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Abstract— Grass Carp Ctenopharyngodon idella is an invasive species to the Laurentian Great Lakes
first detected in the 1980s. The western basin of Lake Erie is the putative invasion front for the Great
Lakes, with spawning known to occur in two of the basin’s tributaries (Sandusky and Maumee Rivers).
Targeted removal is being used to reduce Grass Carp abundance with an ultimate aim of eradication in
part to prevent spread and establishment in the other Great Lakes; response efforts are being concentrated
in the Sandusky River due to its heavy use by Grass Carp and being the tributary where spawning occurs
consistently. The goal of this research was to identify areas in the Sandusky River where Grass Carp
aggregate and identify variables that influence movement to improve efficiency of response efforts.
Movement and space use of twenty-seven Grass Carp were monitored using acoustic telemetry.
Detection data were used to estimate movement and daily detection rates, and also used in a spatial
capture-recapture model to estimate activity centers of tagged fish. Grass Carp movement was highest
when daily discharge and water temperature exceeded 31 m®/s and 18°C, respectively, and next highest
when discharge exceeded 31 m®/s and temperature was between 4.5 and 18°C. Daily detection rates at
receivers and concentrations of activity centers suggested that aggregations occurred between river
kilometers (RKMs) 34 and 36 and at RKM 45. During spawning conditions, Grass Carp also aggregated
near RKM 48.6, which is proximal to suspected spawning locations. We recommend concentrating
response efforts in these general locations and using passive capture gear when Grass Carp are the most
mobile. Response efforts could be further refined by using a variety of acoustic telemetry monitoring
techniques, including fine-scale positioning, real-time receivers, and mobile tracking to provide precise

location and timing for removal actions.
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Introduction

In the Laurentian Great Lakes of North America, a major issue being confronted by fishery
managers is limiting the spread and damaging effects of aquatic invasive species and preventing
additional invasions from occurring. The Great Lakes are among the planet’s most invaded aquatic
ecosystems (Ricciardi 2006) and are at risk for additional invasions due to multiple factors (e.g.,
importance to global shipping, prevalence of past invasions; Mills et al. 1993; Ricciardi 2001, 2006).
Presently, considerable focus in the Great Lakes region is concentrated on preventing invasion by Silver
Carp Hypophthalmichthys molitrix, Bighead Carp Hypophthalmichthys nobilis, and Black Carp
Mylopharyngodon piceus. Colloquially, these species are referred to as Asian carp or major Chinese
carps, which are nomenclatures that also frequently include Grass Carp Ctenopharyngodon idella. Unlike
Silver, Bighead, and Black Carp, Grass Carp invaded the Great Lakes several decades ago. Management
efforts in the region are focused on eradicating Grass Carp to prevent spread, establishment, and negative
consequences to aquatic and terrestrial communities (Herbst et al. in press).

Although Grass Carp have been captured from all the Great Lakes except Lake Superior (USGS
2019a), the current invasion front for Grass Carp is believed to be the western basin of Lake Erie. Grass
Carp were first caught in Lake Erie in 1985 (USGS 2019a). From the 1980s to 2000s, Grass Carp
captures were sporadic and presumed to be triploid (i.e., sterile) individuals that were stocked in small
waterbodies for aquatic vegetation control but had escaped to Lake Erie (J. Tyson, Great Lakes Fishery
Commission, personal communication). Beginning in the 2010s, reported captures of Grass Carp by
commercial fishers increased in Lake Erie’s western basin (Cudmore et al. 2017). In 2012, four diploid
(i.e., fertile) juvenile Grass Carp were caught in the Sandusky River, a tributary to the western basin of
Lake Erie. Through otolith microchemistry analysis, it was determined that these fish were naturally
produced in the river (Chapman et al. 2013). In 2015, fertilized Grass Carp eggs were collected in the
Sandusky River; the most probable spawning location for these eggs was identified as being between the
Ballville Dam and the town of Fremont, Ohio (Embke et al. 2016, 2019; Koc¢ovsky et al. in press).
Fertilized Grass Carp eggs have subsequently been collected in the Sandusky River during years with
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high discharge events; eggs and a larval Grass Carp were also recently collected from the Maumee River,
another tributary to the western basin of Lake Erie (USGS 2019b). Ploidy analysis of 60 Grass Carp
collected from the western basin of Lake Erie between 2014 and 2016 indicated that approximately 87%
of the individuals were diploid and capable of viable reproduction (Wieringa et al. 2017). Grass Carp
captured over a broader temporal (2012-2018) and spatial (entire Lake Erie basin) scale indicated a lower
percentage of diploid Grass Carp (64%), though many of the collected diploid fish were likely produced
in the Maumee or Sandusky rivers (Whitledge et al. in press)

