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The spread of aquatic invasive species (AIS) poses a major threat to freshwater
biodiversity. Understanding the mechanisms regulating spread in invaded systems requires a
multi-scale approach, as regional dispersal can facilitate arrival while local processes ultimately
determine establishment and persistence. We used a dynamic multi-scale occupancy model to
test hypothesized factors limiting the spread of invasive bigheaded carps (bighead carp
Hypophthalmichthys nobilis and silver carp H. molitrix) in the Ohio River, USA. Across the
basin, invasion has slowed, with limited upstream colonization of either species between years.
However, once present, invasive carp populations tended to persist even in apparently low
numbers. Bighead carp models were relatively uninformative, due to the low number of
detections. On the local scale, silver carp exhibit clear habitat and flow preferences, where
populations persisted in low velocity tributary locations especially when flows are too high in the
main channel. We found evidence for decreasing detection of both species of invasive carp in
mid-reach and upstream pools, potentially because of lower abundance in these reaches. Our
results indicated that while invasive carp were able to disperse throughout a large range of the
Ohio River, upstream populations are likely sustained by immigration from established reaches
and spread is likely stalled because of limited population growth rates. Our results highlight the
need to focus management efforts on controlling source populations to reduce upstream
dispersal. Understanding multi-scale dynamics is critical for developing effective strategies to

contain invasive carp in the Ohio River and other systems.

Keywords: bigheaded carp, Ohio River, occupancy model, multi-scale, Bayesian

Introduction

The introduction of aquatic invasive species (AIS) has been identified as a major threat to

freshwater ecosystems around the world (Dudgeon et al. 2006; Reid et al. 2019). Once
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established, AIS will often spread throughout a system, impacting an increasing number of
native populations as their invaded range expands. Eradication of established AIS is often
impossible (Myers et al. 2000; Cucherousset and Olden 2011), so limiting their secondary spread
represents one of the most effective post-introduction management strategies for mitigating
large-scale impacts (Larson et al. 2011; Vander Zanden and Olden 2008). The secondary spread
of an invasive species can be simplified down into repeated dispersal and establishment events
(Davis 2009), therefore effective measures for limiting the spread of AIS requires understanding
factors regulating their distribution and establishment success within invaded systems (Vander
Zanden and Olden 2008; Glubzinski et al. 2021). Common factors limiting the spread of AIS
include system connectivity and dispersal ability (Havel et al. 2015), environmental
heterogeneity and resource availability (Weaver et al. 2012), and biotic interactions (Ricciardi
2001; Gu et al. 2023). However, the relative importance of these factors can vary greatly
depending on the spatial and temporal scales of interest (Hopkins 2009; Loo et al. 2009; Catford
and Downes 2010; Cabra-Rivas et al. 2016). Therefore, controlling the spread of AIS requires
understanding variables that facilitate or inhibit their persistence and establishment across

multiple spatial and temporal scales.

Environmental conditions limiting aquatic species distributions are known to vary according
to the studied spatial or temporal scale (Loo et al. 2009; Hopkins 2009; Cabra-Rivas et al. 2016;
Saez-Gomez et al. 2020). Environmental drivers of species distributions are thought to act in a
hierarchical fashion, with local-scale conditions often constrained by broader-scale gradients
(Poff 1997). In freshwater systems, AIS distributions have been shown to be constrained by both
regional (climate, flow regime, land-use) and local (water quality, habitat availability,

community assemblage) factors acting concurrently to limit their dispersal and establishment



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

success (Hopkins 2009; Loo et al. 2009; Saez-Gomez et al. 2020). Understanding these
hierarchical drivers not only informs on species distribution patterns, but can also be highly
informative for applied management efforts (Weaver et al. 2012). Whereas large-scale studies
can broadly inform potential range expansions of AIS (Pham et al. 2023), small-scale studies can
inform habitat-specific vulnerabilities, local establishment processes, and potential locations for
targeted management or removal efforts (Loo et al. 2009; Weaver et al. 2012; Havel et al. 2015).
A growing number of studies have stressed the importance of both regional and local processes
in regulating invasive species spread in terrestrial systems (Diez et al. 2009; Weaver et al. 2012;
Cabra-Rivas et al. 2016; Hedden et al. 2024), however fewer studies have explicitly adopted a
multi-scale framework to examine the spread of freshwater AIS (Loo et al. 2009; Sdez-Goémez et
al. 2020). Here, we use a multi-scale framework to address factors limiting the spread of invasive

carp (Hypophthalmichthys spp.) in the Ohio River basin, USA.

Silver (H. molitrix) and bighead carp (H. nobilis), collectively referred to as “bigheaded
carp”, are global invaders that were first imported to the United States in the 1970s to help
improve water quality at aquaculture and sewage treatment facilities (Kolar et al. 2005; Kelly et
al. 2011). However, both species escaped confinement and quickly established populations in the
Lower Mississippi River basin (Kolar et al. 2005; Kelly et al. 2011). Since the mid-1990s, both
species’ populations have rapidly dispersed, becoming established throughout the Mississippi
River basin and many of its major tributaries (Kocovsky et al. 2012). Silver and bighead carp are
large-bodied planktivores that have been shown to overlap in their diet with native mussels,
invertebrates, larval fishes, and other adult planktivorous fishes, potentially decreasing
abundances of native competitors and impacting the structure of native food webs (Kolar et al.

2005; Butler et al. 2019; Sass et al. 2014; Eggleton et al. 2024; Novak et al. 2024). Rivers in the
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Upper Mississippi River basin (e.g., Missouri, Des Moines, Illinois) have experienced a rapid
expansion of bigheaded carps with accompanying ecological impacts (Sampson et al. 2009; Sass
et al. 2014). However, their spread in the Ohio River basin, another major tributary, seems to
have stalled or is advancing much slower than in other regions. This presents an opportunity to
investigate how both landscape and local-scale factors may be acting to limit the expansion of
invasive carp in the Ohio River. Insights from this system may help identify mechanisms
constraining invasive carp establishment and be used to mitigate their dispersal in other invaded

basins in the future.

While extensive removal efforts are underway in well-established reaches of the Ohio River,
studies have shown that environmental factors may be acting concurrently to help constrain carp
presence and abundance in invaded basins (DeGrandchamp et al. 2008; Calkins et al. 2012;
Norman and Whitledge 2015). Both large-scale and local-scale invasive carp presence have been
attributed primarily to water flow and temperature (Peters et al. 2006; DeGrandchamp et al.
2008; Calkins et al. 2012; Coulter et al. 2016). On a larger spatial scale, invasive carp are known
to disperse in response to favorable spawning conditions in both their native (Chapman and
Hoover 2016), and invaded systems (Kolar et al. 2005; DeGrandchamp et al. 2008). Both silver
and bighead carp exhibit seasonal spawning migrations, where they disperse up to 130 km
upstream in response to flow and temperature cues (DeGrandchamp et al. 2008). These
migrations typically occur prior to spawning in mid-spring, when water temperatures are
increasing but still relatively cool (>17°C), and flows are beginning to rise (Kolar et al. 2005;
DeGrandchamp et al. 2008). Large-scale dispersal tends to decrease in summer months when
water temperatures peak (>26°C) and river flows begin to decrease (DeGrandchamp et al. 2008;

Coulter et al. 2016). Long distance dispersal events, such as the seasonal spawning migrations of



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

invasive carp in invaded systems (DeGrandchamp et al. 2008), are known to contribute to the

spread of AIS in novel systems (Wilson et al. 2009).

