, and all ages of carp, identifying strong
temporal trends across years, with carp presence in a sample being 125 to 270 times more
likely in 2023 than 2021. While the highly variable nature of Utah Lake impacted my

study and additional sampling might provide further insights, it is important to assess
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which age classes confer the most benefit for population control when captured. To do

this, [ used a simulation framework that integrates age-based gear selectivity and the
widely implemented fisheries metric of maximum sustainable yield (MSY) to evaluate
the effect of improving selectivity. I found that improving selectivity on younger, but
mature, age classes could achieve the control program’s biomass target with only 2.5
times maximum historic effort, while further increasing juvenile selectivity conferred
minimal additional benefit. Historic fishing effort was below that required to generate
MSY regardless of selectivity, suggesting the control program would be harvesting at a
sustainable rate even if gear selectivity were improved and effort increased. Controlling
highly fecund invasive species becomes much more feasible if an approach that targets all
adult age classes can be identified. Incorporating sustainable harvest metrics into
simulation models of invasive species populations provides a framework for evaluating a
harvest control program’s ability to overcome density-dependent processes and achieve
management objectives.

(97 Pages)



PUBLIC ABSTRACT

Informing Control Efforts for A Prolific Invasive Species: Characterizing Common
Carp Spatio-Temporal Distribution and Evaluating the Impacts of
Gear Selectivity in Utah Lake

Rae Fadlovich

Management programs that aim to reduce the consequences of invasive species
are often challenged by populations that can rapidly recover from removal efforts.
Selectivity, the relative impact of harvest on different size classes, can contribute to
population recovery when younger fish are not effectively targeted. In Utah Lake, the
location of one of the world’s largest freshwater fish control programs, managers have
been attempting to control the common carp (Cyprinus carpio, hereafter “carp”)
population since 2009 but efforts have been hindered by the use of selective fishing gears.
I conducted a lake-wide field study to gain insights into the distribution of juvenile and
small adult carp in time and space and to identify fishing gears that can be incorporated in
control efforts. I evaluated factors influencing the presence and abundance of juvenile,
small adult, and all ages of carp in survey samples, and identified strong temporal trends
across years, with carp catch being 125 to 270 times more likely in 2023 than 2021.
While the highly variable nature of Utah Lake impacted my study and additional
sampling might provide further insights, it is important to assess which age classes are
the most critical to capture. To do this, I used a simulation framework that integrates age-
based gear selectivity and the widely implemented commercial fisheries metric of

maximum sustainable yield (MSY) to evaluate the effect of improving selectivity among
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younger carp. I found that improving selectivity on younger, but mature, age classes

achieved the control program’s biomass target with only 2.5 times maximum historic
effort, while further improving juvenile selectivity had minimal benefit. The historic level
of fishing effort was below that required to achieve MSY regardless of selectivity
scenario, suggesting the control program would be harvesting at a sustainable rate even if
gear selectivity were improved. Controlling invasive species becomes much more
feasible if an approach that targets all adult age classes can be identified and
incorporating sustainable harvest metrics into simulation models of invasive species
populations provides a framework for evaluating a harvest control program’s ability to

achieve management objectives.
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CHAPTER I

INTRODUCTION

Invasive species are one of the greatest threats to global biodiversity, posing a
threat to native species, communities, and ecosystems (Clavero & Garcia-Berthou, 2005;
Doherty et al., 2016; Reid et al., 2005; Simberloff, 2001). Invasive species alter
ecosystems’ physical features, nutrient cycling, and plant and animal communities, and
lead to losses in crops, fisheries, forestry, and grazing capacity (Early et al., 2016;
Gallardo et al., 2015; Mack et al., 2000; Pimentel et al., 2005). Invasive species
management ranges from measures to curb introductions (Mack et al., 2000), control
population growth and spread (Gaeta et al., 2015; Hansen et al., 2013; Rytwinski et al.,
2018; Walsworth et al., 2020), or fully eradicate a population (Gaeta et al., 2012;
Rytwinski et al., 2018; Yick et al., 2021). The scale of invasion, intensity of control
methods, and the ability to locate and remove invaders affect the management project’s
cost, duration, and likelihood of success, making the control of species in larger
ecosystems more difficult and costly (Myers et al., 2000; Rejmanek & Pitcairn, 2002;
Rytwinski et al., 2018; Simberloff, 2003). Long-term suppression of invasive species is
often seen as more feasible than full eradication, but these control efforts often require a
combination of control tactics and continual suppression for success (Baker et al., 2017;
Green & Grosholz, 2021; Simberloff, 2003).

Introduced fish can alter food web structure (Eby et al., 2006; Flecker &
Townsend, 1994), contribute to the extirpation and extinction of native species (Kaufman,
1992; Miller et al., 1989; Witte et al., 1992), lead to biodiversity loss (Light & Marchetti,

2007; Ricciardi & Maclsaac, 2010), and produce negative economic impacts on



commercial fisheries (Mills et al., 1993; Pimentel et al., 2005). These negative effects
arise from several processes including the spread of pathogens, predation, parasitism,
competition, alteration of habitat structure, and hybridization with native species
(Cucherousset & Olden, 2011). Because of the negative effects invasive species pose to
freshwater ecosystems, they are frequently the target of control efforts (Rytwinski et al.,
2018). While control efforts are often seen as more feasible than complete eradication,
much of the information about these efforts is in grey literature (e.g., SWCA, 2005, 2006)
while eradication efforts are likely disproportionately represented in peer-reviewed
literature (e.g. Rytwinski et al., 2018).

Common carp (Cyprinus carpio; hereafter “carp”), a cyprinid native to Eurasia
that were frequently introduced to new systems as a food source, have become widely
established and are one of the most prevalent and damaging invasive species in the world
(Hicks & Ling, 2015; Lowe et al., 2000; Weber & Brown, 2009). Carp are benthic
omnivores known to reduce water quality, uproot aquatic macrophytes, increase turbidity,
enrich nutrient loads, and reduce invertebrate biomass (Bajer et al., 2012; Bajer &
Sorensen, 2015; Matsuzaki et al., 2009; Zambrano & Hinojosa, 1999). As such, carp are
one of the most common freshwater fishes subject to documented removal efforts
(Rytwinski et al., 2018). Like other invasive fishes, carp have proven especially difficult
to remove in large freshwater systems (Walsworth et al., 2020; Weber et al., 2016) and a
review of common carp removal efforts found evidence of only two successful carp
eradications: one in Minnesota (lake surface area of 0.1 km?) and one in Tasmania (23

km?) (Bivens et al. 2021).
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Carp were introduced to Utah Lake (380 km?), a large intermountain lake in Utah

County, Utah, in the 1880s as a food source to supplement the native trout fishery
(Heckmann et al., 1981). Ongoing overharvest, species introductions, water development,
and nutrient loading led to many changes in the lake, and by the early 2000s, the carp
population made up over 90% of Utah Lake fish biomass (SWCA, 2002) and led to
increased turbidity, altered food web dynamics, and the loss of aquatic vegetation (King
et al., 2024). Carp also pose a threat to the endemic June sucker (Chasmistes liorus),
which was listed as an endangered species in 1986 and down-listed to threatened in 2021
(USFWS, 2021). The June sucker down-listing was attributed to a substantial increase in
spawning population resulting from ongoing hatchery stocking efforts and enhanced
habitat quality, due in part to ongoing carp removal.

To mitigate the negative effects of carp on Utah Lake habitat and June sucker
recruitment, managers began targeted removals of carp in 2009, setting a biomass
reduction goal of 75% (SWCA, 2005, 2006). These efforts have removed over 13,000
tons of carp through 2023, making it one of the largest freshwater fish removal efforts in
the world (Walsworth et al., 2020, 2023). Despite the impressive biomass of carp
removed, catch is dominated by the oldest and largest individuals (Walsworth et al., 2020,
2023), allowing for compensatory recruitment of juveniles. An age-structured, integrated
population model of Utah Lake carp found that while biomass reduction targets likely
were close to being met in 2017, carp levels have since increased and the likelihood of
maintaining the carp reduction goal in the long-term is unlikely with current removal

activities (Walsworth et al., 2020, 2023). Mechanical removal gears, such as the seine



nets used in the Utah Lake carp control efforts, are size-selective for larger individuals
and typically less effective at targeting small, juvenile fish (Millar & Fryer, 1999).

In this thesis, I seek to improve our understanding of the spatio-temporal
distribution of juvenile and smaller adult carp in Utah Lake and to evaluate the impact of
size- or age-selectivity on the efficacy of invasive species control programs. Selectivity is
the relative impact of harvest on different size- or age-classes and has long been
discussed in commercial fisheries because of the impact it can have on sustainable
harvest (Beverton & Holt, 1957; Vasilakopoulos et al., 2016; Wileman et al., 1996).
Selectivity comprises both gear selectivity, the size of fish that can physically be captured
by a gear, and population selectivity, the proportion of a given size of the population that
is impacted by harvest (Millar & Fryer, 1999). Population selectivity therefore is not only
impacted by the gear characteristics, but the spatio-temporal distribution of both the fish
and the harvest (Scott & Sampson, 2011).

In Chapter II, I conduct a field study to 1) evaluate alternative mechanical
removal gears and 2) determine the spatio-temporal distribution of juvenile and small
adult carp in Utah Lake. Between August of 2021 and June of 2023, I conducted a lake-
wide field study with multiple alternative mechanical removal gears including mini trap
nets (hereafter “trap nets”), gillnets, boat-pulled beach seines, hand-pulled beach seines,
and minnow traps deployed at 16 sites around the perimeter of the lake. Trap nets (mini-
trap or mini-fyke nets) were the most effective at capturing juvenile and small adult carp,
although their performance was not sufficient to recommend inclusion in the carp control
efforts. I then use a hurdle mixed effects model to analyze the spatio-temporal

distribution of carp catch in the trap nets. I found that juvenile and small adult carp were
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more likely to be captured later in the spawning season and in high water years and were

caught in higher numbers in the middle of spawning season and when the population was
larger. Carp of all ages were less likely to be found at rocky sites, which is congruent with
current commercial fisheries avoidance of rocky sites. Results from this field study are
limited in part due to the low catch of smaller carp and dynamic lake conditions. While
more extensive surveys may better elucidate trends, targeting juvenile carp may not be
the only strategy for effective control.

In Chapter III, I develop a simulation framework that incorporates age-based gear
selectivity and the widely implemented fisheries metric of maximum sustainable yield
(MSY) to evaluate the effect of improving gear selectivity among cryptic age classes for
invasive species population control. While it has previously been suggested that
successfully controlling invasive common carp requires successfully targeting all age
classes, doing so can be costly and difficult to achieve (Weber et al., 2016; Yick et al.,
2021). Results from my simulation suggest that the likelihood of successful control
significantly increases if all adult age classes are well selected for, but there is little
additional benefit realized from improving selectivity on juvenile ages. I find that historic
levels of carp fishing effort in Utah Lake are well below MSY regardless of selectivity
scenario, suggesting the control program would be harvesting sustainably even if gear
selectivity were improved. These results can inform managers in Utah Lake and
elsewhere of the life stages that are most beneficial to target, can inform the design of
future field studies, and provide a framework for evaluating the long-term implications of

invasive species harvest.
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In Chapter IV, I synthesize the findings of my two research chapters into general

conclusions regarding the control of highly fecund invasive species and the resources
necessary to overcome their density-dependent population responses. Though much work
has been done regarding the control of invasive common carp (e.g. Sorensen & Bajer,
2020; Weber et al., 2016; Yick et al., 2021) and other invasive species (Shyu et al., 2013;
Zipkin et al., 2009), managers still struggle to overcome the density-dependent
population responses to harvest especially when highly age-selective gears are used
(Walsworth et al., 2020; Weber et al., 2011). Identifying gears and fishing methods to
improve selectivity are of urgent need to managers. When removal methods cannot be
easily identified, simulation models are a useful tool for rapidly evaluating a large
number of management actions (van Poorten et al., 2018; Vasilakopoulos et al., 2020;
Weber et al., 2011). Integrating common commercial fisheries metrics into a simulation
framework allows me to increase our understanding of the implications of gear selectivity
in invasive species management. By combining fisheries management theory, simulation
modeling, and field-based insights, I am able to evaluate the likelithood of control success
for Utah Lake’s common carp control program and address knowledge gaps that many

invasive species management programs.
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CHAPTER II