The combination of elevated catch reports, confirmation of Grass Carp spawning in at least two
western basin tributaries, and the prevalence of reproductively viable individuals heightened concerns
among fishery management agencies about potential negative effects stemming from increasing
population densities in Lake Erie and risk of spread and establishment to the other Great Lakes. This
prompted state, provincial, and federal fishery agencies in the basin to develop an adaptive response
strategy for eradication of Grass Carp from Lake Erie (Herbst et al. in press). The response strategy was
informed using a multi-jurisdiction, collaborative decision analysis with regional experts to determine
objectives and potential management actions for Lake Erie response efforts (Robinson et al. in press).
The decision analysis process included the development of a quantitative population model that was used
to establish an annual removal target of 390 diploid Grass Carp; this target was associated with a
population density that was expected to minimize the risk of spread and negative effects on the aquatic
and terrestrial communities (DuFour et al. in press). Based on expert elicitation, the most effective and
feasible response strategy for achieving this suppression goal was targeted removal efforts concentrated in
areas of high catchability combined with techniques to disrupt spawning in the Sandusky River (Robinson
et al. in press).

Despite targeted removal being identified as a preferred action by Robinson et al. (in press),
enactment of this recommendation is challenged by Grass Carp being notoriously difficult to catch with
traditional capture gear and methods (Mitchell 1980; Maceina et al. 1999). In late summer 2014, 10 state,
provincial, and federal fishery agencies conducted a coordinated capture response exercise if Silver,
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Bighead, or Black Carp was detected in Lake Erie. Agencies also targeted Grass Carp during the exercise
to accomplish a secondary objective to reduce population abundance. Removal efforts were informed by
positive eDNA detections of Grass Carp in Lake Erie over the previous few weeks and consisted of boat
electrofishing (219 electrofishing runs = 96 hours of electrofishing time) and gillnetting (53 gillnet lifts =
58.8 hours of soak time). Despite this large amount of effort, only two Grass Carp were captured during
the exercise; both fish were caught in Michigan waters near Plum Creek, a small tributary located near the
Raisin River (Figure 1; Herbst et al. in press).

For targeted removal to be an effective response method, knowledge of areas where Grass Carp
aggregate and how these aggregation areas change temporally is needed. Using detections of Grass Carp
implanted with acoustic telemetry transmitters, Harris et al. (in press) identified four areas in Lake Erie
that were heavily used by Grass Carp: Sandusky River, Plum Creek, Maumee River, and Detroit River.
Of these areas, the Sandusky River was the most used system with telemetered fish remaining in the river
throughout the year. Grass Carp response strategies for Lake Erie developed by the Ohio Department of
Natural Resources (Ohio Department of Natural Resources Division of Wildlife 2019) and the Lake Erie
Committee (Lake Erie Committee and Great Lakes Fishery Commission 2018) have each identified the
Sandusky River as an area for targeted response efforts due to its high use by Grass Carp and because it is
believed to be the tributary where most spawning occurs and likely the largest source of Grass Carp
recruitment to Lake Erie (Whitledge et al. in press). Prior to 2018, the Sandusky River was accessible to
Grass Carp for approximately 55 km from its outlet into Lake Erie to the Ballville Dam, the first upstream
barrier to movement. In July 2018, Ballville Dam was demolished, which increased the accessible river
length to 90 km. Consequently, even though the Sandusky River has been identified as an area heavily
used by Grass Carp, further refinement as to specific areas used by Grass Carp and how use changes
seasonally and across years would benefit response efforts.

The purpose of this research was to estimate Grass Carp space use and movement within the
Sandusky River and determine how these behaviors were affected by environmental conditions (i.e.,
discharge and water temperature) to inform response efforts for reducing population densities in Lake
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Erie. Grass Carp collected from Lake Erie were implanted with acoustic telemetry transmitters to monitor
their movements in the Sandusky River system with passive acoustic receivers deployed throughout the
accessible portion of the river. Receiver detections were summarized to determine space use and
movement and were also used in a spatial capture-recapture model to estimate daily activity (i.e., home

range) centers of tagged fish.