On smaller spatial scales, habitat selection becomes the dominant driver. Bigheaded carps
tend to favor low-velocity backwater and avoid the main channels except for spawning, which
typically occurs in spring and summer months before the peak of a high flow event, as flows
begin to increase (Peters et al. 2006; DeGrandchamp et al. 2008; Calkins et al. 2012). This is
likely because it is energetically expensive to occupy the main channel and food resources are
less available than in lower velocity backwater habitats (Calkins et al. 2012). However, if water
temperatures exceed carp optimal thermal ranges (>26°C), they may vacate shallower backwater
habitats and seek thermal refuge in other microhabitats such as deeper streams with higher flows
(DeGrandchamp et al. 2008). Invasive species spread across an invaded landscape can be
impeded if local-scale habitats are unsuitable for their establishment and persistence (With
2002). If conditions in the Ohio River are preventing their large-scale dispersal or local-scale
establishment success, especially in the leading edge of invasion, this could limit their continued

advancement upstream.

To better understand factors limiting invasive carp occurrence, we applied a multi-scale
framework to assess how environmental factors (flow, temperature, habitat) may be acting to
impact the spread of bighead and silver carps in the Ohio River across multiple scales. We used a
dynamic multi-scale occupancy model (Shepta et al. 2025) to investigate carp colonization and
persistence probabilities at three different spatial and temporal scales (annual large-scale, annual
small-scale, intra-annual small-scale) simultaneously. Large-scale models were meant to inform
on invasive carp distribution and dispersal ability in the Ohio River. We hypothesized that

persistence would be higher in downstream reaches and that large-scale colonization would be
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positively influenced by high spring flows increasing spawning migrations into upstream pools
but negatively influenced by both distance from the source of invasion (i.e., the Mississippi
River) and annual removal efforts within the basin. Annual small-scale models were meant to
inform on local-scale occurrence. At this scale we hypothesized that annual small-scale
persistence would be negatively associated with distance from the source of invasion, local
summer flows, elevated summer temperatures, and commercial harvest efforts while colonization
would be positively correlated with local flow conditions. Intra-annual models were meant to
inform on local-scale habitat use of invasive carp, where changes in local conditions may impact
invasive carp occupancy at this scale. We hypothesized that intra-annual persistence and
colonization may be influenced by daily changes in local-scale flow, temperature, and habitat
types. In combination with colonization and persistence estimates, inferences on bigheaded
carps’ detection probabilities can inform on relative abundance and status of invasive carp spread
in the Ohio River. Results from this study will provide insight into environmental constraints on
invasive carp distributions and provide guidance for designing targeted management strategies to

reduce their spread throughout invaded U.S. basins.

Methods

Study Area and Data Collection

The Ohio River is 981-miles long spanning from Pittsburg, Pennsylvania downstream to the
southern tip of Illinois where it joins the Mississippi River. It is highly impacted by
anthropogenic activities and has been modified from its natural, free-flowing state, into 20 lock
and dam pool units. Bighead and silver carp were first documented downstream, near the
confluence of the Mississippi River in 1981 and 1984 respectively and have since expanded their

invaded range upstream into the Ohio River basin (ICRCC 2022). Pools of the Ohio River can be
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categorized into a series of invasion fronts, which describe a gradient of potential carp
abundance, reproduction, and recruitment success. This gradient is tied to the distance from the
Mississippi River confluence. In order from furthest downstream to furthest upstream, we
classify these as establishment front, invasion front, presence front, and uninvaded (Fig. 1).
Abundance decreases continuously along this gradient. Recruitment success is thought to
decrease upstream of the establishment front and reproduction rates are thought to decrease

above the invasion front (MICRA 2021).

To investigate carp occurrence along this gradient, we obtained data from long-term
monitoring efforts of invasive carp collected by collaborating agencies (Ohio River Basin
Invasive Carp Partnership: U.S. Fish and Wildlife Service, West Virginia Division of Natural
Resources, Kentucky Department of Fish and Wildlife Resources, and Indiana Department of
Natural Resources) throughout the Ohio River and two of its major tributaries (Green River,
Kanawha River). Data for both species was collected annually from 2015 — 2023 across 16 pools
of the Ohio River basin. This included 11 pools on the mainstem Ohio River between JT Myers
and Hannibal L&D (establishment front = 4, invasion front = 2, presence front = 3, uninvaded =
2), three pools on the Green River (establishment front) downstream of Dam No. 3, and two
pools on the Kanawha River (presence front) downstream of Marmet L&D (Fig. 1). Nested
within each pool, biologists sampled a series of sites classified as either main channel (Ohio
River mainstem) or tributary sites (low velocity habitats including tributaries, backwaters, or
floodplain lakes). Agencies sampled between 1 — 84 sites per pool (475 total). Sites were
sampled across multiple years but also during multiple visits within the same sampling year.
Most of the sampling visits took place between April and October each year, however several

sampling events did occur as late as December in 2015, 2022, 2023, and as early as February in



181  2023. During each visit researchers collected replicate detection/non-detection data for both
182  species using a variety of sampling gears (electrofishing, gillnets, trawls, fyke nets) and

183  identified fish to species in the field.

184  Dynamic Multi-Scale Occupancy Model

185 We fit dynamic multi-scale occupancy models following Shepta et al. (2026) to

186  detection/non-detection data for invasive carp to investigate carp persistence and colonization
187  across three spatiotemporal scales: annual pool-level, annual site-level, and intra-annual site-
188  level. Model structure and implementation are detailed in Shepta et al. (2026) and are

189  summarized below. At each scale, we modeled initial occupancy, colonization, and persistence
190  probabilities as functions of environmental covariates, while also accounting for imperfect

191  detection. At the pool level, we assessed long-term patterns of upstream spread between years.

192 Occupancy for pool i in the first year was:

193 zi,1 ~ Bernoulli(yi,),
194 logit(yi1) = Pyo + Py1 * Xi.

195  Annual dynamics were governed by persistence (¢-1) and colonization (y.1) between years ¢:

196 ZilZi -1 ~ Bernoulli(Q; -1 * Zir-1 + Yir-1(1-2i1-1)),
197 logit(d)i,t-l) :ﬂfbo +ﬁ¢1 * Vit
198 logit(vir-1) = Byo + By1 * yir.

199  and annual pool-level parameters (i1, ¢is1, and y;~1) were modeled in response to both static
200  and annual pool-level covariates x; and y;.. At the site level j, nested within pools i, we examined
201  factors influencing the small-scale occurrence of carp. Site occupancy was conditional on pool-

202  level occupancy, where initial annual occupancy was modeled as:
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sij.1[zi,1 ~ Bernoulli(wy,1 * zi1),

logit(wi1) = Poio + for * Wi

Annual site-level colonization (A~1) and persistence (p.-1) between years ¢ were modeled as:

Sijt | Sij-1, zie ~ Bernoulli ((pijr-1 * sijs-1 + Nijr-1(1- 8i.1-1)) * Zit),

logit(p-1) = Bpio + o1 * Vijs,

logit(Aijr1) = Prio + Pra * Vie.
and annual site-level parameters (®;,1, pij~1, and A;~1) were modeled in response to static and
annual site-level covariates w;jand v;;.. At the site-level, we evaluated shorter-term changes in
occupancy across Vvisits v nested within a year 7. Occurrence during the first visit to site j in pool i

during year ¢ was modeled as:

ajjr,1/8i: ~ Bernoulli(Oye,1 * i),
logit(©jr,1) = Poio + Po1 * wi;.
Intra-annual site-level colonization (8,-1) and persistence (&,-1) between visits v within year ¢ were

modeled as:

Qjjnv |aijev-1, Sije ~ Bernoulli ((gj0,v-1 * @jjrv-11 Ojjey-1(1- @jjey-1)) * sije),
it(€gtv-1) = Peio + Per * Uy,
logit(gjey-1) = feio + a1 * 0y
logit(dijr,v-1) = Bsio + Ps1 * Wijn.
and intra-annual parameters (.1, €ii,v-1, Oirv-1) were modeled in response to static and intra-
annual site-level covariates w;; and u;j». We estimated detection probability p;n using a

Bernoulli observation model for each replicate detection/non-detection sample £ as:

Yijok | i ~ Bernoulli (pjok * )

logit(pijevk) = Bpo + Pp1 * Qijevk

10
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where detection probability was modeled in response to sample-level covariates g;nr. We also
derived annual finite sample pool-level (y™) and site-level (o™) occupancy. Unlike more
traditional occupancy estimates, finite sample equivalents of occupancy are estimated in a
Bayesian framework as a function of state-variables (i.e., zi and s;;;) that restrict the scope of
interest to the study area (Royle and Kéry 2007). Both pool-level occupancy (/™) and site-level
occupancy (o) calculated as averages within each invasion front to explore possible spatial

heterogeneity in carp occupancy across the gradient of invasion.
Variable Selection

Bigheaded carps occurrence is influenced by environmental cues such as changes in flow
and temperature, which trigger reproductive behaviors and reflect their underlying life history
strategies (Camacho et al. 2023a; Camacho et al. 2023b; Deters et al. 2013). Based on these
processes and their current distribution in the Ohio River, we included several covariates for
model parameters to test a priori hypotheses surrounding invasive carp spread (Table 1 & 2). At
the annual pool level, we included distance from the Mississippi River for initial occupancy (y1),
persistence (¢~1), and colonization (y~1), as the Mississippi River represents the invasion source
for carp in this system (Table 1 & 2). We also included average spring flow and annual harvest
rates in our model for colonization (Y1), because spring flows may trigger upstream movements
(DeGrandchamp et al. 2008) and removal efforts may lower density dependent upstream
dispersal. At the annual site level, we included distance from Mississippi for initial occupancy
(w1). We were also interested in differences in carp occurrence between habitat types within
pools (main channel versus tributary). Invasive carp are known to prefer low velocity habitats
except during spawning (i.e., rising edge of a peak flow event) (Calkins et al. 2012). For site-

level annual persistence (p~1), we included habitat type, average local-scale summer flow,
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average summer temperature, and annual harvest rates (Table 1 & 2). Local-scale flows and
temperature may impact habitat suitability, and harvest rates may lower local-scale persistence.
For site-level annual colonization (A1), we included habitat type, distance from source, average
local-scale spring flow, and annual harvest, given that carp may colonize new sites during or

following spring flow events, but colonization may decrease with harvest efforts (Table 1 & 2).

At the intra-annual site level, we included sampling season as a covariate for initial
occupancy (01), to examine seasonal patterns in occurrence. However, most sampling took place
during potential spawning seasons for invasive carp (Coulter et al. 2013), so seasonality was not
included in other intra-annual parameters. Within a year, carp tend to prefer low velocity
tributary sites with suitable water temperatures; however, they may move to colonize main
channel locations following a high flow event. For intra-annual persistence (¢,-1) we therefore
included flow and maximum water temperature the week prior to sampling, assuming carp tend
to persist in low velocity habitats, but may be absent for a site following a spike in water
temperature (Table 1 & 2). Intra-annual colonization (9,-1) reflects movement into previously
unoccupied sites and may depend on both current conditions and recent high flow events. We
therefore included both flow during sampling and maximum flow the week prior to sampling for
our colonization parameter (Table 1 & 2).We expected responses to local-scale environmental
variables to vary by habitat type, so we also included interactive effect of categorical habitat type
on both flow and temperature variables for annual and intra-annual site parameters (Table 2).
Finally, for detection probability we included distance from the Mississippi River (Table 1 & 2),
as abundance of both species and consequently detection probability may decline upstream

(Royle and Nichols 2003).

Environmental Data Collection and Model Fitting

12
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We collected information on daily flow values from the ORSANCO Ohio River HEC-RAS
Community Model (Brunner and CEIWR-HEC 2016), which projects daily flow (cfs) data for
~3000 points along the mainstem of the Ohio River and its major tributaries (Table 1). We
averaged daily pool-level flow from three different HEC-RAS points (below the upstream dam,
mid-pool, above the downstream dam) within each pool. Daily site-level flow information was
measured from the nearest upstream HEC-RAS point to each location. However, the HEC-RAS
model did not include flow estimates for smaller tributary streams. We collected additional flow
information for smaller streams from USGS stream gages. We used daily pool-level flows to
calculate average spring (April — June) and summer (July — September) flows, and daily site-
levels flows were used to calculate weekly site-level averages (Table 1). We obtained pool-level

water temperature (°C) from ORSANCO long-term monitoring (https://www.orsanco.org/data)

which provides daily temperature measurements in select locations from Monday through
Friday. We then included average summer temperature (July — September) for each pool in the
model. Local-scale measurements of water temperature were not available in the Ohio River. We
calculated distance from source for both pools and sites as the number of river kilometers
upstream of the Mississippi River (Table 1). For pools this distance was measured from the
downstream dam to the Mississippi River. Data on annual harvest rates of invasive carp (kg
removed per year) were provided by the Kentucky Department of Fish and Wildlife Resources
who conduct both agency-based and contracted commercial harvest removal efforts throughout
the Ohio River basin (Table 1). For analysis, we used the total amount (kg) of fish removed

across the entire basin within a given year.

Models were fit separately for each species using the ‘jags’ function in the jagsUI package

(Kellner and Meredith 2019) in R version 4.3.3. Each model was run using 3 Markov chain
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Monte Carlo (MCMC) chains in parallel, discarding the initial 60,000 as burn-in, and thinning by
30, yielding a total of 243,999 MCMC draws across all chains. All model parameters were
assigned Normal priors with mean 0 and variance 1 (i.e., ; ~ Normal(0,1)) to reflect weakly
informative priors for regression coefficients (Northrup and Gerber 2018). Chains were run until
the Brooks-Gelman-Rubin convergence diagnostic indicated adequate convergence (R > 1.1,
Gelman et al. 2021). Convergence and adequate burn-in were also confirmed visually by
inspection of trace plots. To focus on estimating the relative effects of covariates within a single
hierarchical framework we specified a full model informed by prior ecological understanding
and hypotheses (Table 1 & 2). Model parameters were considered influential if their 95%
credible intervals did not overlap 0. To further evaluate model fit, we used predictive model
checking with Bayesian p-values to assess the goodness of fit of our model for each species
(Gelman et al. 1996, Kéry and Royle 2016). A model is considered excellent fitting with
Bayesian p-values close to 0.5, and poor fitting with more extreme values (e.g., 0.05 or 0.95).
We used the Freeman-Tukey statistics as our test statistic (Kéry and Royle 2016), and estimated

Bayesian p-values for our models for each species.
Results

Biologists conducted 2914 detection/non-detection surveys for invasive carp during 1911
sampling visits across the 9-year study period resulting in 829 detections of silver carp and 24
detections of bighead carp. Models for both species appeared to have adequate fit to the observed
data (silver carp Bayesian p = 0.62, bighead carp Bayesian p = 0.56). Due to the low number of
detections, parameter estimates for bighead carp models were highly uncertain, with 95%
credible intervals often spanning nearly the entire probability scale (0—1). None of our predictor

variables (distance from source, harvest rates, flow) were informative in the models for initial
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occupancy (Y1), persistence (¢1) or colonization (y1) at the annual pool scale for either species
(See Table S1 & S2). Posterior distributions for the model intercepts indicate high baseline
probabilities of annual pool-level persistence for both species (silver carp: ¢.1=0.93, 95% CI
[0.75, 0.98]; bighead carp: ¢~1=0.73,95% CI[0.31, 0.95]), while estimates of baseline
colonization probabilities were highly uncertain (silver carp: y.~1=0.72, 95% CI [0.22, 0.96];
bighead carp: y..1 = 0.54, 95% CI [0.10, 0.94]). Pool-level annual occupancy estimates (y™) for
bighead carp showed no clear trend over time (see Fig. S1). For silver carp, pool-level occupancy
each year (y™) was generally high with variation in different invasion fronts (Fig. 2). In the
establishment front y™ was nearly 1.0 every year. In the invasion front ™ started as low as
0.11 (95% CI [0.00, 0.50]) in 2015 increasing to y™ = 1.0 in 2016, and stay at 1.0 in 2017,
2018, 2022, and 2023 (Fig. 3B). In the presence front, y™ ranged between 0.26 (95% CI [0.00,
1.00]) and 0.88 (95% CI [0.67, 1.00]), with no clear pattern of increasing over time (Fig. 3C).
The uninvaded front was only sampled in 2022 and 2023 and estimates for both years were

highly uncertain (Fig. 3D).