EXPLORING THE SPATIO-TEMPORAL DISTRIBUTION OF CRYPTIC AGE

CLASSES OF A PROLIFIC INVADER IN A LARGE SHALLOW LAKE

Abstract

Managers in Utah Lake have been removing common carp, one of the world’s
worst invasive species, since 2009 but their efforts have been hindered by the use of
removal gears that do not effectively capture cryptic juvenile or small adult carp and
result in compensatory population dynamics. We conducted a lake-wide field study with
multiple alternative mechanical removal gears to gain insights into the spatio-temporal
distribution of juvenile and small adult carp and to identify alternative gears that can be
incorporated in control efforts. We then used a hurdle generalized linear mixed effects
model assuming a negative binomial error structure to evaluate catch of juvenile, small
adult, and all ages of carp. We identified strong temporal trends across years, with a 125
to 270 times greater likelihood of catching carp in 2023 than 2021. We found the western
shoreline was negatively associated with catch probabilities for all ages of carp compared
to the eastern shoreline and that rocky substrate negatively influenced catch of all age
classes. Even though the highly variable nature of Utah Lake impacted our study, we find
effects that are consistent with other sampling programs and previous work in Utah Lake
while still providing novel insights regarding the optimal seasonality to target juvenile
and small adult carp in our system. This study and the insights it provides are an
important piece of implementing science driven management in a large invasive species

control program for one of the world’s worst invasive species.
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Introduction

Invasive species are one of the largest threats to global biodiversity, posing a
threat to native species, communities, and ecosystems (Clavero & Garcia-Berthou, 2005;
Early et al., 2016; Reid et al., 2005; Simberloff, 2001; Vitousek et al., 1997). Globally,
managers aim to mitigate these impacts via eradication and control efforts (Britton et al.,
2011; Doherty et al., 2016; Simberloff, 2001). In invasive fisheries management, the most
common method of control is mechanical removal (Rytwinski et al., 2018) though these
efforts are often challenged by size-selective removal gears. Gears that are too large to
physically capture younger individuals or that do not effectively sample juvenile
associated habitats can limit a control program’s ability to overcome compensatory
population dynamics (Walsworth et al., 2020; Weber et al., 2016). Ontogenetic shifts in
resource use, where an organism’s dietary preferences and habitat use change as they
grow, are nearly universal in fish (Werner & Gilliam, 1984; Werner et al., 1977) and can
make an individual more or less vulnerable to capture across different life and
environmental conditions (Snover, 2008). Identifying the spatio-temporal habitat
associations of various life-stages is a critical step in successful control as multiple
complimentary management approaches that adapt to changing conditions are often
necessary for successful invasive species management (Baker et al., 2017; Yick et al.,
2021).

Common carp (Cyprinus carpio; hereafter “carp”), a cyprinid native to Eurasia,
are one of the most prevalent and damaging invasive species in the world (Hicks & Ling,
2015; Lowe et al., 2000; Weber & Brown, 2009) and are known to reduce habitat

availability and water quality (Bajer & Sorensen, 2015; Matsuzaki et al., 2009). Carp are
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one of the most common freshwater fishes subject to documented removal efforts

(Rytwinski et al., 2018; Yick et al., 2021) and have proven especially difficult to remove
in large freshwater systems (Weber et al., 2016; Walsworth et al., 2020). Carp are highly
fecund, and removal efforts are often challenged by compensatory recruitment following
removal with size-selective fishing gears (Walsworth et al., 2020; Yick et al., 2021). Like
many fish, carp have a complex life history and occupy different habitats during
spawning, foraging, and overwintering (Hicks & Ling, 2015). Young-of-year carp are
typically found in shallow water with submerged or inundated emergent macrophytes or
woody debris (Edwards & Twomey, 1982; Lechelt et al., 2017; Penne and Pierce, 2008)
and leave the nursery habitat between ages zero and two (Weber & Brown, 2013).

Carp were introduced to Utah Lake, a large intermountain lake in Utah County,
Utah, in the 1880s as a food source (Heckmann et al., 1981) and made up over 90% of
Utah Lake fish biomass by the early 2000s (SWCA, 2002). Carp in Utah Lake increase
turbidity, alter food web dynamics, reduce aquatic vegetation (King et al., 2024), and
pose a threat to the endemic June sucker (Chasmistes liorus), which was listed as an
endangered species in 1986 and down-listed to threatened in 2021 (USFWS, 2021). To
mitigate these negative effects, managers began targeted removals of carp in 2009,
aiming to reduce carp biomass by 75% (SWCA, 2005, 2006). Removal efforts have been
conducted by commercial fishers using large beach seines that typically have a 1'2-inch
mesh. Despite extensive removal efforts, catch is dominated by the oldest and largest
individuals, allowing younger and smaller individuals to reproduce before they are
removed (Walsworth et al., 2020). An age-structured, integrated population model of

Utah Lake carp found that while biomass reduction came close to the target in 2017, carp
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levels have since increased and the likelihood of maintaining the carp reduction goal in

the long-term is unlikely with current removal activities (Walsworth et al., 2020;
Walsworth, Wallace, et al., 2023).

Managers can deploy a range of alternative means of physically capturing fish
(e.g., gill nets, seines, trap nets, angling; hereafter “gears”), each of which are selective
for different sizes of fish and are more or less effective in different habitats. Given the
difficulty experienced capturing smaller carp with the 1'% inch mesh commercial seine
used in Utah Lake, managers recently conducted surveys using a smaller % inch mesh
seine to evaluate effectiveness for smaller size classes of carp. However, gear selectivity
analysis found no improvement in selectivity of juvenile or small adult carp with the
smaller mesh seine (Fadlovich et al., Chapter III). The average carp caught in Utah Lake
is over 300cm by one year of age (Walsworth, Wallace, et al., 2023), and thus should be
susceptible to capture by either the small mesh or large mesh sizes deployed by the
fishery. The large size of carp combined with the fact other species of fish are captured at
smaller sizes with this same gear (Fadlovich et al., Chapter II]) suggest differences in
spatio-temporal distribution and habitat use contribute to low catch of juvenile and small
adult carp, rather than the mesh size simply being too large.

Large cohorts of juvenile carp are observed following high water years with
extensive inundated vegetation in Utah Lake, suggesting they use and benefit from this
habitat (Walsworth & Landom, 2021). However, carp removal efforts in Utah Lake have
historically targeted nearshore unvegetated habitat with large visible congregations of
adult carp (Walsworth et al., 2020), in part because large seines are difficult to effectively

pull through shoreline, vegetated habitats. Identifying alternative gears that may improve
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the control program’s ability to target nearshore habitats that are too shallow or vegetated

for the effective use of large commercial seines may thus improve program effectiveness.
Other programs have had success in controlling invasive fishes by capturing juvenile
individuals with the use of multiple gears including gillnets and trap nets (Dauphinais et
al., 2018; Yick et al., 2021). However, the effectiveness of these alternative gears can be
impacted by many factors including depth, vegetation presence, or lake size (Collins et
al., 2017, Diggle et al., 2012; Driver et al., 2005). Gaining insights into alternative gears
and targeted habitats given specific management objectives and ecosystem characteristics
is an important step in research-based management programs.

Here, I detail a study to inform control efforts for a globally invasive fish in a
large, open lake ecosystem by examining the relative effectiveness of multiple physical
capture methods for small size classes. I quantify the spatio-temporal distribution of
juvenile common carp in Utah Lake, and the performance of alternative mechanical
removal gears. Specifically, I address the following questions for Utah Lake:

e How does catch differ between alternative mechanical removal gears?

e Do capture rates of juvenile and small adult carp vary among sampling month and
year?

e Do capture rates of juvenile and small adult carp vary among habitat types (i.e.,

substrate conditions) and shorelines (north, east, south, west)?

Methods
Site description
Utah Lake is a large, shallow lake located in Utah County, Utah, USA. The lake

has a surface area of approximately 380 km? at full pool and an average depth of 3.2
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meters. Its east, north, and northwest shores are highly urbanized, with agriculture,

industrial activities, and public lands along the south and west shore. Utah Lake is
primarily fed by melting snowpack in the Wasatch Mountains to the east and inter-basin
water transfers from the Colorado River Basin. While Utah Lake is a natural lake and a
remnant of historic Lake Bonneville, its only outlet, the Jordan River, has been dammed
for use as an irrigation supply (King et al., 2024; Walsworth et al., 2020), contributing to
large intra-annual water level fluctuations. Additionally, like many water bodies in the
intermountain west, Utah Lake has experienced drastically fluctuating lake levels in
recent years due to multi-year drought conditions, climate variability, and management
actions. When water levels are low, shoreline macrophyte habitat becomes disconnected
from the lake (Dillingham, 2022). 2021 and 2022 were part of a multi-year drought with

low lake levels while 2023 was an abnormally wet year with much higher lake levels.

Field surveys

We implemented a standardized study design with 16 shoreline sites (Figure 1),
representative of the different geographic regions and littoral habitat types in the lake.
The standardized study sites were sampled eight times between August 2021 and June
2023 during April, June, August, and October. Sampling corresponded with the start of
carp spawning, which usually occurs in late April when the water temperature reaches 18-
20 degrees Celsius (Bivens et al., 2021). Gears were first selected via a systematic review
of carp removal literature (Bivens et al., 2021) and further refined based on field
observations.

We used two primary mechanical removal gears: mini-trap nets (hereafter trap

nets) and gillnets at all sites. The trap nets had a 2-foot by 4-foot frame with a single
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throat, a 25-foot lead, and a Ys-inch mesh. Trap nets were deployed overnight in strings of

three (August 2021) or two (all other months) with the lead of the second net attached to
the pot of the front net. Utah Lake’s shallow bathymetry and low lake levels prohibited
all nets from being set to shore, so we set all nets as close to shore as possible while
ensuring the net’s throat was fully submerged. We recorded each trap’s depth in the water,
distance from nearest shoreline, distance to any vegetation if present, and time elapsed
between start and end of deployment in minutes. We also deployed two American
Fisheries Society-specified monofilament experimental gillnets, a small net measuring 30
feet long by six feet deep with ¥-inch, '2-inch, and 7s-inch mesh panels, and a standard
experimental gillnet measuring 80-feet long by six-feet deep with mesh ranging from %
to 2'-inches. We deployed gillnets in water that was at least one meter deep and as close
to shore as possible and removed them 20 minutes after deployment at all sites. While
gillnets traditionally have a longer soak time, we limited duration to mitigate impacts to
the endemic and threatened June sucker.

We opportunistically used hand seines, boat-deployed seines, minnow traps, and
backpack electrofishing at standardized and supplemental sites when conditions allowed.
Strings of five wire-mesh minnow traps were set at most sites, as they could be deployed
closer to the shore when conditions were too shallow for shore-set trap nets. We used
hand-pulled beach seines at sites when conditions were favorable, though dead shoreline
vegetation and deep mud limited their effectiveness. We also opportunistically sampled
with a larger, boat-pulled beach seine, although low lake levels made it difficult to
implement during 2021 and 2022 as boats could not get close enough to shore to enclose

fish. We used a Smith-Root backpack electrofishing unit to sample the shoreline alone
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and in conjunction with beach seines, though high water conductivity severely limited

effectiveness so we excluded this method from analysis.

We identified all fish captured to species and recorded lengths and weights from
at least the first ten individuals of each species in each net. For carp, we measured length
for all individuals and weights for the first 30 carp at each site. To classify the substrate at
each site, we collected grab samples every meter from a 10m-by-10m quadrat at each site
to identify the percent of sand, mud, and rock present during April 2022. Since muddy
habitat dominates the lake, we identified the two sites with the highest percentage of rock
and the two sites with the highest percentage of sand to be rock and sand sites
respectively. While we recorded the presence of vegetation during each site visit, we did
not characterize sites as vegetated or unvegetated since this characteristic was not

consistent due to lake level fluctuations.

Environmental data

To determine the influence of environmental drivers on carp catch, we obtained
weather, water quality, and lake level data to include in our analysis. Weather data (daily
average air temperature, wind speed, wind direction, precipitation, cloud cover, and UV
index) was obtained from Visual Crossing (Visual Crossing Corporation, 2023). Water
quality data from continuous sampling buoys were provided by Utah Department of
Environmental Quality, Lake level estimates were provided by the Bureau of

Reclamation and the Central Utah Water Conservancy District in Orem, Utah.
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Analysis of catch

To summarize our field surveys, we first analyzed the fish catch data for (1) total
catch by species and gear, (2) length frequency and species composition of the top three
gear types, and (3) carp catch-per-unit effort (CPUE) by gear type. We considered one
trap net, gill net, minnow trap, or one seine haul to be one unit of effort. We then assessed
the trap net data for (4) carp catch by age, (5) length frequency relative to other species,
and (6) carp catch at each sample site.