Methods
Study site

The Sandusky River watershed drains approximately 4,700 km? in northwest Ohio (Tetra Tech
Inc. 2014). The total length of the Sandusky River is approximately 207 km (Forsyth et al. 2016); the
river flows into Muddy Creek Bay and subsequently Sandusky Bay before entering Lake Erie (Figure 1).
Prior to 2018, the Ballville Dam was located approximately 55 km from Lake Erie and was the upstream
barrier from Lake Erie on the Sandusky River. The dam measured roughly 10.5 m in height and 128 m in
width and blocked upstream fish passage (Gillenwater et al. 2006; Kocovsky et al. 2012). In September
2017, a roughly six-meter notch was created at the south spillway to incrementally lower the
impoundment behind the dam, and complete removal of the dam occurred in July 2018. The lower
portion of the Sandusky River, downstream from where the Ballville Dam was located, ranges in width
from 32 to 160 m with routine water depths of 5 to 6 m even during low flow conditions (Embke et al.
2016, 2019). The furthest downstream USGS gage station in the Sandusky River is located near Fremont,
OH (USGS 04198000; Figure 2); the discharge of the Sandusky River measured at this gage between
2000 and 2019 had a median of 38 m3/sec (USGS 2019c¢). Muddy Creek and Sandusky Bays have a
combined surface area of approximately 143 km? with a maximum depth of approximately 3 m. The
Sandusky River, Sandusky Bay, and Muddy Creek Bay in combination are hereafter referred to as the

Sandusky River.

Data collection.



140 This study evaluated acoustic tag detection data from Grass Carp (n=70) captured from Michigan
141 and Ohio waters of Lake Erie between 2014 and 2019 by either commercial fishing operations or

142  state/federal agency removal efforts and subsequently implanted with acoustic telemetry transmitters

143  (Model V16H, Vemco, Halifax, Nova Scotia; hereafter transmitters). Details of Grass Carp collection
144  and the procedures used to implant transmitters are described in detail in Harris et al. (in press) but are
145  summarized here. Prior to surgery, fish were anesthetized to stage 4 as recommended by Bowzer et al.
146  (2012) using a portable electroanesthesia system (Smith-Root, Inc., Vancouver, Washington) set to pulsed
147  direct currentat 30 V, 100 Hz, and 25% duty cycle for three seconds, similar to the process described by
148  Vandergoot et al. (2011). While immobilized, transmitters were inserted into the coelom through a

149  ventral incision that was closed with two to three absorbable sutures (PDS-I11, 3-0, Ethicon, Somerville,
150  NJ) following methods described in Cooke et al. (2011) and Hayden et al. (2014). Transmitters were

151  programed to produce a tag-specific code at a frequency of 69 kHz every 120 s on average (range: 60 to
152 180 s) resulting in an estimated transmitter lifespan of approximately 6.7 years. The external portion of
153  the first two dorsal rays were removed for age estimation by clipping the rays as close to the body as

154  possible with a pair of wire cutters; each fish was externally marked below the anterior portion of the

155 intact dorsal fin with an external lock-on loop tag (Model FT-4; Floy Tag & Manufacturing Inc.,

156  Chattanooga, TN) that had a unique number for each fish along with a phone number for contact if the
157  fish was recaptured. Fish were held in an aerated tank for 30 to 60 minutes after surgery and released
158  once they regained equilibrium.

159 For this study, only detections between 1 May 2017 and 31 July 2019 were used in analyses

160  because this was the time period when receiver coverage in the Sandusky River was most comprehensive.
161  Only detections of tagged fish determined to be alive and in good condition during the study period were
162  incorporated in analyses. This filter was accomplished by only using detections from tagged Grass Carp
163  that were detected more than 60 days post-tagging on any acoustic receiver deployed as part of the Great
164  Lakes Acoustic Telemetry Observation System (GLATOS) network (Krueger et al. 2019). In some

165  instances, tagged Grass Carp were detected beyond 60 days post-tagging; however, subsequent
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examination of detection histories suggested these detections were likely from a dead fish or a shed tag,
which would bias results. Four individuals experienced with telemetry detection data examined detection
histories of all tagged fish that occurred in the Sandusky River, and voted whether certain detections were
likely from live fish or from dead fish or a shed tag. The majority decision was used to decide whether
suspect detections would be included in further analyses.