Mean annual site-level occupancy (o,™) was lower than pool-level estimates for both
species (Fig. 3), implying that carp occurrence within pools was spatially heterogenous.
Estimates for bighead carp were uncertain and no predictor variables were correlated with initial
occupancy (o1, O1), persistence (px-1, €-1), or colonization (A1, d,-1) either annually or intra-
annually (see Table S1, Fig. S1 & S2). Silver carp site-level occupancy (o/™) remained high in
the establishment front and appeared to be increasing annually in the invasion front from 0.02
(95% C1]0.00,0.16]) in 2015 to 0.67 (95% CI[0.48,0.86]) in 2023 (Fig. 3A & B). However, in the
presence and uninvaded fronts, site-level occupancy was consistently low and did not appear to

be increasing over time (Fig. 3D & C). Silver carp site-level persistence varied in response to
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habitat and flow variables (Fig. 4). Initial annual occupancy (w1) of silver carp significantly
decreased with increasing distance from the Mississippi River (See Table S2). Annual site-level
persistence was higher for silver carp in tributary sites (p~1 = 0.97, 95% CI [0.92,0.99], B, = 2.36,
95% CI[1.59, 3.35]) than in main channel sites (p~1 = 0.66, 95% CI1[0.47, 0.86], By = -2.70, 95%
CI[-4.04, -1.35]) (Fig. 4A). However, there was no effect of flow, temperature, or harvest rates
on persistence of silver carp at this scale (See Table S2). Silver carp intra-annual persistence also
varied between habitat types, with a significant interaction between habitat and flow (Fig. 4B &
4C). Mean intra-annual persistence (&,-1) in tributary sites was high (&,-1=0.863, 95% CI [0.76,
0.95]) and tended to increase with increasing flow (B = 0.73, 95% CI [0.03, 1.60], however
persistence was lower in main channel sites (g,-1 = 0.75, 95% CI [0.52, 0.96]) and decreased with
increasing flow (Be =-1.53, 95% CI [-2.90, -0.32]; Fig. 4B & 4C). Despite increasing annual
occupancy (o) in the invasion front, silver carp site-level colonization probabilities (Ar1, &y-1)
were not significantly associated with habitat, flow, or harvest predictors, and intercept estimates
overlapped zero (Bio = 0.32, 95% CI [-1.85,2.86], Bso = -0.69, 95% CI [-3.22,2.07]; See Table
S2). Additionally, posterior estimates for all colonization variables had 95% CI that overlapped

0.5, meaning they were not considered informative (See Table S1 & S2).

In the detection model, intercept estimates indicated moderate detection probability for
silver carp (p = 0.42, 95% CI[0.32, 0.49]) and very low detection for bighead carp (p = 0.05,
95% CI1[0.02, 0.12]). For both species, detection significantly decreased with increasing distance
from the Mississippi River (silver carp: B, =-1.55, 95% CI [-1.96, -1.14], bighead carp: B, = -
0.80, 95% CI [-1.77, -0.15]; Fig. 5). For silver carp, detection probability was high in
downstream reaches, estimated at around 0.87 in downstream pools (JT Myers ~217 km

upstream) but then dropped to 0.5 in Markland Pool (~724 km upstream) (Fig. 5A). Upstream
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reaches (Willow Island ~1318 km upstream) had the lowest predicted detection probability for

silver carp, reaching as low as 0.09 (Fig. 5A). For bighead carp, the mean detection probability
was 0.17 in downstream pools (JT Myers ~217 km upstream) but dropped to 0.10 in Newburgh
Pool (~391 km upstream) (Fig. 5B). In the furthest upstream reaches (Willow Island ~1318 km

upstream) mean bighead carp detection probability was as low as 0.01 (Fig. 5B).

Discussion

Understanding and predicting the secondary spread of AIS is enhanced through a multi-
scale investigation of environmental drivers influencing species distributions (Weaver et al.
2012; Hedden et al. 2024). Here, we utilized a multi-scale approach to investigate regional and
local-scale trends in invasive carp spread. The spread of invasive carp in the Ohio River appears
to be happening slowly, with relative abundance decreasing upstream along the invasion gradient
and limited recruitment success above Cannelton pool (MICRA 2021). Assuming detection
probability is related to abundance (Royle and Nichols 2003), our findings are consistent with
previous research indicating that abundance (i.e., detection probability) of silver carp is lower in
upstream reaches. Detection probability of bighead carp was extremely low throughout the basin
(19 total detections), which can influence parameter certainty in occupancy models, making
trends difficult to determine (McKann et al. 2013). Consequently, below we focus primarily on

trends in silver carp occurrence in the Ohio River.

On a large scale, pool-level trends suggest that silver carp have relatively high annual
persistence in the establishment and invasion fronts, meaning that once introduced into these
pools, populations tended to persist. However, given lack of clear trends in finite sample
occupancy probability in the presence front, colonization into upstream pools appears to be

happening either infrequently or not at all between sampling years. This suggests that silver carp
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386  invasion may not be progressing or progressing very slowly into upstream pools. At the site
387 level, silver carp persistence was consistently high, whereas colonization was estimated with
388  considerable uncertainty. While high pool-level occurrence suggests that silver carp have

389  dispersed throughout a large range of the Ohio River, site-level occurrence varied substantially
390 between fronts. Increases in site-level occupancy may indicate potential population growth,
391  assuming that as population size increases so does the number of occupied sites within a given
392 pool. Site-level occupancy trends may therefore suggest that population growth may be

393  happening slowly (i.e., invasion front) or not at all (i.e., presence front) further upstream,

394  potentially slowing the progress of silver carp spread in this basin.

395  Pool-Level Trends

396 In our study, pool-level trends were meant to inform on annual range expansion of

397 invasive carp in the Ohio River. The spread of invasive species can be thought of as a series of
398  dispersal and establishment events, where spread can be slowed if a species is unable to disperse
399  into new areas or unable to successfully establish populations after dispersal (Davis 2009). For
400  silver carp, previous research hypothesized that dams may limit their dispersal into upstream
401  pools (Chapman and Hoover 2016), thus slowing their spread in the Ohio River. However,

402  individual carp have been detected as far upstream as West Viginia (ICRCC 2022), indicating
403  that dams are incomplete barriers to dispersal as observed in other systems (Coulter et al. 2018).
404  Our results also indicate that invasive carp are present throughout a large range of the Ohio

405  River, with high point-estimates (>50%) for pool-level occupancy in the establishment, invasion,
406  and presence fronts each year. Although silver carp detection probability and potential relative
407  abundance likely decline upstream, especially within the presence front (MICRA 2021). While

408  barriers such as dams have the potential to impact dispersal ability, the dispersal of invasive
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species is often also density dependent. Where populations exhibiting high growth rates and high
densities can act as sources from which individuals are dispersing, thereby increasing
colonization probability into other uninvaded areas (Neubert and Parker 2004; Altwegg et al.
2013). While individual silver carp are able to pass through dams, their spread may be
constrained by population growth rates (i.e., establishment success) rather than by dispersal

ability alone.