To determine the spatio-temporal variation among carp of different ages, we used
linear mixed effects models fit to three different age classifications of carp: ‘juvenile’
(age two and below to represent carp that have not yet reached reproductive age in Utah
Lake), ‘small’ (age five and below to represent ages not effectively caught with
commercial gears), and ‘all ages’ carp caught in each trap net. The age-composition of
carp caught was calculated with a probabilistic approach based on length-at-age estimates
from a Von Bertalanffy growth curve fit to length-at-age data (ages estimated from the
dorsal spines of a subset of carp collected during another monitoring project) and length-
frequency data by Walsworth et al. (2020; updated in Walsworth, Wallace, et al., 2023).

For each age class, we first assessed catch with a generalized linear mixed model

with a negative binomial distribution:

u
c;~NB <ui,ui (1+ 5))
E(cilby) = u;
bi~N(0,0%)

Vielb) = u (1+ %)
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log(u;) = log(Ty) + x; B + z;b;
where ¢; is the catch in net i and the mean parameters u; are related to the predictor
variables x; and the sample variables z; (random effects) through the logarithm link
function and 6 is the estimated negative binomial overdispersion. x; is a vector of
predictor variables, £ is a vector of estimated parameters, z; is a vector of random effects
groupings for the random site effect b; which is assumed to have a multivariate normal
distribution where ;2 is the among-site variance in random effects. We included an offset
of net soak time, log(T;), to account for difference in soak times between nets. We used
nbinom?2 in the glmmTMB package (Brooks et al., 2017) which assumes a quadratic
variance.
We also examined catch with a hurdle negative binomial mixed effects model,

where the hurdle model component estimates the probability of whether any carp of the

target age were encountered in a net:

y;~Bernoulli(p;)

logit(p;) =xif + zb;

where y; is the probability that net i has carp of a given age class (while glmmTMB
models the hurdle as the probability that net i has no carp of a given age, we present the
probability of success in our figures as this is most intuitive) and follows a Bernoulli
distribution. The logit link is used to connect the random and fixed effects and we allow
the composition of x; and S to differ from the negative binomial count component. To

assess counts for nets that pass the presence/absence hurdle, we used a truncated negative
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binomial distribution that follows the same parameters as Formula 1., but only considers

counts beginning at one (Shonkwiler, 2016).

We assessed five broad categories of predictor variables including temporal
effects of year and month, spatial effects of shoreline and substrate, lake level effects,
trap positioning effects, and weather effects (Table 1). To standardize the magnitude of
continuous effects, we mean centered and scaled all continuous effects (Zuur et al., 2009)
and report them in units of standard deviation from the mean size.

We used Akaike’s Information Criterion (AIC) to evaluate support for competing
models. For the negative binomial models, we identified the best model using a stepped
forward and backward selection by stepwise comparing AIC values where each term
could be added or removed at each step of the selection process. We fit the hurdle
component first since the negative binomial model faced difficulties converging without
the hurdle. For the hurdle negative binomial selection, we used a two-part process where
the best model for the binomial presence/absence model was first determined for
presence/absence data using the step model selection process. Then, we used a step model
selection process to identify the best formulation for the count component with the

determined hurdle model component.

Results

We deployed a total of 256 trap nets, 247 gillnets, 333 minnow traps, 66 hand
seines, and 9 boat seine samples. We caught a total of 4,528 fish. The most abundant
species was non-native white bass (1416 fish), followed by non-native black bullhead
(1056) and common carp (1047). Trap nets caught at least one fish 95% of the time,

gillnets 52%, boat seines 44%, minnow traps 32%, and hand seines 20%. The size
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distribution of fish caught was significantly different among the three most successful

gears, (Kruskal-Wallis rank sum and pairwise Wilcoxon rank sum p-value <2.2E-16 for
all pairings). However, the trap nets were able to capture most of the size variance we
observed aside from the smallest individuals in the minnow traps (Figure 2a). Different
net types also caught different compositions of species, with trap nets capturing black
bullhead most frequently, gill nets capturing primarily white bass, and minnow traps
primarily capturing fathead minnows (Figure 2b). Of the 1047 total carp caught, 856
were caught in one of the 228 trap nets that were suitable for further analysis, 46 were
caught in trap nets that were not used for further analysis due to net failures where time
elapsed could not be calculated, 92 were caught in gillnets, and 38 were caught in
minnow traps (Figure 2b). All gear types caught less than one carp per unit of effort on
average, except for the trap nets which caught 3.75 carp per unit of effort (one net night).
Similar to the commercial gears traditionally used in Utah Lake carp control, carp
catch in the trap nets was dominated by large, age-seven plus individuals, however a few
trap nets also caught a high number of small, age-zero individuals (Figure 3a).
Interestingly, we were able to capture large numbers of other species in intermediate sizes
for which we did not effectively catch carp (Figure 3b). Additionally, the age structure of
catch varied across our different sampling sites (Figure 3¢). We found that the catch data
had more support by AIC with the hurdle negative binomial GLMM model than did the
negative binomial GLMM for all ages of carp, small carp, and juvenile carp
(Supplemental Table 1). Residual plots show a better model fit for all hurdle models
(Supplemental Figure 1). As such, we focus our subsequent discussion on the results of

the hurdle model.
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Model components varied between the best fit models for different age groups

(Figure 4; Table S2). Seasonal effects of year and month were included in both the hurdle
and count components of all three models (Figure 4a; Table S2). A spatial effect of
substrate was included in the hurdle component of all models while an effect of shoreline
was included in the all ages and small carp models, but not the juvenile carp model
(Figure 4b; Table S2). A lake level effect was included in the juvenile carp hurdle
component but was only included in the small and all ages models as interactions (Figure
4c; Table S2). Trap positioning effects of whether a trap was set to shore and the depth of
a trap were included in the juvenile carp hurdle component, while small and all ages
hurdle components included a categorical distance from shore effect (Figure 4d; Table
S2). Water depth was included in the all ages count component (Figure 4d; Table S2).
Weather effects of wind speed and cloud cover were included in the juvenile hurdle
component while only wind speed was included in the small and all ages hurdle
components (Figure 4e; Table S2). Precipitation and cloud cover were included in the
count component of all three models (Figure 4e; Table S2).

There were differences in the direction and intensity of temporal (Figure 4a) and
spatial (Figure 4b) trends between models. Nets set in 2022 had a significant increase
over 2021 and nets set in 2023 had a significant increase over 2022 in likelihood of
encountering carp in the hurdle component of all models (Table S3), and in 2023 were
134 times, 270 times, and 125 times as likely to catch juvenile, small, and all ages of carp
respective to 2021. Nets set in 2022 and 2023 were positively associated with carp counts
in the small and all ages models, but were not significantly different from each other, and

only 2022 had a significant positive effect in the juvenile model (Supplemental Table 2).
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Juvenile carp were more likely to be caught in August than April (Figure 4a; Table S2).

Small carp were more likely to be caught in June, August, or October, and nets were
likely to catch larger numbers of small carp in August than April or October. In the all
ages model, nets set in June and August had increased odds of catching any carp and
were likely to catch greater numbers of carp than nets set in April, while nets in set in
October were likely to catch fewer carp than those set in April. The effect of substrate
was consistent across models, with nets set in rocky sites being less likely to encounter
any carp than nets set in muddy sites for all models (Fig.4b; Table S2). However, rocky
sites were only significantly different from sandy sites for adult carp (Supplemental Table
2). The only significant spatial effect was a lower likelihood of catching any carp on the
western shoreline in the all ages hurdle component, but it was notably only significantly
different from the eastern shoreline (Fig. 4b; Table S2).

Patterns in lake level (Figure 4c), trap positioning (Figure 4d), and weather
(Figure 4e) effects also varied across models. An increase in lake level decreased the odds
of catching juvenile carp, but for the small and all ages models this relationship was only
significant for traps that were set against the shore or vegetation (Fig. 4c; Table S2). In
the all ages hurdle model, an increase in water depth also increased the odds of catch as
the lake level increased. Juvenile carp were 2.45 times as likely to be caught in a net that
was set to shore as opposed to one that was not set to shore while small and all ages of
carp were significantly less likely to be caught in traps that were between five and 100
meters of shore relative to nets set closer to shore, but were not significantly different
from those set further than 100 m from shore (Supplemental Table 2). Juvenile carp were

less likely to be caught when cloud cover increased, and small and all ages of carp were
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caught in lower numbers when cloud cover increased. Increasing precipitation had a

minor negative effect on the count component of the all ages and juvenile carp models,
but did not have a significant effect on the small carp model. Increasing wind speed had a
slight positive effect on the probability of catching any small and juvenile age classes but

did not have a significant effect in the all ages model.

Discussion

Successfully controlling a highly fecund invasive fish such as carp requires the
use of multiple gears and an adaptive management strategy to target individuals across
different life stages (Brown and Gilligan, 2014; Weber et al., 2016; Yick et al., 2021).
Here, we evaluated alternative mechanical removal gears and identified spatio-temporal
trends in the catch of cryptic juvenile and small adult carp to inform management efforts
in Utah Lake. Trap nets were the most effective gear type for capturing carp, yet still had
very low catch rates and would be difficult to effectively implement in control efforts.
Juvenile and small adult carp catch was positively associated with years that had higher
carp populations (Walsworth, Wallace, et al., 2023) and months that coincide with
spawning timing. We were less likely to capture juvenile and small adult carp at sites
with rocky substrate, and the western shoreline was the least likely place to catch carp in
the all ages model, consistent with previous carp surveys in Utah Lake (Walsworth,
Fadlovich, et al., 2023). Low numbers of juvenile and small adult carp combined with
complex lake level relationships likely limit our ability to extrapolate from these findings,
though we provide useful insights that can direct the focus of future research.

Catch quantity and composition varied between alternative mechanical removal

gears in Utah Lake, but we did not identify a gear that was highly effective for catching
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large numbers of cryptic age classes of carp. While all of the gears we implemented have

been applied effectively in other control programs (Rytwinski et al., 2018; Yick et al.,
2021) our gear implementation was challenged by low lake levels, dense shoreline debris,
or short set times (to minimize bycatch mortality) that have also reduced effectiveness in
other studies (e.g., Diggle et al., 2012; Osborne, 2012). While the impact of different gear
characteristics on catch composition is well documented in the literature (e.g. Fulton,
1893; Millar & Fryer, 1999; Rudstam et al., 1984), our results highlight the need to
identify not only habitats that contain juvenile and small adult carp but gears that can
effectively target them. Trap nets were our most effective gear, consistent with similar
studies (Diggle et al., 2012), however, we observed relatively low trap net CPUE, which
was likely impacted by our inability to set all nets against the shoreline due to low lake
levels and shallow lake bathymetry. While trap nets were useful for collecting data on the
spatial-temporal trends in Utah Lake, implementing trap nets in the carp control efforts
would require immense effort in the form of many nets set out over many nights in order
to compensate for low catch rates.

Temporal trends in juvenile and small carp catch are likely heavily influenced by
an increase in carp population during 2022 and 2023 (Walsworth, Wallace, et al., 2023)
and seasonal life history behaviors such as shoreline spawning, though both relationships
interact with habitat effects. While we include daily average lake level as a covariate,
seasonal variation in lake level may contribute to observed temporal trends. Increasing
water levels result in increased shoreline habitat that can result in higher juvenile carp
recruitment, are known to reduce harvest efficacy, but also improved our ability to

properly deploy gears (Hicks & Ling, 2015; Pearson et al., 2022; Sorensen & Bajer,
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2011). Seasonal patterns of all carp and small carp catch can likely be attributed to spawn

timing, as we see the greatest increases in likelihood of catch corresponding with peak
spawn timing (Bivens et al., 2021). Additionally, the seasonal differences in juvenile carp
catch reflect the seasonality of young-of-year carp emergence and recruitment to the
gears. These trends are consistent with seasonal variation of catch in other control
programs (Weber et al., 2016; Yick et al., 2021) and our work supports the need to
account for the timing of life history events when targeting multiple age classes.
Additionally, our work suggests that trends differ between the presence/absence of carp
and the count of carp in a trap and the impact of this difference should be considered
when shaping future research and management targets (Miranda et al., 2023).