Of the 70 originally tagged Grass Carp, 27 fish met the criteria for inclusion in subsequent
analyses. Most (22) of these fish were captured, tagged, and released in the Sandusky River and five
were captured, tagged, and released elsewhere in Lake Erie (Catawba Island: 2 fish; Maumee River: 1
fish; River Raisin: 2 fish) (Figure 1) but were later detected on receivers in the Sandusky River.
Estimated age of Grass Carp using dorsal fin rays ranged from 4 to 12 years (X = 6 years), although the
accuracy of these age estimates is unknown given that we are not aware of age validation studies being
conducted for this hard structure. Total lengths and body mass of tagged Grass Carp ranged from 78.2 to
106.7 cm (x = 91.7 cm) and 5.3 to 16.3 kg (x = 9.6 kg), respectively. Blood samples were used to
determine ploidy of tagged fish using methods described in Krynak et al. (2015). Of the 27 telemetered
fish, 59% (16 of 27 fish) were diploid, 15% (4 of 27 fish) were triploid, and 26% (7 of 27 fish) were
unknown. Ploidy status results reported as unknown were due to inconclusive laboratory results, blood
samples being coagulated prior to testing, or blood samples not being collected.

Grass Carp detections were recorded with acoustic telemetry receivers (hereafter receivers)
deployed throughout the Sandusky River as part of the GLATOS network. Three 69 kHz receiver models
(VR2W, VR2TX, and VR2C; Vemco, Halifax, Nova Scotia) were used to monitor movements. Although
site-specific acoustic detection range evaluations (Melnychuk 2012) were not conducted, ancillary
experiments conducted to determine detection ranges of transmitters estimated a 500-m detection
probability of at least 50% in the Sandusky River (C. Vandergoot, Michigan State University,
unpublished data). Receivers recorded date, time, and unique transmitter ID code of telemetered Grass
Carp. In 2017, a total of 12 receiver stations were installed in the Sandusky River. As additional

receivers became available, receiver stations were added in 2018 (total of 27 receiver stations) and 2019
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(total of 65 receiver stations) to improve coverage in the river and to better understand use of Sandusky
and Muddy Creek Bays (Figure 2). Receivers extended approximately 40 RKMs from an area separating
inner and outer Sandusky Bay (RKM 10.6) upstream to an area just below Ballville Dam (RKM 50.2). In
Muddy Creek and Sandusky Bays and one location in the Sandusky River, the width of the river was too
large to cover with a single receiver. In such cases, multiple receivers were deployed in-line across the
width of the system to increase the probably of detecting a telemetered fish. Even though multiple
receivers were deployed, detections on any of these in-line receivers were treated as a single detection at
that RKM, which we refer to as RKM receivers. Most receivers were deployed year-round, although
some receivers were removed to prevent loss during the winter. Additionally, some receivers were not
recovered due to complications that prevented retrieval (e.g., excessive woody material obstructing
retrieval). Situations where receiver retrieval was prevented occurred infrequently and although they
resulted in some gaps of coverage were not deemed to be detrimental to analyses because they occurred

later in the study when receiver coverage was most dense.

Environmental covariates

Based on prior research (Stanley et al. 1978; Bain et al. 1990), Grass Carp space use and
movement were hypothesized to be affected by river discharge and water temperature, which also could
influence the effectiveness of response efforts in the Sandusky River. Consequently, we incorporated
measures of river discharge and water temperature when describing space use and movement. River
discharge data were obtained from the US Geological Survey (USGS) National WaterWatch Website

(https://waterwatch.usgs.gov/) collected at the National Water Information System Station 04198000,

located upstream of the former Ballville Dam, near Fremont, Ohio (Figure 2). Water temperature data
were collected by a VR2C (Vemco, Halifax, Nova Scotia) receiver with a built-in thermometer, deployed
at RKM 49.5.