While we did not measure population growth rates in this study, pools in the invasion and
presence fronts are not known to have high adult abundances or frequent annual reproduction
and recruitment (MICRA 2021; ICRCC 2022). Although adult bigheaded carps were present in
these fronts throughout the study, this lack of natural recruitment and potential lower relative
abundances may indicate that these pools are sink populations, sustained by immigration from
the downstream pools (Bogich and Shea 2008). Similar results were reported in the upper Illinois
River, where upstream reaches had low adult densities and no evidence of recruitment (Kallis et
al. 2023). Metapopulation analysis revealed that invasive carp abundance in upstream pools was
therefore primarily sustained by immigration from the lower Illinois River (Coulter et al. 2018;
Kallis et al. 2023). Similar dynamics may be occurring in the Ohio River, with populations in the
invasion and presence fronts sustained through immigration from establishment front. Spread in
this basin may be influenced by factors limiting establishment and population growth at the

leading edge of invasion (Davis 2009).

Site-Level Trends

At the site-level, our results showed that silver carp exhibited clear habitat preferences,
with significantly lower annual and intra-annual persistence probabilities at sites located in the

main channel compared to tributary sites. This pattern is consistent with their known preference
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for low-velocity habitats such as tributary streams or backwaters, where they exhibit moderate
site fidelity and strong habitat selectivity (DeGrandchamp et al. 2008; Calkins et al. 2012;
Chapman and Hoover 2016; Waters et al. 2017). We found that silver carp exhibited lower intra-
annual persistence at main channel sites during extreme flows, which is consistent with previous
research suggesting that they may use the main channel on the rising limb of the hydrograph, but
seek refuge in tributary locations if flows are too high (Calkins et al. 2012). This is likely
because their spawning behaviors are correlated with rising flow (Kolar et al. 2005), but it is
energetically costly to occupy the main channel except during spawning events (Calkins et al.
2012). Although silver carp can persist at tributary sites throughout the system, site-level

colonization parameters had high uncertainty in our models.

Trends in site-level occupancy differed between fronts. In the establishment front, there
was high annual site-level occupancy, indicating that most sites had adult carp every year.
Annual site-level occupancy was also increasing consistently in the invasion front, likely
reflecting a combination of high site-level persistence and occasional colonization of new sites.
This increase in annual site-level occupancy may reflect a potential increase in abundance of
silver carp in the invasion front (Royle and Nichols 2003). Frequent natural recruitment has not
been observed upstream of the establishment front (MICRA 2021); however, population growth
can also be influenced by immigration for neighboring patches (Altwegg et al. 2013) . If
populations in the establishment front reach high enough densities, this may result in more
frequent density-dependent dispersal into the invasion front. In a metapopulation framework,
high levels of immigration from neighboring patches are known to contribute to local population
growth rates (Altwegg et al. 2013). This suggests that frequent immigration from the

establishment front may be contributing to the continued spread of silver carp in the invasion
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front, considering evidence of natural recruitment is sparse in this section of river (MICRA
2021). Future research should seek to better estimate the relative abundance of silver carp and
the potential for inter-pool immigration, especially in the invasion front where populations

appear to be consistently growing over time.

Unlike the invasion front, within the presence front, we did not see increasing site-level
occupancy through time. While we consistently observed adult silver carp in this section of river,
point-estimates for site-level occupancy in the presence front remained low (<25%). Populations
of silver carp are likely persisting in the presence front; however, low site-level occupancy
coupled with low detection probabilities indicate that silver carp relative abundance remained
low in this section of river throughout our study (Royle and Nichols 2003). Like the invasion
front, frequent reproduction and recruitment are not known to occur in presence front (MICRA
2021). Unlike the invasion front, propagule pressure from downstream neighboring pools is
likely not yet high enough to increase population growth rates in the presence front. Combined
with large-scale trends, these findings suggest that pools in the presence front may currently lack
the sustained population growth that would be expected to facilitate their continued expansion
into uninvaded reaches of the Ohio River. However, it is unclear how long this trend will
continue if populations in the invasion front continue to increase. Clarifying the relative roles of
immigration versus local recruitment on silver carp populations in the Ohio River is therefore

critical for better understanding factors constraining their spread in this basin.

Management Implications and Conclusions

At large scales, persistence in upstream pools, especially within the invasion front, is
likely sustained by immigration from downstream locations. Our results are consistent with the

importance of continuing existing management efforts, especially harvest, concentrated at the
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leading edge between the establishment and invasion fronts. Reducing immigration from
established populations may be key to controlling their continued spread if populations in the
Ohio River are sustained through source-sink dynamics, as have been observed in other systems
(Mari et al. 2014). While dams may slow dispersal, they are incomplete barriers (Coulter et al.
2018), and invasive carp are present throughout much of the basin, indicating that dispersal
limitation alone cannot completely prevent upstream spread. Invasive carp spread may be
mitigated by reducing population sizes in source pools (i.e., the establishment front) (Bogich and
Shea 2008). Although extensive removal efforts are underway below the invasion front, we did
not find a correlation between these removal efforts and colonization or persistence at any scale,
and it remains unclear what level of effort is needed to meaningfully disrupt these large-scale
metapopulation dynamics (Tsehaye et al. 2013). High uncertainty in site-level colonization
estimates may reflect substantial heterogeneity in tributary habitat availability and suitability,
with only a subset of sites likely contributing disproportionately to persistence and spread.
Small-scale annual and intra-annual persistence remained high, especially in low-velocity
tributaries. Future removal efforts may benefit from focusing on these habitats when prioritizing
management locations, both to improve the efficiency of targeted harvest and to better resolve
local-scale population processes. Further research is needed to evaluate how removal strategies
interact with local population processes and to determine whether additional approaches are

required to prevent further upstream expansion of invasive carp.

Our multi-scale modeling framework allowed us to disentangle complex invasion
dynamics of invasive carp in the Ohio River by separating patterns of range expansion and site
usage across spatial and temporal scales. This approach revealed that while carp may be able to

disperse and persist throughout much of the Ohio River basin, their detection probability and
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site-level occupancy drastically decrease in upstream pools. This indicates that, while carp are
capable of dispersing further upstream, they are more likely limited by factors influencing their
population growth rates in this basin. If populations are increasing at sites within the invasion
front, this suggests that silver carp may continue to expand their invaded range upstream in the
Ohio River. By integrating pool-level occupancy, site-level persistence, intra-annual occurrence
patterns, and detection-based assumptions on relative abundance, our analysis provides an
improved understanding of carp spread dynamics that might have been obscured under more
traditional, single-scale approaches (Loo et al. 2009). Incorporating scale-appropriate dynamics
is therefore critical for accurately interpreting invasion patterns and informing management

decisions in large, regulated river systems.

Statements & Declarations

Acknowledgements We thank our collaborating state (WVDNR, KDFWR, INDNR) and federal
(USFWS, USGS) partners for their hard work collecting data for this study. We would like to
acknowledge Andrew Stump, Craig Jansen, Katie Zipfel, Mark Rogers, Andrew Peters, Tyler
Gross, Garret Johnson, Neal Jackson, and Ben Marcek for their field assistance and coordination
in collecting data. We would also like to thank the reviewers for their time and constructive

feedback on this manuscript.

Funding This work was provided by USGS award G22AP00024 (BAM and CCA), USFWS
award F24AP00729 and F24AP03205 (BAM and CTR), and US Department of Agriculture,

Mclntire Stennis project under 1026001 (BAM), 1026124 (CCA), and WVA00818 (CTR).

Competing Interests The authors have no relevant financial or non-financial interests to

disclose.

23



523

524

525

526

527

528
529
530

531
532

533
534
535

536
537
538

539
540
541

542
543
544

545
546
547

548
549
550

551
552
553

554
555
556
557

Author Contributions All authors contributed to the study conception and design. Data
collection was performed by JH and MW. Data analysis was performed by ES, BAM, CCA, and
CTR. The first draft of the manuscript was written by ES and all authors commented on previous

versions of the manuscript. All authors read and approved of the final manuscript.