Our findings that carp were negatively associated with rocky sites differs from
other carp control programs which found rocky sites to be a preferred secondary habitat
for juvenile carp during low water years (Taylor et al., 2012). However, the negative
association we saw with rocky and western sites in some models are consistent with other
Utah Lake carp surveys (Watson et al., 2013; Walsworth, Fadlovich, et al., 2023) and
represent the areas that have historically been avoided by commercial fishers. Our spatial
findings are constrained by the limited number of rocky and sandy sites in our sample
along with confounding lake level and trap positioning interactions as western and rocky
sites tended to be deeper than other sites. Concentrated efforts on the western shore and at
rocky sites may be able to better tease out the distribution in these habitats. However,
increasing effort to gain clarity into negative associations may not be the best use of
management resources when the goal is to find habitats that are associated with small and

juvenile carp.
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Low catch rates of our target size classes limited model performance and again

highlight the difficulties faced by managers in large ecosystems especially when targeting
cryptic individuals (Rejméanek & Pitcairn, 2002; Yick et al., 2021). We examined the
effects of lake level, trap positioning, and weather in our model to account for factors
influencing spatio-temporal carp distribution that were out of our control but
acknowledge that the complex ways these factors interact with the behaviors of different
life-stages makes it difficult to assess trends, especially across a short study period with
highly variable lake levels. Capturing all of this variability would require expanding the
number of sites and likely the frequency and length of our sampling efforts. We recognize
that including slightly different trap positioning effects for the juvenile model
complicates interpretation, however these simplified categories were necessary to obtain
a model fit. Additionally, we are aware that both a hurdle and negative binomial model
structure increase the risk of overfitting (Zuur et al., 2009) and were deliberate in our
model development to ensure these structures were supported but still urge caution when
extrapolating our results beyond our samples.

Though the range of potential control gears tested here was not exhaustive, the
limited effectiveness of gears that have had success elsewhere (Diggle et al., 2012;
Lechelt et al., 2017; Yick et al., 2021) suggests other avenues of controlling cryptic age
classes may be worth exploring. One potential area of research is conditioning control
efforts so harvest only occurs when the lake falls below a certain threshold (Pearson et
al., 2022). Lake level conditioned control is being considered in Utah Lake and while
high water years are associated with increased juvenile recruitment, our findings that

juvenile carp are caught more often at low lake levels is an encouraging line of support
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for this method (Walsworth, Wallace, et al., 2023; Wallace et al., 2024). Non-mechanical

removal methods should also be considered. Incorporating targeted poison bait, genetic
technologies, and carp-specific viruses may offer a complementary management strategy
to mechanical control, though each comes with its own set of limitations (Kennedy et al.,
2018; McCormick at al., 2021; Schill et al., 2017).

Invasive species cause considerable economic and environmental impact (Early et
al., 2016; Reid et al., 2005; Myers et al., 2000; Simberloff et al., 2013) and controlling
carp, especially younger or smaller individuals, requires an intense effort that is often
greater than what is financially or otherwise feasible within a management program
(Weber et al., 2016; Britton et al., 2011). Evidence increasingly suggests that targeting
carp and other prolific invasive species will require a large, coordinated effort (Yick et
al., 2021; Walsworth, Wallace, et al., 2023). Short-term studies in highly dynamic
environments such as Utah Lake may not be able to effectively characterize the spatio-
temporal drivers of catch, as dynamic environmental conditions impact gear efficiency.
One interesting future avenue that could inform subsequent spatio-temporal analysis of
hard to capture size classes would be to conduct a power analysis to identify what level of
sampling effort within and across years would be needed to effectively detect trends in
juvenile carp abundance. However, targeting juvenile carp may not be the only strategy
for effective control. If we assess which age classes of carp are most beneficial to target
with control efforts, we can help establish which research and control efforts will be most
beneficial (Fadlovich et al., Chapter I1I). The struggle of where to direct limited
resources has long been recognized and echoed in the literature on invasive species’

management (Baker et al., 2017; Simberloft, 2001; Simberloff, 2003), and studies like
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ours that shed light on when and where to direct effort are a critical piece in effective,

science driven management.

References

Bajer, P. G., & Sorensen, P. W. (2015). Effects of common carp on phosphorus
concentrations, water clarity, and vegetation density: A whole system experiment
in a thermally stratified lake. Hydrobiologia, 746(1), 303-311.
https://doi.org/10.1007/s10750-014-1937-y

Baker, C. M., Armsworth, P. R., & Lenhart, S. M. (2017). Handling overheads: Optimal
multi-method invasive species control. Theoretical Ecology, 10(4), 493-501.
https://doi.org/10.1007/s12080-017-0344-1

Bivens, K., Walsworth, T. E., & Landom, K. (2021). Review of juvenile common carp
biology and ecology to inform control effort design in Utah Lake. Ecology Center
and Watershed Sciences Department, Utah State University, Logan, UT.

Britton, J. R., Gozlan, R. E., & Copp, G. H. (2011). Managing non-native fish in the
environment. Fish and Fisheries, 12(3), 256-274. https://doi.org/10.1111/].1467-
2979.2010.00390.x

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, C. W., Nielsen,
A., Skaug, H. J., Maechler, M., Bolker, B. M. (2017). glmmTMB balances speed
and flexibility among packages for zero-inflated generalized linear mixed
modeling. The R Journal, 9(2), 378-400.

Brown, P., and Gilligan, D. (2014). Optimizing an integrated pest-management strategy
for a spatially structured population of common carp (Cyprinus carpio) using
meta-population modelling. Marine and Freshwater Research. 65(6), 538—550.
https://doi.org/10.1071/MF13117

Clavero, M., & Garcia-Berthou, E. (2005). Invasive species are a leading cause of animal
extinctions. Trends in Ecology & Evolution, 20(3), 110.
https://doi.org/10.1016/j.tree.2005.01.003

Collins, S. F., Diana, M. J., Butler, S. E., & Wahl, D. H. (2017). A Comparison of
Sampling Gears for Capturing Juvenile Silver Carp in River—Floodplain
Ecosystems. North American Journal of Fisheries Management, 37(1), 94—100.
https://doi.org/10.1080/02755947.2016.1240121

Dauphinais, J. D., Miller, L. M., Swanson, R. G., & Sorensen, P. W. (2018). Source—sink
dynamics explain the distribution and persistence of an invasive population of


https://doi.org/10.1007/s10750-014-1937-y
https://doi.org/10.1007/s12080-017-0344-1
https://doi.org/10.1111/j.1467-2979.2010.00390.x
https://doi.org/10.1111/j.1467-2979.2010.00390.x
https://doi.org/10.1071/MF13117
https://doi.org/10.1016/j.tree.2005.01.003
https://doi.org/10.1080/02755947.2016.1240121

33
common carp across a model Midwestern watershed. Biological Invasions, 20(8),
1961-1976. Scopus. https://doi.org/10.1007/s10530-018-1670-y

Diggle, J., Patil, J., & Wisniewski, C. (2012). A manual for carp control: The Tasmanian
model. In management of carp in the Australian landscape. PestSmart Toolkit
publication, Invasive animals Cooperative Research Centre, Canberra, Australia.
https://www.semanticscholar.org/paper/A-manual-for-carp-control%3A-The-
Tasmanian-model.-In-Diggle-
Patil/d4b48ab5ef37b2768119e45d21082bfe52b6d93

Dillingham, R. (2022). Detecting ecosystem response to restoration efforts with
implications for recovery of the threatened June sucker (Chasmistes liorus) in a
shallow, eutrophic, Utah lake. A/l Graduate Theses and Dissertations.
https://doi.org/10.26076/25{f-b07a

Doherty, T. S., Glen, A. S., Nimmo, D. G., Ritchie, E. G., & Dickman, C. R. (2016).
Invasive predators and global biodiversity loss. Proceedings of the National
Academy of Sciences, 113(40), 11261-11265.
https://doi.org/10.1073/pnas.1602480113

Driver, P., Harris, J., Closs, G., & Koen, T. (2005). Effects of flow regulation on carp
(Cyprinus carpio L.) recruitment in the Murray—Darling Basin, Australia. River
Research and Applications, 21, 327-335. https://doi.org/10.1002/rra.850

Early, R., Bradley, B. A., Dukes, J. S., Lawler, J. J., Olden, J. D., Blumenthal, D. M.,
Gonzalez, P., Grosholz, E. D., Ibanez, 1., Miller, L. P.,, Sorte, C. J. B., & Tatem, A.
J. (2016). Global threats from invasive alien species in the twenty-first century
and national response capacities. Nature Communications, 7(1), Article 1.
https://doi.org/10.1038/ncomms 12485

Edwards, E. A., & Twomey, K. (1982). Habitat suitability index models: Common carp.
In Habitat suitability index models: Common carp: Vol. 82/10.12 (Federal
Government Series 82/10.12; FWS/OBS). U.S. Fish and Wildlife Service.
http://pubs.er.usgs.gov/publication/fwsobs82 10 12

Fulton T.W. (1893). The capture and destruction of immature sea fish. Part III. The
relation between the size of the mesh of trawlnets and the fish captured. Ann. Rep.
Fishery Board for Scotland (Aberdeen) No. 12, 302-312.

Heckmann, R. A., Thompson, C. W., & White, D. A. (1981). Fishes of Utah Lake. Great
Basin Naturalist Memoirs, 5. https://scholarsarchive.byu.edu/gbnm/vol5/iss1/8

Hicks, B. J., & Ling, N. (2015). Carp as an Invasive Species. In C. Pietsch, P. Hirsch
(Eds.), Biology and Ecology of Carp. (pp. 244-279). CRC Press. https://doi.org
/10.1201/b18547



https://doi.org/10.1007/s10530-018-1670-y
https://www.semanticscholar.org/paper/A-manual-for-carp-control%3A-The-Tasmanian-model.-In-Diggle-Patil/d4b48ab5ef37b27681f9e45d2108f2bfe52b6d93
https://www.semanticscholar.org/paper/A-manual-for-carp-control%3A-The-Tasmanian-model.-In-Diggle-Patil/d4b48ab5ef37b27681f9e45d2108f2bfe52b6d93
https://www.semanticscholar.org/paper/A-manual-for-carp-control%3A-The-Tasmanian-model.-In-Diggle-Patil/d4b48ab5ef37b27681f9e45d2108f2bfe52b6d93
https://doi.org/10.26076/25ff-b07a
https://doi.org/10.1073/pnas.1602480113
https://doi.org/10.1002/rra.850
https://doi.org/10.1038/ncomms12485
http://pubs.er.usgs.gov/publication/fwsobs82_10_12
https://scholarsarchive.byu.edu/gbnm/vol5/iss1/8

34
Kennedy, P. A., Meyer, K. A., Schill, D. J., Campbell, M. R., & Vu, N. V. (2018).
Survival and reproductive success of hatchery YY male Brook Trout stocked in

Idaho streams. Transactions of the American Fisheries Society, 147, 419-430.
https://doi-org.dist.lib.usu.edu/10.1002/tafs.10060

King, L., Devey, M., Leavitt, P. R., Power, M. J., Brothers, S., & Brahney, J. (2024).
Anthropogenic forcing leads to an abrupt shift to phytoplankton dominance in a
shallow eutrophic lake. Freshwater Biology, 69(3), 335-350.
https://doi.org/10.1111/fwb.14214

Lechelt, J., Kocian, M., & Bajer, P. (2017). Low downstream dispersal of young-of-year
common carp from marshes into lakes in the Upper Mississippi River region and
its implications for integrated pest management strategies. Management of
Biological Invasions, 8(4), 485-495. https://doi.org/10.3391/mbi.2017.8.4.03

Lowe, S. M., Browne, M., Boudjelas, S., & De Poorter, M. (2000). 100 of the World's
worst Invasive Alien Species: A Selection From the Global Invasive Species
Database. The Invasive Species Specialist Group (ISSG) a Specialist Group of
the Species Survival Commission (SSC) of the World Conservation Union
(IUCN). www.issg.org/booklet.pdf

Matsuzaki, S.S., Usio, N. Takamura, N., Washitani, I. (2009). Contrasting impacts of
invasive engineers on freshwater ecosystems: An experiment and meta-analysis.
Oecologia, 158, 673—686. https://doi.org/10.1007/s00442-008-1180-1

McCormick, J. L., Schill, D. J., & Meyer, K. A. (2021). Simulated use of YY male
stocking and suppression for eradicating Common Carp populations. North
American Journal of Fisheries Management, 41(2), 366—-382.
https://doi.org/10.1002/nafm.10525

Millar, R. B., & Fryer, R. J. (1999). Estimating the size-selection curves of towed gears,
traps, nets and hooks. Reviews in Fish Biology and Fisheries, 9, 89-116.
https://doi-org/10.1023/A:1008838220001