Information available about Grass Carp spawning in the Sandusky River and published and
unpublished sources were used to develop categories of space use and movement for Grass Carp. Prior
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research reported that the onset of Grass Carp spawning occurs at approximately 18°C (Duan et al. 2009;
Cudmore et al. 2017; Embke et al. 2019). Additionally, Murphy and Jackson (2013) identified that a
discharge of at least 31 m®/s was needed in the Sandusky River to keep Grass Carp eggs suspended.
According to unpublished information collected by state and federal agencies, response efforts targeting
Grass Carp do not typically occur in the Sandusky River from December to February. The average water
temperature in those three months during the study was 2.1°C (SE = 2.4°C); consequently, we chose a
water temperature of 4.5°C to represent the lower threshold when targeted response efforts for Grass Carp
would occur. Based on this temperature and discharge information, we developed the following
categorization for summarizing Grass Carp space use and movement based on the combination of
spawning thresholds and sampling effectiveness: 1) daily maximum discharge > 31 m®/s and daily mean
water temperatures > 18°C (high discharge and high temperature); 2) daily maximum discharge > 31 m®/s
and daily mean water temperature between 4.5°C and 18°C (high discharge and low temperature) 3) daily
maximum discharge < 31 m®/s and daily mean water temperatures > 18°C (low discharge and high
temperature); 4) daily maximum discharge < 31 m®s and daily mean water temperature between 4.5°C
and 18°C (low discharge and low temperature); 5) daily mean water temperature < 4.5°C (winter). During
this study (822 days), the five categories occurred on a total of 97, 133, 109, 282, and 201 days

respectively.

Detection data filtering

Using the GLATOS package (Holbrook et al. 2019) in R (R Core Team 2019), Grass Carp
detections were filtered to remove the potential occurrence of false detections (i.e., detection of a
transmitter code not actually present) in the recapture database (Simpfendorfer et al. 2015). Detections
were filtered by deleting individual detections more than 60 minutes apart from another detection of the
same unique and tag-specific code, which is 30 times the nominal delay of the transmitters used to tag

Grass Carp, a criterion recommended by Pincock (2012).
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RKM receiver detection rates

Using the filtered receiver detection data, we constructed encounter histories (yi, ]-,d) for each
tagged fish (i=1, 2, ..., 27) that consisted of the number of hourly detections (y) at each RKM receiver
(=1, 2, ..., 34) per day (d=1, 2, ..., 822). As these histories were based on hourly detections, the number
of detections on any receiver for an individual tagged Grass Carp ranged from 0 to 24. From these
encounter histories, we calculated daily detection rates for individual fish at each RKM receiver. This
detection rate accounted for the fact that not all telemetered fish were at liberty in the Sandusky River for
the same amount of time because of differences as to when fish were tagged or moved into the Sandusky
River and the possibility that fish could leave the Sandusky River, die from various causes, or shed their
transmitters in unmonitored areas between receivers. Not accounting for these potential tag fates could
lead to negatively biased detection rates because of excess zero detections. Grass Carp were considered
to have emigrated from the Sandusky River if they were detected on the lowest RKM receiver and then
were either never detected again or detected on another acoustic telemetry receiver outside the Sandusky
River (Harris et al. in press). The identification of tagged Grass Carp that possibly died or shed their tags
in the Sandusky River was informed by fitting a state-space spatial capture-recapture (SCR) model to the
encounter history data (described below). One of the estimated parameters from this SCR model is the
“alive” state of each tagged individual for each modeled time period. The estimated “alive” state for each
tagged Grass Carp was used in setting the time frame for calculating hourly detection rate at each RKM
receiver for each fish. Specifically, let L; ; equal the length of time (days) that individual i was in the
Sandusky River and estimated to be “alive” while the j-th receiver was deployed. The detection rate at
each RKM receiver for each tagged fish was calculated as
Vij = Zd%ljjd 1)
We then calculated the mean detection rate at the RKM receivers by averaging across the tagged

individuals
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_ _ XiVij
Mean detections rates were calculated overall and separately for the five discharge and water temperature

categories described in the environmental covariates section.

Spatial capture-recapture analysis

A state-space spatial capture-recapture (SCR) model patterned after the model described in Raabe
et al. (2014) was fit to the encounter history data (i.e., number of hourly detections at each RKM receiver
for tagged Grass Carp). The SCR model was based on a Cormack-Jolly-Seber formulation and consisted
of an observational model for the observed encounter histories of tagged Grass Carp, a state model for the
“alive” state of the fish on a given day, and a latent (unobserved) variable for the daily activity centers of
the tagged fish (Raabe et al. 2014). We were primarily interested in estimates of the activity centers of
the tagged Grass Carp as these represented the central locations (i.e., home range centers) of Grass Carp
space use (Mufioz et al. 2016); we believed the activity centers would identify areas of aggregation in the
Sandusky River that could be targeted with response efforts. Although we primarily were interested in
estimates of activity centers, the estimates of the “alive” state of fish were also beneficial for summarizing
receiver detection rates and for estimating daily movement (see below).