Literature Cited

Altwegg R, Collingham YC, Erni B, Huntley B (2013) Density-dependent dispersal and the
speed of range expansions. Diversity and Distributions 19(1):60-68.
https://doi.org/10.1111/].1472-4642.2012.00943 .x

Bogich T, Shea K (2008) A state-dependent model for the optimal management of an invasive
metapopulation. Ecological Applications 18(3):748-61. https://doi.org/10.1890/07-0642.1

Brunner GW, MS CEIWR-HEC (2016) HEC-RAS river analysis system: user manual 1D and
2D version 5.0. US Army Corps of Engineers, no. February:1-790.
www.hec.usace.army.mil

Butler SE, Porreca AP, Collins SF, Freedman JA, Parkos JJ, Diana MJ, Wahl DH (2019) Does
fish herding enhance catch rates and detection of invasive bigheaded carp? Biological
Invasions 21(3):775-85. https://doi.org/10.1007/s10530-018-1857-2

Cabra-Rivas I, Saldafia A, Castro-Diez P, Gallien L (2016) A multi-scale approach to identify
invasion drivers and invaders’ future dynamics. Biological Invasions 18(2):411-26.
https://doi.org/10.1007/s10530-015-1015-z

Calkins HA, Tripp SJ, Garvey JE (2012) Linking silver carp habitat selection to flow and
phytoplankton in the Mississippi River. Biological Invasions 14(5):949-58.
https://doi.org/10.1007/s10530-011-0128-2

Camacho CA, Sullivan CJ, Weber MJ, Pierce CL (2023a) Invasive carp reproduction phenology
in tributaries of the upper Mississippi River. North American Journal of Fisheries
Management 43(1):61-80. https://doi.org/10.1002/nafm.10499

Camacho CA, Sullivan CJ, Weber MJ, Pierce CL (2023b) Suitability of an upper Mississippi
River tributary for invasive carp reproduction. North American Journal of Fisheries
Management 43(1):12-24. https://doi.org/10.1002/nafm.10551

Catford JA, Downes BJ (2010) Using multi-scale species distribution data to infer drivers of
biological invasion in riparian wetlands. Diversity and Distributions 16(1):20-32.
https://doi.org/10.1111/].1472-4642.2009.00631.x

Chapman DC, Hoover JJ (2016) Bigheaded carps of the Yangtze and Mississippi rivers. Fishery
resources, environment, and conservation in the Mississippi and Yangtze (Changjiang) river
basins. Bethesda, MD: American Fisheries Society (2016):113-126.
https://doi.org/10.47886/9781934874448.fmatter

24


https://doi.org/10.1111/j.1472-4642.2012.00943.x
https://doi.org/10.1890/07-0642.1
http://www.hec.usace.army.mil/
https://doi.org/10.1007/s10530-018-1857-2
https://doi.org/10.1007/s10530-015-1015-z
https://doi.org/10.1007/s10530-011-0128-2
https://doi.org/10.1002/nafm.10499
https://doi.org/10.1002/nafm.10551
https://doi.org/10.1111/j.1472-4642.2009.00631.x
https://doi.org/10.47886/9781934874448.fmatter

558
559
560

561
562
563

564
565
566

567
568

569

570
571
572

573
574
575

576
577
578
579

580
581
582

583
584
585

586
587

588
589

590
591
592

593
594
595

Coulter AA, Keller D, Amberg JJ, Bailey EJ, Goforth RR (2013) Phenotypic plasticity in the
spawning traits of bigheaded carp (Hypophthalmichthys spp.) in novel ecosystems.
Freshwater Biology 58:1029-1037. https://doi.org/10.1111/fwb.12106

Coulter AA, Bailey EJ, Keller D, Goforth RR (2016) Invasive silver carp movement patterns in
the predominantly free-flowing Wabash River (Indiana, USA). Biological Invasions
18(2):471-85. https://doi.org/10.1007/s10530-015-1020-2

Coulter AA, Brey MK, Lubejko M et al (2018) Multistate models of bigheaded carps in the
Illinois River reveal spatial dynamics of invasive species. Biological Invasions
20(11):3255-3270. https://doi.org/10.1007/s10530-018-1772-6

Cucherousset J, Olden JD (2011) Ecological impacts of non-native freshwater fishes. Fisheries
36(5):215-230. https://doi.org/10.1080/03632415.2011.574578

Davis MA (2009) Invasion biology. Oxford University Press.

DeGrandchamp KL, Garvey JE, Colombo RE (2008) Movement and habitat selection by
invasive asian carps in a large river. Transactions of the American Fisheries Society
137(1):45-56. https://doi.org/10.1577/t06-116.1

Deters JE, Chapman DC, McElroy B (2013) Location and timing of asian carp spawning in the
lower Missouri River. Environmental Biology of Fishes 96(5):617-629.
https://doi.org/10.1007/s10641-012-0052-z

Diez JM, Buckley HL, Case BS, Harsch MA, Sciligo AR, Wangen SR, Duncan RP (2009)
Interacting effects of management and environmental variability at multiple scales on
invasive species distributions. Journal of Applied Ecology 46(6):1210-1218.
https://doi.org/10.1111/§.1365-2664.2009.01725.x

Dudgeon D, Arthington AH, Gessner MO et al (2006) Freshwater biodiversity: importance,

threats, status and conservation challenges. Biological Reviews 81(2):163-182.
https://doi.org/10.1017/S1464793105006950

Eggleton MA, Salzmann CJ, Kaiser JE, Smith SCF (2024) Comparisons of oxbow lake fish
assemblages in relation to bigheaded carp establishment in the lower White River,
Arkansas. Ecological Processes 13(1):14. https://doi.org/10.1186/s13717-024-00494-9

Gelman A, Carlin JB, Stern HS, Dunson DB, Vehtari A, Rubin DB (2021) Bayesian data
analysis. Chapman and Hall/CRC.

Gelman A, Meng XL, Stern HS (1996) Posterior predictive assessment of model fitness via
realized discrepancies. Statistica Sinica 6(4):733-807.

Glubzinski MA, Coulter DP, Whitledge GW (2021) Environmental factors associated with silver
carp presence and relative abundance near an invasion front to inform removal efforts.
Hydrobiologia 848(15):3571-3585. https://doi.org/10.1007/s10750-021-04612-y

Gu D, Jia T, Wei H et al (2023) Biotic resistance to fish invasions in southern China: evidence
from biomass, habitat, and fertility limitation. Ecological Applications 33(8):e2819.
https://doi.org/10.1002/eap.2819

25


https://doi.org/10.1111/fwb.12106
https://doi.org/10.1007/s10530-015-1020-2
https://doi.org/10.1007/s10530-018-1772-6
https://doi.org/10.1080/03632415.2011.574578
https://doi.org/10.1577/t06-116.1
https://doi.org/10.1007/s10641-012-0052-z
https://doi.org/10.1111/j.1365-2664.2009.01725.x
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1186/s13717-024-00494-9
https://doi.org/10.1007/s10750-021-04612-y
https://doi.org/10.1002/eap.2819

596
597
598

599
600
601
602

603
604
605

606
607

608
609
610
611

612
613

614
615
616

617
618
619

620
621
622

623
624
625

626
627
628
629

630
631
632

633
634
635

Havel JE, Kovalenko KE, Thomaz SM, Amalfitano S, Kats LB (2015) Aquatic invasive species:
challenges for the future. Hydrobiologia 750(1):147-170. https://doi.org/10.1007/s10750-
014-2166-0

Hedden C, Hedden S, Gido K, Cameron AC, Propst D, Stewart W (2024) Multiscale analysis
predicts native species presence based on habitat and nonnative species abundance.
Transactions of the American Fisheries Society 153(2):234-249.
https://doi.org/10.1002/tafs.10458

Hopkins RL (2009) Use of landscape pattern metrics and multiscale data in aquatic species
distribution models: a case study of a freshwater mussel. Landscape Ecology 24(7):943-
955. https://doi.org/10.1007/s10980-009-9373-5

ICRCC (2022) Invasive carp action plan for fiscal year 2022. Technical Report, Invasive Carp
Regional Corrdinating Committee.