Miranda, L. E., Tompkins, J., Dunn, C. G., Motris, J., & Combs, M. C. (2023). Patterns
of zero and nonzero counts indicate spatiotemporal distributions, aggregation, and
dispersion of invasive carp. Management of Biological Invasions, 14(2), 363-377.
https://doi.org/10.3391/mbi. 2023.14.2.12

Myers, J. H., Simberloff, D., Kuris, A. M., & Carey, J. R. (2000). Eradication revisited:
Dealing with exotic species. Trends in Ecology & Evolution, 15(8), 316-320.
https://doi.org/10.1016/S0169-5347(00)01914-5

Osborne, J. B. (2012). Distribution, abundance and overwinter survival of young-of-the-
year common carp in a Midwestern watershed. Retrieved from the University of
Minnesota Digital Conservancy, https://hdl.handle.net/11299/123056.



https://doi-org.dist.lib.usu.edu/10.1002/tafs.10060
https://doi.org/10.1111/fwb.14214
https://doi.org/10.3391/mbi.2017.8.4.03
https://doi.org/10.1007/s00442-008-1180-1
http://dx.doi.org/10.1002/nafm.10525
https://doi-org/10.1023/A:1008838220001
https://doi.org/10.3391/mbi.%202023.14.2.12
https://doi.org/10.1016/S0169-5347(00)01914-5
https://hdl.handle.net/11299/123056

35
Pearson, J. B., Bellmore, J. R., & Dunham, J. B. (2022). Controlling invasive fish in
fluctuating environments: Model analysis of common carp (Cyprinus carpio) in a
shallow lake. Ecosphere, 13(5), €3985. https://doi.org/10.1002/ecs2.3985

Penne, C., & Pierce, C. (2008). Seasonal distribution, aggregation, and habitat selection
of Common Carp in Clear Lake, lowa. Transactions of The American Fisheries
Society, 137, 1050-1062. https://doi.org/10.1577/T07-112.1

Reid, W. V., Mooney, H. A., Cropper, A., Capistrano, D., Carpenter, S. R., Chopra, K.,
Dasgupta, P., Dietz, T., Duraiappah, A. K., Hassan, R., Kasperson, R., Leemans,
R., May, R. M., McMichael, A. J., Pingali, P., Samper, C., Scholes, R., Watson, R.
T., Zakri, A. H., ... Zurek, M. B. (2005). Ecosystems and human well-being:
Synthesis. Millennium Ecosystem Assessment.
https://agris.fao.org/search/en/providers/122575/records/64735744e17b74d22250
0al9

Rejmének, M. and Pitcairn, M. J. (2002). When is eradication of exotic pest plants a
realistic goal? In: C.R. Veitch & M.N. Clout (Eds.), Proceedings of the
International Conference on Eradication of Island Invasive Species. IUCN SSC
Invasive Species Specialist Group, Gland, 249-253.

Rudstam, L. G., Magnuson, J. J., & Tonn, W. M. (1984). Size selectivity of passive
fishing gear: A correction for encounter probability applied to gill nets. Canadian
Journal of Fisheries and Aquatic Sciences, 41(8), 1252—-1255.
https://doi.org/10.1139/f84-151

Rytwinski, T., Taylor, J. J., Donaldson, L. A., Britton, J. R., Browne, D. R., Gresswell, R.
E., Lintermans, M., Prior, K. A., Pellatt, M. G., Vis, C., & Cooke, S. J. (2018).
The effectiveness of non-native fish removal techniques in freshwater ecosystems:

A systematic review. Environmental Reviews, 27(1), 71-95.
https://doi.org/10.1139/er-2018-0049

Schill, D. J., Meyer, K. A., & Hansen, M. J. (2017). Simulated Effects of YY-Male
Stocking and Manual Suppression for Eradicating Nonnative Brook Trout

Populations. North American Journal of Fisheries Management, 37(5), 1054—
1066. https://doi.org/10.1080/02755947.2017.1342720

Shonkwiler, J. S. (2016). Variance of the truncated negative binomial distribution.
Journal of Econometrics, 195(2), 209-210.
https://doi.org/10.1016/j.jeconom.2016.09.002

Simberloff, D. (2001). Biological invasions—How are they affecting us, and what can we
do about them? Biological Invasions, 61(3), 308-315.
http://www.jstor.org/stable/41717176



https://doi.org/10.1002/ecs2.3985
https://doi.org/10.1577/T07-112.1
https://agris.fao.org/search/en/providers/122575/records/64735744e17b74d222500a19
https://agris.fao.org/search/en/providers/122575/records/64735744e17b74d222500a19
https://doi.org/10.1139/f84-151
https://doi.org/10.1139/er-2018-0049
https://doi.org/10.1080/02755947.2017.1342720
https://doi.org/10.1016/j.jeconom.2016.09.002
http://www.jstor.org/stable/41717176

36
Simberloff, D. (2003). Eradication—Preventing invasions at the outset. Weed Science,
51(2), 247-253. https://doi.org/10.1614/0043-
1745(2003)051[0247:EPIATO]2.0.CO:2

Simberloff, D., Martin, J-L., Genovesi, P., Maris, V., Wardle, D. A., Aronson, J.,
Courchamp, F., Galil, B., Garcia-Berthou, E., Pascal, M., Pysek, P., Sousa, R.,
Tabacchi, E., & Vila, M. (2013). Impacts of biological invasions: What’s what and
the way forward. Trends in Ecology & Evolution, 28(1), 58—66.
https://doi.org/10.1016/j.tree.2012.07.013

Snover, M. L. (2008). Ontogenetic Habitat Shifts In Marine Organisms: Influencing
Factors And The Impact Of Climate Variability. Bulletin of Marine Science, 83(1).

Sorensen, P. W., & Bajer, P. G. (2011). Common carp. In D. Simberloff & M. Rejmanek
(Eds.), Encyclopedia of biological invasions. University of California Press.

SWCA. (2002). Nonnative fish control feasibility study to benefit June sucker in Utah
Lake. Final report to the June Sucker Recovery Implementation Program and
Utah Department of Natural Resources. SWCA, Inc. Environmental Consultants.

SWCA. (2005). 4 feasibility study of mechanical control and use of common carp
(Cyprinus carpio) on Utah Lake. SWCA, Inc. Environmental Consultants.

SWCA. (2006). Population assessment and mechanical control of common carp
(Cyprinus carpio) in Utah Lake. SWCA, Inc. Environmental Consultants.

Taylor, A. H., Tracey, S. R., Hartmann, K., & Patil, J. G. (2012). Exploiting seasonal
habitat use of the common carp, Cyprinus carpio, in a lacustrine system for

management and eradication. Marine and Freshwater Research, 63(7), 587-597.
https://doi.org/10.1071/MF11252

USFWS. (2021). Endangered and Threatened Wildlife and Plants,; Reclassification of the
Endangered June Sucker to Threatened with a Section 4(d) Rule; Final Rule.
Federal Register, 86(1):192.

Visual Crossing Corporation. (2023). Visual Crossing Weather (2021-2023). [data
service]. Retrieved from https://www.visualcrossing.com/

Vitousek, P. M., D’Antonio, C. M., Loope, L. L., Rejmanek, M., & Westbrooks, R.
(1997). Introduced species: a significant component of human-caused global
change. New Zealand Journal of Ecology, 21(1).

USFWS. (2021). Endangered and Threatened Wildlife and Plants; Reclassification of the
Endangered June Sucker to Threatened with a Section 4(d) Rule; Final Rule.
Federal Register, 86(1):192.


https://doi.org/10.1614/0043-1745(2003)051%5b0247:EPIATO%5d2.0.CO;2
https://doi.org/10.1614/0043-1745(2003)051%5b0247:EPIATO%5d2.0.CO;2
https://doi.org/10.1016/j.tree.2012.07.013
https://doi.org/10.1071/MF11252
https://www.visualcrossing.com/

37
Wallace, E., Landom, K., & Walsworth T.E. (2024). Characterizing the impact of
ecosystem size, population productivity on size-selective invasive species control
efforts [Manuscript in preparation]. Department of Watershed Sciences, Utah
State University.

Walsworth, T. E., & Landom, K. (2021). Common carp population response to ongoing
control efforts in Utah Lake. Annual Report to the June Sucker Recovery
Implementation Program. Department of Watershed Sciences and The Ecology
Center, Utah State University, Logan, UT.

Walsworth, T. E., Landom, K., & Gaeta, J. W. (2020). Compensatory recruitment,
dynamic habitat, and selective gear present challenges to large-scale invasive
species control. Ecosphere, 11(6). https://doi.org/10.1002/ecs2.3158

Walsworth, T.E., Wallace, E., & Landom, K. (2023). Common carp population response
to ongoing control efforts in Utah Lake (Project 1.22.03). June Sucker Recovery
Implementation Program Report.

Walsworth, T.E., Fadlovich, R., & Landom, K. (2023). Assessment of the spatiotemporal
distribution of juvenile common carp in Utah Lake and their susceptibility to
mechanical removal efforts: preliminary results. Ecology Center and Watershed
Sciences Department, Utah State University, Logan, UT.

Watson, J., Landress, C., and Jones, S. (2013). Utah Lake synthesis report of sucker and
fish community monitoring. Utah Division of Wildlife Resources, Springville, UT.

Weber, M. J., & Brown, M. L. (2009). Effects of Common Carp on aquatic ecosystems 80
years after “carp as a dominant”: Ecological insights for fisheries management.
Reviews in Fisheries Science, 17(4), 524-5317.
https://doi.org/10.1080/10641260903189243

Weber, M. J., & Brown, M. L. (2013). Density-dependence and environmental conditions
regulate recruitment and first-year growth of Common Carp in shallow lakes.
Transactions of the American Fisheries Society, 142(2), 471-482.
https://doi.org/10.1080/00028487.2012.754791

Weber, M. J., Hennen, M. J., Brown, M. L., Lucchesi, D. O., & St. Sauver, T. R. (2016).
Compensatory response of invasive common carp Cyprinus carpio to harvest.
Fisheries Research, 179, 168—178. https://doi.org/10.1016/j.fishres.2016.02.024

Werner, E. E., & Gilliam, J. F. (1984). The Ontogenetic Niche and Species Interactions in
Size-Structured Populations. Annual Review of Ecology and Systematics, 15, 393-
425. https://www.]jstor.org/stable/2096954

Werner, E. E., Hall, D. J., Laughlin, D. R., Wagner, D. J., Wilsmann, L. A., & Funk, F. C.
(1977). Habitat partitioning in a freshwater fish community. Journal of the


https://doi.org/10.1002/ecs2.3158
https://doi.org/10.1080/10641260903189243
https://doi.org/10.1080/00028487.2012.754791
https://doi.org/10.1016/j.fishres.2016.02.024
https://www.jstor.org/stable/2096954

38
Fisheries Research Board of Canada, 34(3), 360-370.
https://doi.org/10.1139/f77-058

Yick, J. L., Wisniewski, C., Diggle, J., & Patil, J. G. (2021). Eradication of the invasive
Common Carp, Cyprinus carpio from a large lake: Lessons and insights from the
Tasmanian Experience. Fishes, 6(1), 6. https://doi.org/10.3390/fishes6010006

Zuur, A., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). Mixed Effects
Models and Extensions in Ecology with R. Springer Science & Business Media.


https://doi.org/10.1139/f77-058
https://doi.org/10.3390/fishes6010006

Tables and Figures

39

Table I1-1. Description of categorical and continuous fixed effects terms that were
included in model evaluation process. When applicable, reference subcategory is denoted
by * and continuous effects are labelled. Effects in italics were not included in a best fit
model. Parenthetical abbreviations are used in subsequent tables as needed.