The daily “alive” state zi ¢ of tagged Grass Carp was a Bernoulli distributed random variable that
equaled 1 when a Grass Carp was estimated to be alive and in the study area and 0 when a Grass Carp
was estimated to be dead or to have left the study area. We censored (identified the last day of
availability to be detected) Grass Carp that permanently emigrated from the Sandusky River (as described
above), as well as two individuals captured and killed during agency response efforts and one individual
found to have shed its transmitter upon recapture. We did not censor Grass Carp that temporarily
emigrated from the Sandusky River (i.e., Grass Carp that left the Sandusky River but later returned to the

river during the study period). On the first day a Grass Carp was detected on a receiver, its alive state was
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set to 1 with a probability of 1 (Raabe et al. 2014). For all other days, the alive state was defined as z; 4 ~

Bemoulli(d)zild_l), where ¢ is the daily apparent survival probability.

Observed encounter histories of tagged Grass Carp were conditional on the alive state and
assumed to be distributed as a Poisson random variable
YijalZia ~ Poisson (oj,dxloexp (— |5i,d - xj|2/20j2)) 3
where 04 is an indicator variable for whether the j-th receiver was deployed and operational on the d-th
day, Ao is the baseline encounter rate at the receivers (i.e., the expected number of detections when an
individual’s activity center is located precisely at the location of a receiver), Sig is the activity center
location for the i-th individual on the d-th day, x; is the RKM location of the j-th receiver, and g;j is a
receiver-specific scale parameter that determines the rate of decline in detection probability as a function
of distance from the activity center to a receiver location. This model structure was selected over other
possibilities (e.g., receiver-specific baseline encounter rates and constant sigma, observed encounter
histories distributed as a binomial random variable as described in Dorazio and Price (2019)) based on
exploratory model comparison using deviance information criteria.

The spatial capture-recapture model used in this study deviated from that described in Raabe et al.
(2014) in how daily activity centers were modeled after the first day of detection. In Raabe et al. (2014),
activity centers after the first day of detection were modeled with a random walk process where the
activity center for day d was from a normal distribution truncated to the bounds of the study system with a
mean equal to the activity center for day d-1 and an estimated standard deviation of t. When we
attempted this formulation in our model, we encountered instances where estimated activity centers would
“drift” past several RKM receiver locations to areas where large gaps in receiver coverage occurred even
though the next recorded detection on a RKM receiver was close to the last recorded detection. The
occurrence of this drift could lead to biased estimates of activity centers, which could affect the
identification of areas where Grass Carp aggregated and influence response effort effectiveness. We

attempted to fix this drifting issue using several different approaches, including changing the
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distributional assumption on the observed encounter histories conditional on the “alive” state of tagged
fish (e.g., binomial, negative binomial, zero-inflated Poisson) and varying the truncation bounds
depending on fish location. The most stable approach found was to model daily activity centers
differently depending on whether Grass Carp were detected or not detected on a given day. If a Grass
Carp was detected, the activity center for the day was modeled as described above. However, if a Grass
Carp was not detected on a given day, that day’s activity center was drawn from a normal distribution
truncated to the bounds of the study system with a mean equal to the location of the last RKM receiver on
which the fish was detected and an assumed standard deviation of 0.5. In other words, activity centers
after the first day of detection were assumed to follow

< {N ormal(si,d_l,r)T(xL, Xy) if fish was detected on day d ()
id "~

Normal(LL;,0.5)T(x;, x) if fish was not detected on day d
where LL;is the last recorded detection location of the i-th Grass Carp prior to it going missing, and x.
and xy are the assumed lower and upper boundaries for the study area. A standard deviation greater than
0.5 for modeling activity centers when fish were not detected resulted in activity centers drifting past
areas where receivers were deployed. Regardless of whether Grass Carp were detected or not, x. and Xy
were set equal to 5 and 55 RKM. Adjustment of xy for time periods after removal of the Ballville Dam
was not necessary as we never detected Grass Carp on the two receivers deployed upstream of where the
dam was located.