Kallis J, Erickson R, Coulter DP et al (2023) Incorporating metapopulation dynamics to inform
invasive species management: evaluating bighead and silver carp control strategies in the
Illinois River. Journal of Applied Ecology 60(9):1841-1853. https://doi.org/10.1111/1365-
2664.14466

Kellner K, Meredith M (2019) Package ‘jagsUI’ a wrapper around 'rjags' to streamline 'JAGS'
analyses. R Package Version, 1(1).

Kelly AM, Armstrong ML, Freeze M, Mitchell AJ, Dupree HK (2011) History of introductions
and governmental involvement in promoting the use of grass, silver, and bighead carps.
American Fisheries Society Symposium vol 74

Kéry M, Royle JA (2016) Applied hierarchical modeling in ecology: Analysis of dsitribution,
abundance and species richness in R and BUGS: Volume 1: prelude and static models.
Academic Press.

Kocovsky PM, Chapman DC, McKenna JE (2012) Thermal and hydrologic suitability of lake
Erie and its major tributaries for spawning of asian carps. Journal of Great Lakes Research
38(1):159-166. https://doi.org/10.1016/1.jglr.2011.11.015

Kolar CS, Chapman DC, Courtenay WR, Housel CM, Williams JD (2005.) Asian carps of the
genus Hypophthalmichthys (Pisces, Cyprinidae) - a biological synopsis and environmental
risk assessment. https://digitalcommons.unl.edu/

Larson DL, Phillips-Mao L, Quiram G, Sharpe L, Stark R, Sugita S, Weiler A (2011) A
framework for sustainable invasive species management: environmental, social, and
economic objectives. Journal of Environmental Management 92(1):14-22.
https://doi.org/10.1016/].jenvman.2010.08.025

Loo SE, Nally RM, O’Dowd DJ, Thomson JR, Lake PS (2009) Multiple scale analysis of factors
influencing the distribution of an invasive aquatic grass. Biological Invasions 11(8):1903-
1912. https://doi.org/10.1007/s10530-008-9368-1

Mari L, Casagrandi R, Bertuzzo E, Rinaldo A, Gatto M (2014) Metapopulation persistence and
species spread in river networks. Ecology Letters 17(4):426-434.
https://doi.org/10.1111/ele.12242

26


https://doi.org/10.1007/s10750-014-2166-0
https://doi.org/10.1007/s10750-014-2166-0
https://doi.org/10.1002/tafs.10458
https://doi.org/10.1007/s10980-009-9373-5
https://doi.org/10.1111/1365-2664.14466
https://doi.org/10.1111/1365-2664.14466
https://doi.org/10.1016/j.jglr.2011.11.015
https://digitalcommons.unl.edu/
https://doi.org/10.1016/j.jenvman.2010.08.025
https://doi.org/10.1007/s10530-008-9368-1
https://doi.org/10.1111/ele.12242

636
637

638
639

640
641
642

643
644

645
646
647

648
649

650
651

652
653
654

655
656

657
658
659

660
661
662

663
664
665

666
667
668

669
670

671
672
673

McKann PC, Gray BR, Thogmartin WE (2013) Small sample bias in dynamic occupancy
models. Journal of Wildlife Management 77(1):172-180. https://doi.org/10.1002/jwmg.433

MICRA (2021) Control and containment of invasive carp in the Ohio River. Technical Report,
Mississippi Interstate Cooperative Resource Association.

Myers JH, Simberloff D, Kuris AM, Carey JR (2000) Eradication revisited: dealing with exotic
species. Trends in Ecology and Evolution 15(8):316-320. https://doi.org/10.1016/s0169-
5347(00)01914-5

Neubert MG, Parker IM (2004) Projecting rates of spread for invasive species. Risk Analysis
24(4):817-831. https://doi.org/10.1111/.0272-4332.2004.00481 .x

Norman JD, Whitledge GW (2015) Recruitment sources of invasive bighead carp
(Hypopthalmichthys nobilis) and Silver Carp (H. molitrix) inhabiting the Illinois River.
Biological Invasions 17(10):2999-3014. https://doi.org/10.1007/s10530-015-0929-9

Northrup JM, Gerber BD (2018) A comment on priors for Bayesian occupancy models. PLoS
ONE 13(2):¢0192819. https://doi.org/10.1371/journal.pone.0192819

Novak B, Murry BA, Wesner JS et al (2024) Threshold responses of freshwater fish community
size spectra to invasive species. Ecosphere 15(12):1-15. https://doi.org/10.1002/ecs2.70090

Peters LM, Pegg MA, Reinhardt UG (2006) Movements of adult radio-tagged bighead carp in
the Illinois River. Transactions of the American Fisheries Society 135(5):1205-1212.
https://doi.org/10.1577/t05-162.1

Pham A, Geard N, Baker CM (2023) Multiscale modelling of invasive species control: the cane
toad in Australia. bioRxiv 2022-12. https://doi.org/10.1101/2022.12.07.518288

Poff NL (1997) Landscape filters and species traits: towards mechanistic understanding and

prediction in stream ecology. Journal of the North American Benthological Society
16(2):391-409. https://doi.org/10.2307/1468026

Reid AJ, Carlson AK, Creed IF et al (2019) Emerging threats and persistent conservation
challenges for freshwater biodiversity. Biological Reviews 94(3):849-873.
https://doi.org/10.1111/brv.12480

b

Ricciardi A (2001) Facilitative interactions among aquatic invaders: is an ‘invasional meltdown
occurring in the great lakes? Canadian Journal of Fisheries and Aquatic Sciences
58(12):2513-2525. https://doi.org/10.1139/cjfas-58-12-2513

Royle JA, Nichols JD (2003) Estimating abundance from repeated presence-absence data or
point counts. Ecology 84(3):777-790. https://doi.org/10.1890/0012-
9658(2003)084[0777:EAFRPA]2.0.CO;2.

Royle JA, Kéry M (2007) A Bayesian state-space formulation of dynamic occupancy models.
Ecology 88(7):1813-1823. https://doi.org/10.1890/06-0669.1

Saez-Gomez P, Ramos-Merchante A, Prenda J (2020) Multiscale effects on freshwater fish
distribution in a highly disturbed mediterranean-type basin: community-level and species-
level responses. Aquatic Ecology 54(3):869-887. https://doi.org/10.1007/s10452-020-

27


https://doi.org/10.1002/jwmg.433
https://doi.org/10.1016/s0169-5347(00)01914-5
https://doi.org/10.1016/s0169-5347(00)01914-5
https://doi.org/10.1111/j.0272-4332.2004.00481.x
https://doi.org/10.1007/s10530-015-0929-9
https://doi.org/10.1371/journal.pone.0192819
https://doi.org/10.1002/ecs2.70090
https://doi.org/10.1577/t05-162.1
https://doi.org/10.1101/2022.12.07.518288
https://doi.org/10.2307/1468026
https://doi.org/10.1111/brv.12480
https://doi.org/10.1139/cjfas-58-12-2513
https://doi.org/10.1890/0012-9658(2003)084%5b0777:EAFRPA%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084%5b0777:EAFRPA%5d2.0.CO;2
https://doi.org/10.1890/06-0669.1
https://doi.org/10.1007/s10452-020-09783-9

674

675
676
677

678
679
680
681

682
683
684

685
686
687

688
689
690
691

692
693
694

695
696
697

698
699

700
701
702

09783-9

Sampson SJ, Chick JH, Pegg MA (2009) Diet overlap among two asian carp and three native
fishes in backwater lakes on the Illinois and Mississippi Rivers. Biological Invasions
11(3):483-496. https://doi.org/10.1007/s10530-008-9265-7

Sass GC, Hinz C, Erickson AC, McClelland NN, McClelland MA, Epifanio JM (2014) Invasive
bighead and silver carp effects on zooplankton communities in the Illinois River, Illinois,
USA. Journal of Great Lakes Research 40(4):911-921.
https://doi.org/10.1016/].jglr.2014.08.010