Grouping Categorical Description Subcategories (reference
Effect subcategory *)
Temporal Month (M) Month of sampling April*, June (6), August (8),
October (10)
Temporal Year (Y) Year that sampling occurred 2021%*,2022,2023
Temporal Sample Event A unique event number for August 2021 (1) through June 2023
each month, year sample ®)
event combination
Spatial Shoreline (Shore)  Cardinal shore of lake East*, North (N), South (S), West
(W)
Spatial Substrate (Subs) Dominant substrate at site Mud*, Rock (R), Sand (S)
Lake Level Continuous Continuous, scaled lake level  Independent LL term and
(LL) response and interaction interaction between LL and
terms continuous water depth (WD),
between LL and categorical net
positioning (Yes or No) against
shoreline and vegetation.
Trap Shore Distance How far trap was set from Near <10m*, middle <100m (mid),
Positioning (Dist) shoreline far >100m (far)
Trap Set to Shore (tS) Was the trap set to shoreline?  No*, Yes
Positioning
Trap Set to Veg or Was the trap set to a solid No*, Yes to shoreline or vegetation
Positioning Shore (tVS) feature? More flexible than tS to include nets
set to dense vegetation that may
function like shoreline.
Trap Continuous Continuous, scaled trap Scaled water depth (WD) at trap net
Positioning position and interaction terms  mouth, scaled trap depth (TD) at
trap net mouth,
Weather Continuous Continuous, scaled weather Air temperature (temperature, T),

response terms

water temperature, average daily
wind speed (wind speed, W),
average daily wind direction, cloud
cover (CC), UV index
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Figure II-1. Map of Utah Lake with points at standardized survey sites. Color denotes
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Supplemental Table 1: AIC comparison of the best fit hurdle negative binomial and
standard negative binomial models for all age classes of carp.
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Model NB Hurdle df NB AIC df
AIC

All Ages 907.7 28 939.7 16

Small 5333 27 544.3 13

Juvenile 413.0 23 4253 16
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Supplemental Table 2. Log mean effects, standard error, and significance for all
covariates. The hurdle mean (log-u) is provided as in the output of glmmTMB, where
it considers the likelihood of zero instead of the likelihood of catch. In Figure 3. we
presented these values as the likelihood of catch (1 minus likelihood of zero) for

clearer interpretation.

All Hurdle Small Hurdle Juvenile Hurdle
Grouping Cat. Effect log-u SE sig  Grouping Cat. Effect log-u SE  sig Grouping Cat. Effect log-u SE sig
Intercept 0.54 1.00 Intercept 3.79 0.99 *** Int. 4.99 095 ***
Temporal month 6 -3.60 0.86 *** Temporal month 6 -2.67 1.06 * Temporal month 6 -1.93 1.01
Temporal month 8 -2.04 0.90 * Temporal month 8 -2.73 0.83 **  Temporal month 8 -2.59 079 **
Temporal month 10 -0.42 1.13 Temporal month 10 -2.43 094 **  Temporal month 10 -1.72 0.88
Temporal year 22 0.32 0.75 Temporal year 22 -0.69 0.68 Temporal year 22 -1.16 0.67
Temporal year 23 -4.85 1.07 *** Temporal year 23 -5.62 1.08 *** Temporal year 23 -4.92 1.08 ***
Spatial  shore N -0.32 0.55 Spatial shore N -0.70 0.52 Spatial  subs R 1.51 064 *
Spatial shore S 0.29 0.72 Spatial shore S -0.17 0.63 Spatial subs S -0.66 0.47
Spatial shore W 1.68 0.60 ** Spatial shore W 0.75 0.58 LL LL 1.83 066 **
Spatial  subs R 2.78 0.76 *** Spatial subs R 1.40 0.70 * Trap Pos. TD -0.29 0.21
Spatial  subs S -0.71 0.72 Spatial subs S -0.45 0.57 Trap Pos. Yts -091 043 *
LL NA LL*WD -0.42 0,13 ** LL NA LL*wb  -0.22 0.11 Weather wind -0.78 0,22 ***
LL NA LL*¥Y_VS 3.31 0.67 *** L NA LL*Y_VS 215 0.67 ** Weather cc 056 0.26 *
LL NA LL¥N_VS 0.16 0.87 LL NA LL*N_VS 0.80 0.79
Trap Pos. Dist. far -0.77 0.74 Trap Pos. Dist. far 0.45 0.66
Trap Pos. Dist. mid 1.12 051 * Trap Pos. Dist.  mid 1.08 0.49 *
Weather NA wind -0.44 0.23 Weather NA wind -0.50 0.20 *
All Negative Binomial (Count) Small Negative Binomial (Count) Juvenile Negative Binomial (Count)
Grouping Cat.  Effect log-u SE sig  Grouping Cat. Effect log-u SE  sig Grouping Cat. Effect log-u SE sig
Intercept -4.60 0.63 *** Intercept -7.64 1.43 *** Int.  -33.25 1E+05
Temporal month 6 1.20 0.37 **  Temporal month 6 0.26 0.64 Temporal month 6 049 0.93
Temporal month 8 1.71 0.57 ** Temporal month 8 311 1.13 ** Temporal month 8 28.81 1E+05
Temporal month 10 -1.26 0.64 * Temporal month 10 -2.06 1.34 Temporal month 10 23.79 1E+05
Temporal year 22 1.87 0.42 *** Temporal year 22 421 0.88 *** Temporal year 22 439 0.92 ***
Temporal year 23 3.00 0.55 *** Temporal year 23 4.20 1.14 *** Temporal year 23  29.20 1E+05
Trap Pos. NA WD -0.36 0.14 **
Weather NA precip  -0.35 0.13 **
Weather NA  cc -0.39 0.17 *

Significance codes

0 ***

0.001 **

0.01*
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Supplemental Figure 1. Residual plots for the standard and hurdle best fit negative
binomial models. Panel a is the all ages standard model, panel b is the all ages hurdle
model, panel c is the small standard model, panel d is the small hurdle model, panel e is
the juvenile standard model, and panel f is the juvenile hurdle model.
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CHAPTER III

SIZE SELECTIVITY OF INVASIVE SPECIES REMOVAL GEARS INFLUENCES

CONTROL EFFICACY

1 ABSTRACT

1)

2)

3)

Invasive species control programs are often challenged by highly fecund invaders
and size-selective removal gears, which can allow populations to recover due to
compensatory recruitment. While commercial fisheries stock assessments have
long explored how size/age- selectivity and fishing effort impact fish populations,
these dynamics are not as frequently included in assessments of invasive fish
control programs.

We use a simulation framework that integrates age-based gear selectivity and the
widely implemented fisheries metric of maximum sustainable yield (MSY) to
evaluate the effect of improving gear selectivity among cryptic age classes for
invasive species population control. We apply this approach on common carp in
Utah Lake, the location of one of the world’s largest freshwater vertebrate species
control programs.

Model simulations suggest that improving selectivity among cryptic, younger age
classes has the potential to significantly reduce the amount of effort required to
reach control targets. We found improving selectivity on younger, but mature, age
classes allowed the carp population to remain below the control program’s 75%
biomass reduction target with only 2.5 times maximum historic effort, while

further improving juvenile selectivity conferred minimal benefit.



48
4) Furthermore, we evaluated historic levels of control effort against both previously

set management targets and theoretical sustainable fishing targets (MSY). The
historic level of fishing effort was below MSY regardless of selectivity,
suggesting the control program would be harvesting at a sustainable rate even if
gear selectivity were improved for cryptic age classes.

5) Synthesis and applications. Controlling highly fecund invasive species becomes
much more feasible if an approach that targets all adult age classes can be
identified. Incorporating sustainable harvest metrics into simulation models of
invasive species populations provides a framework for evaluating a harvest
control program’s ability to overcome density-dependent processes and achieve

management objectives.

2 INTRODUCTION

Invasive species are one of the greatest threats to global biodiversity (Early et al.,
2016; Reid et al., 2005; Vitousek et al., 1997) and finding ways to mitigate their impacts
is of interest to managers globally (Britton et al., 2011; Doherty et al., 2016; Simberloff,
2001). In large, interconnected systems, eradication is unlikely (Green & Grosholz, 2021;
Rejmének & Pitcairn, 2002; Simberloff, 2003) and managers often aim to suppress the
invasive population to a level that mitigates negative ecosystem impacts (Manchester &
Bullock, 2000; Weber et al., 2016). In invasive fish management, physical removal or
harvest is the most common strategy for population suppression (Rytwinski et al., 2018).
Suppression efforts are often challenged by compensatory processes, as the intensity of
control efforts are not high enough to successfully overcome density-dependent

recruitment and survival (Weber et al., 2016, Zipkin et al., 2008). Incorporating these
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density-dependent processes into management models can allow for better predictions of

control outcomes (Shyu et al., 2013; Walsworth et al., 2020; Weber et al., 2011).

Taking lessons from fisheries management, where much work has been done
concerning the density dependence (Jensen et al., 2012, Rose et al., 2001; Sveding &
Hornborg, 2014) and sustainable exploitation of populations (Frank & Brickman, 2001;
Hilborn & Walters, 1992; Schaefer, 1954), may shed light on approaches to improve
invasive control success. Density-dependent growth, survival, and reproduction produce a
surplus biomass at intermediate population densities, forming the basis for sustainable
commercial fisheries harvest (Beverton & Holt, 1957; Schaefer, 1954; Sveding &
Hornborg, 2014) but potentially hindering the efforts of invasive species control (Yick et
al., 2021; Zipkin et al., 2009). Fisheries managers have long relied on the concept of
maximum sustainable yield (MSY) and Fs,, the fishing mortality that maximizes
biomass that can be sustainably harvested indefinitely (Frank & Brickman, 2001; Hilborn
& Walters, 1992; Schaefer, 1954), which serves as a useful reference point when
comparing alternative management objectives (Hilborn & Walters, 1992; Hilborn et al.,
2022; Vasilakopoulos et al., 2020) and remains the basis of fisheries management policy
in many countries (ICES, 2011; Worm et al., 2009).

Fisheries management has traditionally relied on the manipulation of exploitation
rates to achieve MSY, although the concurrent impact of population selectivity, the
proportion of fish at a given size (or age) that are vulnerable to fishing (Millar & Fryer,
1999), has long been recognized (Beverton & Holt, 1957; Hilborn & Walters, 1992;
ICES, 2011) and has been increasingly included in contemporary fisheries advice (Ben-

Hasan et al., 2021; Scott & Sampson, 2011; Vasilakopoulos et al., 2020). Population
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selectivity (hereafter “selectivity’’) encompasses both contact selectivity, influenced by

gear selection and mesh size, and available selectivity, influenced by the timing and
location of fishing activities (Millar & Fryer, 1999; Quinn & Deriso, 1999; Sampson &
Scott, 2012), and is represented in terms of length, age, or life stage depending on the
management context (Millar & Fryer, 1999; Scott & Sampson, 2011). Selecting for
older/larger fish supports sustainable harvest initiatives if fish are not susceptible to
harvest until after they mature and have the opportunity to reproduce, thus avoiding
recruitment overfishing (Scott & Sampson, 2011; Vasilakopoulos et al., 2016). However,
selecting for older/larger fish can be problematic in invasive species management if it
promotes high population levels despite high harvest effort (Britton et al., 2011;
Walsworth et al., 2020; Yick et al., 2021).

Invasive species with high population densities, low survival rates, and high
fecundity are often able to compensate for adult selective harvest (Sedinger et al., 2007;
Weber et al., 2016; Zipkin et al., 2009). The common carp (Cyprinus carpio; hereafter
“carp”), considered to be one of the most prevalent and damaging invasive species in the
world (Sorensen & Bajer, 2011; Hicks & Ling, 2015; Lowe et al., 2000), is a highly
fecund fish frequently exhibiting compensatory recruitment in response to harvest
(Walsworth et al., 2020; Weber & Brown, 2012; Weber et al., 2016). While carp are
among the freshwater fishes most commonly subject to documented mechanical removal
efforts (Rytwinski et al., 2018), successful control or eradication is rare and limited to
relatively small lake systems (Dauphinais et al., 2018; Yick et al., 2021). It has been

suggested that targeting all age classes is essential to effective control (Weber et al., 2011;
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Yick et al., 2021), yet targeting the youngest age classes of fish is often inefficient and

expensive.

Here, we examine the relative effect of increasing selectivity on these cryptic,
younger age classes to evaluate the tradeoffs between improving selectivity and
increasing fishing effort. We use a simulation model fit to empirical data to assess (1)
how control efficacy improves with increased selectivity of younger age classes and (2)
identify the age-classes that provide the greatest control benefit when targeted. This
approach can help managers evaluate the relative benefits of investing in improving gear
selectivity and increasing fishing effort. This model serves as a management tool for
evaluating the control potential of alternative removal gears and strategies in systems
where mechanical invasive species control efforts are challenged by highly selective

harvests and compensatory recruitment.

3 MATERIALS AND METHODS
3.1 Site description

Utah Lake (Fig. 1) is a large (~380 km?), shallow (average depth 3.2 m) lake
located in Utah County, Utah, USA. In the early 2000s, non-native carp accounted for
over 90% of the lake’s fish biomass (SWCA, 2002) and have contributed to reduced
water quality, altered food web dynamics (King et al., 2024), and pose a threat to the
endemic and federally threatened June sucker (Chasmistes liorus). Since complete carp
eradication was deemed infeasible due to the lake’s size and connectivity, managers
began carp removal efforts in 2009 with a target to reduce carp biomass by 75% (SWCA,

2002; 2005; Walsworth et al., 2020) which reports suggested could be achieved in five
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years, would suppress the population’s reproductive potential, and would allow for a

reduction in harvest once the target was achieved (SWCA, 2005; 2006).