The spatial capture-recapture model was fit using Bayesian inference methodology in JAGS
(Plummer 2015) executed from within R via the jagsUI package (Kellner 2019). The following vague
prior probability distributions were specified for model parameters: ¢ ~ Unif.(0,1), T ~ Unif.(0,50),

g; ~ Unif.(0,100), and Ay ~ Gamma(0.05,0.05). Three parallel MCMC chains, each consisting of
20,000 iterations, were run from random initialization values with an initial 1,000 iterations as an adaptive
phase for the MCMC sampling algorithm. The first 10,000 iterations were discarded as burn-ins and
every 10" iteration was retained resulting in a total of 3,000 saved samples across the chains. Chain

convergence for parameters was determined by examining trace plots and scale reduction factors
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constructed and calculated using the coda package (Plummer et al. 2006). For most parameters, means of
the saved MCMC chains were used as point estimates for parameters and derived variables and 95%
highest posterior density intervals (HPD) were used as measures of uncertainty for the point estimates.

For the “alive” state of tagged fish, we used the medians of the saved MCMC chains.

Movement

Daily ranges of movement for tagged Grass Carp in the Sandusky River were estimated as the
distance between the furthest upstream RKM receiver detection and furthest downstream RKM receiver
detection on a daily basis for each fish. Range of movement on a given day was assumed to be 0 km if a
tagged individual was either only detected on a single receiver or not detected on any receiver on that day.
Daily total movements of tagged Grass Carp were estimated in R by interpolating paths from the filtered
detection data using the interpolate_path function from the GLATOS package (Holbrook et al. 2019). For
most fish, movement paths were interpolated using one-day increments. For a few fish, movement paths
were interpolated using 1/6 day increments because of the extent of their movements in the river so that
distance calculations respected the boundaries of the river. Distances between subsequent detections
(interpolated or actual) were calculated using the distGeo() function from the geosphere library (Hijmans
2019) if detections were in Muddy Creek or Sandusky Bays or by differences in RKMs of the detections
if they were in the Sandusky River. Daily movements for fish with multiple detections or interpolated
locations per day were calculated by summing distances between detections or interpolated movement
paths. If during a day a fish was only detected on a single receiver, its daily total movement was assumed
to be 0 km.

Differences in daily range of movement and total movement among and between the five
discharge and water temperature categories described in the environmental covariates section were tested
through linear mixed models. The five discharge and water temperature categories were treated as a fixed
effect in the linear mixed models. Individual fish identifiers were included in the linear mixed models as
a random effect in part to account for multiple observations for each tagged fish. The linear mixed
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models were fit in R using the Imer() function in the Ime4 library (Bates et al. 2015). Overall differences
in daily range of movement and total movement among discharge and water temperature categories were
tested through an F-test with a Satterthwaite correction for the denominator degrees of freedom using the
anova() function in the ImerTest library (Kuznetsova et al. 2017). Overall significant differences among
the discharge and water temperature categories were followed up with pairwise tests between the
categories using the contest1D() function in the ImerTest library (Kuznetsova et al. 2017). Pairwise tests
were based on linear contrasts of the mean values of the category levels and involved a Satterthwaite

correction for degrees of freedom.

Results

Hourly detections of tagged Grass Carp at the RKM receivers indicated that individual Grass
Carp were broadly distributed throughout the Sandusky River (Figure 3). This distribution included
Grass Carp detected in the area generally associated with spawning activity (= RKM 51) during times
when spawning activity likely was not occurring (winter months). Receiver coverage in Muddy Creek
and Sandusky Bays was sparse until the end of the study; however, detections on these receivers indicated

that some Grass Carp moved into these bays particularly during the summer months (Figure 3).

Daily detection rates

Daily detection rates varied among the RKM receivers overall and among the five temperature
and discharge categories (Figure 4). Overall, the highest detection rates were at RKM receivers 36.3 and
45.1 followed by RKM receivers 33.8 and 17.9 (Figure 4A). Under conditions of high discharge and high
temperatures, highest detection rates were at RKM receivers 25.8 and 48.5 followed by detection rates at
RKM receivers 17.9 and 45.1 (Figure 4B). Under low temperature conditions, the highest detection rates
were at RKM receivers 45.1 and 33.8 regardless of discharge (Figures 4 C and D). When discharge was
low and water temperature was high, the detection rate was highest at RKM receiver 45.1 with fairly

equal detection rates at RKM receivers 17.9, 25.8, 33.8, and 36.3 (Figure 4E). Under winter conditions,
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detection rates were more evenly spread across RKM receivers ranging from 33.8 to 38.5 as well as RKM

receivers 45.1 and 48.5 (Figure 4F).