Shepta E, Murry BA, Rota CT, Gigliotti LC, Arantes CC (2026) A dynamic multi-scale
occupancy model to estimate trends in habitat use in spatially and temporally complex
systems. Methods in Ecology and Evolution. https://doi.org/10.1111/2041-210x.70232

Tsehaye I, Catalano M, Sass G, Glover D, Roth B (2013) Prospects for fishery-induced collapse
of invasive asian carp in the Illinois River. Fisheries 38(10):445-454.
https://doi.org/10.1080/03632415.2013.836501

Waters J, Larson B, Stiras J, Debates TJ, Frohnauer N (2017) Detection, capture response, and
monitoring of invasive carp in the unestablished zone: Mississippi River pools 1-8, lower
St. Croix River and Minnesota River. Mississippi Interstate Cooperative Resource
Association (MICRA) Technical Report. https://doi.org/10.3133/wri024181

Weaver JE, Conway TM, Fortin MJ (2012) An invasive species’ relationship with environmental
variables changes across multiple spatial scales. Landscape Ecology 27(9):1351-1362.
https://doi.org/10.1007/s10980-012-9786-4

Wilson JRU, Dormontt EE, Prentis PJ, Lowe AJ, Richardson DM (2009) Something in the way
you move: dispersal pathways affect invasion success. Trends in Ecology and Evolution
24(3):136-144. https://doi.org/10.1016/].tree.2008.10.007

With KA (2002) The landscape ecology of invasive spread. Conservation Biology 16(5):1192-
1203. https://doi.org/10.1046/].1523-1739.2002.01064.x

Vander Zanden MJ, Olden JD (2008) A management framework for preventing the secondary
spread of aquatic invasive species. Canadian Journal of Fisheries and Aquatic Sciences
65(7):1512-1522. https://doi.org/10.1139/F08-099

28


https://doi.org/10.1007/s10452-020-09783-9
https://doi.org/10.1007/s10530-008-9265-7
https://doi.org/10.1016/j.jglr.2014.08.010
https://doi.org/10.1111/2041-210x.70232
https://doi.org/10.1080/03632415.2013.836501
https://doi.org/10.3133/wri024181 
https://doi.org/10.1007/s10980-012-9786-4
https://doi.org/10.1016/j.tree.2008.10.007
https://doi.org/10.1046/j.1523-1739.2002.01064.x
https://doi.org/10.1139/F08-099

703

971’\‘1 GGI'\V BSI"\V 83*wW SZ'ZW 81w
1 I

P
Toledo

Invasion Fronts
[l Establishment

41°N . 41N
- [] Invasion
W B Presence
B Uninvaded
40°N-] Columbus Hannibal [F4O°N
Dayton L&D ,\/
W Esn, TomTe Caend ), ..
_{ / \ \ T 056, EPA USFWS Bellevillev,»:Nl'"o:
T ST D e AN
’ e Racine &
39N 3 Markiand'  Meldanhl L&D, [P
D) i« L&D L&D Greenup RC Byrd
) ' L&D L&D
([ A [tlzglpine Ohio River Winfield L&D

Af
N

S Newburgh
) L&D

38°N—4

Cann

T : L&D
& ’\ ,".‘\ .J\va
\Dam.No. 1

JT Myers_ Dam No. 2

L le

Frankfort

3 fletles Marmet L&D

% Kanawha River

38°N

> L&D
Dam No. 3 e
- Green River: Lo
- 0 200 400 800 Kilometers W
N TR TN SN S SN N |
=

T
880w

87w

T
86w

T
83*'w

1
82w

T
81°wW

Fig. 1 Map of study area. Dam locations are displayed as black rectangles. The area between two dams
are sampling pools, named for the downstream lock and dam. Pools are categorized into different
invasion fronts: establishment (red), invasion (gold), presence (green), and uninvaded (blue),
corresponding with a gradient of carp abundance, reproduction, and recruitment. Within each pool,
researchers visited between 1-84 (475 total) sampling sites (not depicted here).
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Table 1. Independent variables used in a dynamic multi-scale occupancy model for invasive
bighead (H. nobilis) and silver carp (H. molitrix) in the Ohio River basin (2015-2023) across
multiple scales. We include an explanation for each variable, variable code, and data source.
Variable codes correspond to those shown in Table 2.

Variable Definition Variable Code Data Source
Distance of downstream dam to the invasion source
(Mississippi River, km) 2L FSEEI
Total harvest rate (kg/year) of each species
throughout the Ohio River HR KYDFWR
Average flow (cfs) in each pool during spring (April - Brunner and CEIWR-HEC

. FLOW_SPR

June) spawning season - (2016)
Average annuoal summer (July - September) water SUM TEMP Ohio River .Sa.mtatlon
temperature (°C) - Commission
Categorical type (main channel, tributary) TYPE Field
Distance of the site to the invasion source
(Mississippi River, km) SITE_DIST ArcGIS
Average flow (cfs) during spring (April - June) FLOW SPR S Brunner and CEIWR-HEC
spawning season - = (2016)
Average flow (cfs) during summer (July - September)) FLOW_SUM S Brunner ar(lél 0(1:]63)1 WR-HEC
Average flow (cfs) during sampling visit VFLOW Brunner ar(léi 0(1:163)1 RS
Maximum flow (cfs) the week prior to sampling VMAX Brunner ar(léi OCIIE)I WR-HEC
Max1rpum water temperature (°C) the week prior to MAX TEMP Ohio River .Sa.mtatlon
sampling - Commission
Categorical season (spring, summer, fall, winter) of SEASON Field

sampling visit
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708  Table 2. Independent variables included for each model parameter in a dynamic multi-scale

709  occupancy model for bighead (H. nobilis) and silver carp (H. molitrix) in the Ohio River basin
710  (2015-2023). We evaluated initial occupancy (y1, o1, ©1), persistence (¢x1, pr-1, &-1), and

711  colonization (y~1, A~1, 0v-1) probabilities across three spatiotemporal scales (annual pool, annual
712 site, intra-annual site), while accounting for imperfect detection. Variable definitions provided in
713 Table 1.

Scale Parameter Model

Initial Occupancy (y1) |[DIST
Annual Pool Persistence (¢r-1) DIST

Colonization (y~1)  [DIST + FLOW_SPR + HR

Initial Occupancy (o) |SITE DIST

TYPE + FLOW_SUM S+ SUM_TEMP + HR + (TYPE *

Persistence (1) |py ow SUM . S) + (TYPE * SUM_TEMP)

Annual Site

Colonization (A1)  |[TYPE + SITE DIST + FLOW _SPR_S + HR + (TYPE * FLOW_SPR_S)

Initial Occupancy (©1) [TYPE + SEASON + (TYPE * SEASON)

TYPE + VFLOW + MAX_TEMP + (TYPE * VFLOW) + (TYPE *

Intra-Annual Persistence (&.-1) MAX_TEMP)

Site
Colonization (8,1)  [TYPE + VMAX + VFLOW + (TYPE * VMAX) + (TYPE * VFLOW)

Sample Detection (p) SITE _DIST

714
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716
717
718
719
720
721
722
723
724
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Fig. 2 Estimated annual mean pool-level occupancy probability (y™) and 95% credible intervals (CIs) for
silver carp (H. molitrix) in different invasion fronts in the Ohio River from 2015 — 2023. Panels show
different fronts A) establishment front (red), B) invasion front (gold), C) presence front (green), and D)
uninvaded (blue).
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Fig. 3 Estimated annual mean site-level occupancy probability (/™) and 95% credible intervals (Cls) for
silver carp (H. molitrix) in different invasion fronts in the Ohio River from 2015 — 2023. Panels show
different fronts A) establishment front (red), B) invasion front (gold), C) presence front (green), and D)
uninvaded (blue).
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