While the control efforts are estimated to have removed more than 13,000 tons of
carp and drove an initial population decline, large recruitment events that are partially
driven by recent high lake level conditions have contributed to subsequent population
recovery (Walsworth et al., 2020; Walsworth, Wallace, et al., 2023). The commercial
fishing seines being used in Utah Lake carp control efforts are the most commonly
implemented carp control gear (Yick et al., 2021) but have minimal impact on cryptic age
zero to five carp, while the carp are reproductively mature by age three (Walsworth et al.,
2020; Walsworth, Fadlovich, et al., 2023). Previous modeling work suggests that
effectively targeting juvenile carp could improve the likelihood of successful control but
did not evaluate more subtle changes to selectivity such as targeting small adults

(Walsworth et al., 2020).

3.2 Data
3.2.1 Standardized commercial seine sampling

Since 2012, standardized annual surveys using the same commercial gear applied
during removal efforts, a 184 m long, 3 m deep commercial beach seine with 1}2-inch
square mesh (hereafter “large mesh” seines) have been conducted by Utah State
University, the Utah Division of Wildlife Resources, and Loy Fisheries. Beginning in
2020, a subset of hauls were conducted using a “small mesh” seine with ¥4-inch mesh.
While commercial hauls were conducted in targeted locations, between 27 and 43

(depending on site accessibility) standardized seine samples were collected from a
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consistent set of spatially stratified sites around the lake perimeter each year (see Landom

et al., 2014).

For each seine sample, the total number of carp captured was documented and a
subsample (up to 30 individuals) was randomly selected for body length and weight
measurements. The age-composition of carp caught was calculated with a probabilistic
approach based on fitting a Von Bertalanffy growth curve to length-at-age data (ages
estimated from the dorsal spines of a subset of carp) and length-frequency data (see
Walsworth et al., 2020; Walsworth, Wallace, et al., 2023 for a full description of
methods). Data pertaining to historic carp commercial fisheries effort was provided by

the June Sucker Recovery Implementation Program.

3.2.2 Carp population estimates

We take our estimates of carp abundance-at-age from a statistical catch-at-age
model developed using standardized seine sampling catches, commercial fisheries effort,
commercial removal data, and lake level measurements (see Walsworth et al., 2020 for a
full model description, Walsworth & Landom, 2021 for an updated catchability
component, and Walsworth, Wallace, et al., 2023 for updated abundance estimates). The
model follows a standard age-structured framework (Caswell, 2001) with the addition of
a Ricker stock-recruitment model and incorporates parameters for fishing effort, age-
based gear selectivity, and lake level effects on both catchability and recruitment. Our
simulation model modifies the published carp population model with alternative

selectivity scenarios, described below.
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3.3 Gear selectivity analysis

To evaluate existing gear selectivity, we first calculate observed selectivity-at-age

for all age-by-haul combinations of the 2021 and 2022 small and large mesh seine hauls:

Ca,g,h
In (1— N, )

Sagh -
9, —q

where $, 45 1s a scalar of estimated selectivity at age a for haul 4 of gear g, Ca,g, is the
catch of age a carp in haul / of gear g, Na is the estimated abundance at age a, and g is
the estimated catchability coefficient. Cqa g, was obtained from the standardized
commercial seine surveys and Nq and g estimates were taken from outputs of the most
recent Utah Lake carp statistical catch-at-age model (Walsworth, Wallace, et al., 2023).
We then fit an age-selectivity model to these haul-specific selectivities-at-age, which
assumed a sigmoidal relationship, as found in Walsworth et al. (2020):

1

-in(19)(a-A43°)
Wy =

Sa,g

where sag is the mean selectivity of gear g for individuals of age a, A% is the age at
which gear g has 50% selectivity, and A%’ is the age at which gear g has 95% selectivity.
We used a Bayesian hierarchical framework to determine the best parameter values,

assuming beta-distributed errors:

§a,g,h~Beta(aa,g, ,Ba,g)

1 —
Qg = <Sa,g( Sa,g) . 1) Sag

2
Oa,g
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,Ba,g — (M — 1) (1 — Sa,g)

04 g
where a4 4 and B, 4 are shape parameters for the beta distribution of selectivity at age a
and gear g, and o g 1s the estimated variance in selectivity at age a for gear g. We fit the
selectivity model in JAGS (Just Another Gibbs Sampler; Plummer, 2003), implemented
with the R2jags package (Su & Yajima, 2021) through the R Statistical Computing

Environment (R Core Team, 2022).

3.4 Alternative selectivity simulations
3.4.1 Alternative selectivity scenarios

We investigated hypothetical selectivity scenarios to help determine which cryptic
age classes are important to target with control efforts. The large mesh gear selectivity
estimated above served as our baseline selectivity for the alternative selectivity
simulations. We generated alternative gear selectivity scenarios in which sequentially
younger age classes are increasingly vulnerable to removal gears, by reducing the
baseline A°° and A% values by one age at a time and calculating mean selectivity at age
using the sigmoidal relationship described above for a total of ten additional selectivity
scenarios. To ensure that relative catchability remained constant across all scenarios, we

scaled each selectivity scenario to the baseline maximum selectivity at age:

A0 =A% -z
AP = AP -z

1 Smax,z

*
<—ln(19)(a—A§°)> Smax.0
1eel

Sa,z -
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where A3° is the age with 50% selectivity for scenario z, A> is the age with 95%
selectivity for scenario z, s, , is the mean selectivity at age a for scenario z, Sy,qy 1S the
highest selectivity-at-age class for scenario z, and s,y o is the highest selectivity-at-age
from the baseline selectivity curve (Fig. 2).
Gear selectivity model outputs of variance were used for the baseline selectivity
scenario. To determine variances for all other scenarios, we fit a second order polynomial

to baseline mean selectivity-at-age and variance data:
— 2
Ts,, = (0436 * 55,) — (0.408 * 5,,%)

where o is the variance for the selectivity s, , at age a and simulation scenario z. This
regression fit the baseline data well (adjusted R-squared 0.9837). If predicted o, , values

exceed the constraints of the beta distribution:
Ospmax — Saz * 1- Sa,z)a
the variance was corrected with:
Osar = Ospmax — 01xa,

where gg, _is the maximum selectivity allowed by the beta distribution for the mean
selectivity at age, Sg ;.

For each selectivity scenario, the mean scenario selectivity was calculated to
allow for graphical comparison:

8
_ Ya=15az
S, = —8
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where each selectivity scenario, z, has a mean scenario selectivity value, §,,.

For each selectivity scenario, we simulated the carp population response to
varying levels of control effort, E. Each selectivity scenario was simulated with 61 levels
of effort where the number of seine hauls, h, ranged from historic mean to 100 times

historic maximum effort (Table S1).

3.4.2 Simulating carp population response

We modified the selectivity component of the underlying statistical catch-at-age
model to simulate the carp population response to each selectivity scenario and effort
level, for a total of 671 combinations. For all ages in each combination, an age-based
effort by selectivity term, kg 4 ,, was obtained by summing h draws from a beta

distribution with mean s, , and variance oy, . Annual harvest at age for each selectivity

and effort combination was calculated as:

Hz,a,E,t = Na,t *(1— e_q*kE’a’Z) * Wq

where N, , is the abundance of carp at age a in time t, w, is the average weight of a carp
age a, and q is a catchability coefficient obtained from the underlying statistical catch-at-
age model (Walsworth et al., 2020; Walsworth, Wallace, et al., 2023). For each selectivity
scenario including the baseline, we simulated 1000 model iterations, each projecting the
population 50 years into the future. To obtain annual carp biomass estimates, we
identified the median, 50%, and 90% confidence interval for N, . across model iterations
and multiplied by a mean Utah Lake carp weight-at-age (Walsworth et al., 2020;
Walsworth, Wallace, et al., 2023). All simulations were run in the R Statistical Computing

Environment (R Core Team, 2022).
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3.4.3 Evaluating control potential

To evaluate the control potential of our selectivity scenarios, we first determined
the average carp biomass and average harvest biomass between model year 25 and 50 for
each combination of selectivity and effort. We evaluated years 25 to 50 to strike a balance
between the urgency of invasive species management (Simberloff, 2003) and the stable
population dynamics evaluated in traditional fisheries management (Hilborn & Walters,
1992).

To compare all selectivity scenarios, we determined Eiqrger 7, the level of effort
required for average carp biomass to meet the target biomass (25% of historic maximum
biomass) in 50% of model iterations for scenario z. We then evaluated the increase in
operational costs that would be associated with increasing fishing effort. The cost for our
baseline maximum historic effort scenario was obtained by multiplying 131, the number
of fishing days in the maximum effort year, by $4,000, the most recent cost per day of
fishing, to obtain a baseline cost of $524,000. We then multiplied this baseline cost by the
number of times maximum historic effort required to reach our objectives since
increasing effort would require hiring additional crews with commensurate operation

costs. We also determined Ej;,4y, ., the level of effort that provides the maximum average

harvest biomass, MSY, in 50% of model iterations for scenario z.

4 RESULTS
4.1 Gear selectivity analysis

Utah Lake carp seine gear selectivity is much greater for older age classes, and
essentially zero for juvenile carp age-classes. The gear selectivity model fit to the large

mesh seine annual survey hauls had a model median A% of 8.78 years (95% confidence



59
interval 8.77 to 8.98) and A°° of 5.5 years (95% confidence interval 5.41 to 5.61),

meaning that a carp aged five and below is selected for less than half of the time (Fig.
S1). Selectivity for the small mesh seine showed no significant difference from that of the
large mesh seines (Fig. S1), having a model median A% of 5.52 years (95% confidence
interval from 5.29 to 5.69) and A% of 8.8 years (95% confidence interval from 8.53 to
8.99). Because there is no meaningful difference in selectivity, we only evaluated the

large mesh selectivity in subsequent simulations.

4.2 Alternative selectivity simulations
4.2.1 Simulating carp population response

The Utah Lake carp population is unlikely to be maintained below the
management target with the current gear selectivity and effort. Simulation results show
that with baseline large mesh selectivity and historic maximum effort, the median
population estimate reduces from current day, but stabilises before reaching the target
(Fig. 3). There is a modest chance of control success in any given year, with an average

of 39% of model iterations meeting the control target after ten years.

4.2.2 Evaluating control potential

Effort would have to significantly increase from historic levels for the current
gear to achieve and maintain target biomass. The large mesh seine baseline selectivity
scenario achieves Eygyget 0, the median level of effort required to meet the target across
simulation years 25-50 on average, at 17 times maximum historic effort (Fig. 4a). This
would increase the operation cost from the historic baseline of $524,000 to $8,908,000.

More than 80 times maximum historic effort is required for 95% of model iterations to
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reach target biomass, which could increase costs to $41,920,000. Unsuprisingly, the level

of effort to achieve the target biomass is greater than the effort required to harvest
maximum sustainable yield. The baseline selectivity scenario reaches Epygy o, the level of
effort that achieves a maximum average carp harvest biomass, at 11 times maximum
historic effort (Fig. 4b). To achieve MSY for 95% of model iterations, it would require
24 times maximum historic effort.

Improving gear selectivity for younger age classes reduced the level of effort
needed for control efforts to achieve either biomass reduction goals or MSY, but
improvements were minimal once all adult age classes were selected by the gear (Fig. 5).
Small increases in selectivity drove substantial decreases in the level of effort required to
achieve biomass targets (Evqrget,1 = 95 Etarget,2= 5-5, Emsy1 = 7, Emsy,2 =4). After the
fifth selectivity scenario, when selectivity was above 0.5 for all adult age classes and
additional scenarios primarily improved selectivity in juvenile age classes (Fig. 1).
Further improving selectivity resulted in minimal reductions to Etqrgety and Epysy, 5, (Fig.
5). All scenarios with average selectivity above 0.5 would require between 1.5x or 2.5x
increase in maximum historic effort, which would result in an estimated operational cost
between $786,000 and $1,310,000. Etgygerr and Eyyy ,, remained constant once adult
selectivity reached a value of at least 0.75 for all adult ages (Figs 2,5).

No selectivity scenarios were able to achieve target biomass with historic mean
effort, and all scenarios were fishing sustainably and below Fis, at historic mean effort.
The lowest E¢qrgetv» seen in all five selectivity scenarios where average selectivity was
greater than 0.7, was 1.5 times maximum historic effort. While all scenarios reached

Emsy v before Etgrgetv, the difference between the two decreased as selectivity improved.
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Once all adult ages classes were close to optimally selected, in the fifth scenario,

Etarget,y only required an additional 0.5 times maximum historic effort than to achieve

Emsy,v .

5 DISCUSSION

Our simulations provide evidence that small improvements in selectivity can have
big impacts on the level of effort required to reach invasive species control targets, but
that diminishing returns eventually limit these benefits. Control becomes feasible once all
reproductive-aged carp are optimally selected for, suggesting that effectively targeting all
adult age classes is key to invasive species control efforts while targeting immature age
classes provides little additional benefit. While selectivity had a significant impact on
control efficacy, as is the case in commercial fisheries management it is the combination
of selectivity and fishing effort that impact the standing population size and harvest
potential (Vasilakopoulos et al., 2016). Our results show that the Utah Lake carp control
program is fishing well below the level of effort needed to reach the control target and is
indeed well below the level of effort needed to exceed MSY. Not only are increases in
effort alone unlikely to achieve the control target but increases in effort that remain below
MSY could further intensify the density-dependent population responses (Hilborn &
Walters, 1992) if selectivity for younger adult carp does not improve.

Including metrics that evaluate density-dependent population responses allows for
a more realistic assessment of the efficacy of harvest management for invasive species
control. We show how selectivity and MSY, a traditional fisheries management target
which evaluates the long-term viability of a population under harvest pressure (Hilborn &

Walters, 1992), can be incorporated into an invasive species population modeling
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framework to better evaluate control potential. Previous work has shown that overcoming

density-dependent processes is difficult when attempting to control highly fecund
invasive species (Zipkin et al., 2009) such as carp, especially when highly age-selective
gears are used (Walsworth et al., 2020; Weber et al., 2011). Findings from simulation
models have urged the inclusion of selectivity metrics in commercial fisheries stock
assessments (Scott & Sampson, 2011; Vasilakopoulos et al., 2020) and our simulations
suggest that including selectivity and effort would confer similar benefit to managers
evaluating the control potential of invasive species populations.

While it has been proposed that successful carp control requires targeting all age
classes (Yick et al., 2021), we show that effectively targeting carp of reproductive age has
the potential to be a viable control strategy. We saw large reductions in the effort required
to reach a control target with small increases in the selectivity of younger fish that leveled
off once all adult ages were effectively targeted. Similar patterns are seen in commercial
fisheries, where small decreases in the selectivity of younger fish can increase sustainable
harvest (Scott & Sampson, 2011), as avoiding younger fish can help avoid recruitment
overfishing (Ben-Hasan et al., 2021; Myers et al., 1994; Vasilakopoulos et al., 2020). Our
model suggests effort levels would need to be increased 17 times over to achieve control
success in Utah Lake without improving selectivity. Such increases would be difficult to
achieve given the current financial resources allocated to this management objective.
Identifying gears that improve selectivity of cryptic younger adult age classes could
significantly reduce the cost of effective control and should be a management priority.

While our simulation framework highlights the substantial benefits of increasing

selectivity on mature age classes for effective control, we make some necessary
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assumptions in our model that should be considered when interpreting our results. We do

not test for or incorporate temporal shifts in maturity or natural mortality in our model in
response to fishing mortality, though these responses are well documented in commercial
fisheries (Kuparinen & Merild, 2007) and may be beneficial to consider in long-term
management scenarios. Additionally, we have not identified a gear that demonstrates
improved selectivity in Utah Lake as the small mesh seine tested during standardized
annual surveys did not improve selectivity. The inability to target younger fish is a
common attribute of commercial seines (Rytwinki et al., 2018; Sun et al., 2022; Weber et
al., 2011), which suggests that modifying selectivity will require alternative control
methods and a shift in the location or timing of control efforts.

Management resources are not infinite, and simulation frameworks such as the
one presented herein can help managers anticipate the scale of effort that will be required
to meet a management objective. Our simulation framework allows us to rapidly evaluate
a large number of alternative control scenarios for their efficacy, and like other simulation
frameworks, is a useful tool for evaluating the control potential of management actions
and objectives (van Poorten et al., 2018; Vasilakopoulos et al., 2020; Weber et al., 2011).
While population suppression is often seen as financially and ecologically more feasible
than eradication (Manchester & Bullock, 2000), managers who increase control efforts to
meet a biomass target run the risk of strengthening a population’s density-dependent
responses (Grosholz et al., 2021; Zipkin et al., 2008) and increasing costs without
reaching the management objective (Scott & Sampson, 2011; Weber et al., 2016). Using
modeling tools and metrics developed for fisheries management, where the density-

dependent response of harvested populations has long been of interest (Beverton & Holt,
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1957; Quinn & Deriso, 1999; Reed, 1980) can provide insights when evaluating the

trade-offs between selectivity, effort, and population response for invasive species control
programs. Ultimately, these models can help managers determine if the level of effort and
length of time required for successful control are feasible given the available resources.

Invasive species management is a difficult task not limited to freshwater systems
(Molnar et al., 2008) or fish populations (Lowe et al., 2000; Sakai et al., 2001;
Simberloff, 2011) and can benefit from forecasting techniques used in other disciplines. It
is widely acknowledged that selective gears make it difficult to overcome density-
dependent populations of invasive species, yet few viable management strategies exist for
evaluating population-level control measures that overcome these challenges (Yick et al.,
2021; Zipkin et al., 2009). While density-dependent responses are well documented in
fisheries management (Britton et al., 2011; Hilborn & Walters, 1992; Rose et al., 2001)
the need to consider demographic structure and density-dependent responses has also
been highlighted in the conservation of diverse taxa (Comita et al., 2014; Sedinger et al.,
2007) and control of invasive populations (Shyu et al., 2013; Zipkin et al., 2009). Using
simulation models to evaluate population responses and control potential of different
management strategies can help managers identify which available management methods
can work within social and economic constraints to overcome the demographic

challenges presented by invasive species.
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selectivity obtained from the large mesh gear selectivity analysis and the left-most curve
is the 11" scenario. The baseline, fifth, and eleventh scenario are labeled. The shaded
region represents the adult age classes.
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region represents the 95% confidence interval of the logistic curve. The vertical lines
show the 95% confidence interval for each age’s selectivity beta distribution.
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Table S1. Breakdown of all simulated effort levels.
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Starting effort Ending effort Increment of increase Number of
metric metric between metrics effort levels
Historic mean Historic Historic maximum — 2

maximum historic mean
1.5x historic 10x historic 0.5x historic maximum 18
maximum maximum
11x historic 49x historic Historic maximum 39
maximum maximum
50x historic 100x historic 50x historic maximum 2
maximum maximum
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CHAPTER IV

CONCLUSIONS

Managers globally seek to mitigate the negative effects of invasive species
through population control (Green & Grosholz, 2021; Mack et al., 2000), as invasive
species represent one of the greatest threats to global biodiversity (Doherty et al., 2016;
Reid et al., 2005). However, the success of control efforts varies greatly and typically
requires a long-term, ecosystem-based approach (Myers et al., 2000; Simberloff, 2003).
Biological characteristics and density-dependent population processes often contribute to
population resilience and complicate control efforts (Grosholz et al., 2021; Zipkin et al.,
2009). In freshwater systems, the interconnectedness of waterways makes reintroductions
likely (Rytwinski et al., 2018), and the underwater nature of study subjects makes
detection difficult, further complicating control efforts. Although the Utah Lake common
carp (Cyprinus carpio; hereafter “carp”) control program likely got close to achieving the
target biomass in 2017, the population has since increased in part due to the selectivity of
removal gears and subsequent compensatory recruitment (Walsworth et al., 2020;
Walsworth et al., 2023). My research provides insights into the detection and capture of
these cryptic younger age classes and the determination of which age classes confer the
most benefit when targeted.

My work centered around the idea of influencing selectivity, the proportion of fish
at a given size that are captured with a removal gear (Millar & Fryer, 1999), via the
identification of fishing gears or methods that improve selectivity of cryptic age classes
and identifying which age classes confer the most benefit when their selectivity is

increased. Selectivity has long been discussed in commercial fisheries (e.g. Beverton &
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Holt, 1957; Hilborn & Walters, 1992), and researchers have urged for it to be included in

management frameworks because of the impact it can have on population demographics
and sustainable harvest (Vasilakopoulos et al., 2020). Selectivity can be impacted by the
physical characteristics of a fishing gear and the location or timing of fishing (Millar &
Fryer, 1999; Sampson & Scott, 2012), and I aimed to incorporate these dimensions into
my field study. Because there are a limited number of scenarios that can be tested in the
real world, I additionally used a simulation framework to evaluate the impact of gear
selectivity on control efficacy. By combining field data and simulation modeling, I was
able to address both the immediate need and long-term implications of selectivity on the
Utah Lake carp control program.

The first chapter of this thesis centered around a lake-wide field survey of 16
perimeter sites sampled between 2021 and 2023. The objectives of this field survey were
to 1) identify a gear that could target juvenile and small adult carp in Utah Lake and 2)
characterize the spatio-temporal distribution of juvenile and small adult carp in Utah
Lake. For my first objective, | was able to identify trap nets as the gear that could most
effectively target these cryptic age classes. However, trap net performance was still
limited, and it would be difficult to implement on the scale necessary to be impactful in
the control efforts. In regard to my second objective, I was able to identify temporal catch
patterns that align with the life-history characteristics of different age classes. While this
reinforces the idea that the different life history strategies of each age class must be
considered when developing harvest plans, my results were likely limited by low catch of
these cryptic age classes. Additional fieldwork may further elucidate spatio-temporal

patterns that could inform future control efforts. However, it is also important to consider
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which age classes of carp are important to target, as it may not be necessary to target all

age classes.

The second chapter of this thesis revolved around the development of a simulation
framework for evaluating the impact of selectivity on control efficacy. The objectives of
this chapter were to (1) assess how control efficacy improves with increased selectivity of
younger age classes and (2) identify the age-classes that provide the greatest control
benefit when targeted. I was able to show that small improvements in selectivity initially
resulted in drastic reductions in the amount of effort required to achieve control targets,
but that diminishing returns limited the effects of further improving selectivity. I
identified the importance of targeting all adult age classes and found that additionally
targeting juvenile age classes conferred minimal benefit. While I have not identified a
gear that exhibits improved selectivity, control efforts can focus on improving adult
selectivity, but do not necessarily need to worry about targeting all age classes. This can
additionally inform future field experiments, which may benefit from focusing on
identifying fishing methods that target these cryptic young adult age classes. I also found
that regardless of selectivity, the Utah Lake carp control program has historically fished
at a sustainable rate. This means that successfully controlling the Utah Lake carp
population likely requires both improving younger adult gear selectivity and increasing
the level of fishing effort.

Acknowledging that successful control likely requires great, sustained effort is an
important aspect of achieving invasive species control. Initial reports for the Utah Lake
carp control program provided a rough timeline that suggested the 75% target could be

achieved within five years and that once the target was achieved, the required harvest
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would be substantially decreased (SWCA, 2002, 2005, 2006). While my simulation

framework shows that this 75% reduction target does likely result in a smaller biomass of
fish being captured once the target is achieved, it also makes it clear that achieving and
sustaining this level of biomass requires greater effort than has ever been recorded in
Utah Lake. By incorporating sustainable harvest metrics traditionally used in commercial
fisheries management, I am able to provide insights into the long-term implications of
harvest management. Managers in Utah Lake and elsewhere have limited budgets in
order to achieve their management targets, and it is important to have a realistic idea of
the level of investment required for successful control.

As invasive species continue to proliferate and management programs struggle to
control invaders, it is critical that we evaluate the feasibility of management objectives. It
has long been acknowledged that eradication is a lofty, difficult goal to achieve (Myers et
al., 2000; Rejmanek & Pitcairn, 2002; Simberloff, 2003) and while control efforts are
often seen as more feasible, their success is uncertain and requires sustained effort
(Rytwinski et al., 2018; Yick et al., 2021). It is important to consider the implications of
life history, density dependence, and gear selectivity in feasibility assessments to avoid
investing in programs that are later deemed infeasible and abandoned. Scientific
management tools including annual monitoring, targeted field surveys, and simulation
modeling can be used together to help managers assess the likelihood of success earlier in
the management process. Evaluating the feasibility of management objectives is a critical
step in determining where investments will have the most impact and ultimately allows

managers to more efficiently allocate their limited resources.
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