Spatial capture-recapture analysis

The MCMC chains for all parameters of the spatial capture-recapture model converged on
stationary and stable distributions based on examination of trace plots and the upper
95% confidence interval for the potential scale reduction factor for each parameter being less than 1.1.
Means of the posterior distributions for Ao (i.€., receiver baseline encounter rate) and < (i.e., standard
deviation of the normal distribution for daily activity centers) were 3.51 (95% highest posterior density
credible interval: 3.48 — 3.55) and 3.14 (3.06 — 3.21), respectively (Table 1). The mean of the posterior
distribution for ¢ (i.e., daily apparent survival probability) was 0.999 (0.998 — 1.000) (Table 1). Scaled to
an entire year, this equated to annual apparent survival rate of approximately 66%, which is likely low
compared to actual survival as the model is likely estimating some alive fish to be dead because they went
undetected near the end of the study. Means of the posterior distributions for o; (i.e., receiver-specific
scale parameters that determine the rate of decline in detection probability as a function of distance from
the activity center to a receiver location) ranged from 0.39 (0.08 — 0.70) to 5.004 (4.87 —5.13) (Table 1).

The average of the daily estimated activity centers for Grass Carp ranged from RKM 25.9 to 39.4
over the course of the study (Figure 5). A general tendency occurred for the RKM location for average
daily activity centers to increase from early/mid-summer to early/mid-winter and then decrease through to
the early spring (Figure 5). Locations of average daily activity centers were much more variable during
mid and late spring, likely due to spawning activity of tagged fish (Figure 5).

Overall, daily activity centers were concentrated near RKMs 10.6 and 27.7 (Figure 6A), with
other peaks in activity center locations occurred at RKMs 34 to 37, 44.8, and 49.7. The concentration of
daily activity centers at RKMs 10.6 and 27.7 partly reflect assumptions that were made in analyses and

lack of receiver coverage in Muddy Creek and Sandusky Bays during the early part of the study. RKM
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10.6 is the furthest downstream location of RKM receivers in the Sandusky River. Grass carp that left the
Sandusky River and later returned were not censored from analyses. Therefore, daily activity centers for
fish that left the Sandusky River and later returned to the river would have been estimated near this RKM
location until they later returned to the river, resulting in this concentration of activity centers at that
downstream location. Similarly, during the early part of the study when receiver coverage was sparse in
Muddy Creek and Sandusky Bays, if a Grass Carp moved downstream from the river into one of these
bays, the estimated daily activity centers for those fish would have remained close to the RKM receiver
located just upstream from the bays (RKM 27.7) until fish either moved back into the river or exited
Sandusky Bay. This means the concentration of activity centers at RKMs 10.6 and 27.7 (Figure 6) should
actually be distributed more broadly across RKMs throughout Muddy Creek Bay, Sandusky Bay, and into
Lake Erie itself, and we do not believe these are reflective of Grass Carp aggregation areas.

Activity centers varied among the five temperature and discharge categories. Under high
discharge and high temperature conditions, activity centers were concentrated near RKMs 34.3, 44.8, and
49.7 with the highest concentration at RKM 49.7 (Figure 6B). Under high discharge and low
temperatures, the highest concentrations of activity centers were still at RKMs 34.3, 44.8, and 49.7,
although under these conditions the highest concentration was at RKM 34.3 (Figure 6C). Under low
discharge and low temperature conditions, activity center concentrations were highest near RKMs 36.6
and 44.8, with slightly lower concentrations near RKMs 34.3 and 49.7 (Figure 6D). Under low discharge
and high temperature conditions, activity center concentrations were the highest near RKM 44.8 with
slightly lower concentrations near RKM 34.3 (Figure 6E). Under winter conditions, activity center
concentrations were highest near RKMSs 34.3 and 36.6, with slightly lower concentrations near RKMs

44.8 and 49.7 (Figure 6F).

Movement
Mean daily range of movement of tagged Grass Carp (furthest distance upstream and downstream
in a day) ranged from 0 to 2.2 km, with an overall mean daily range of movement of 0.69 km (SE =
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0.11). Most tagged Grass Carp had an average daily range of movement of less than 1 km, although 22%
of tagged Grass Carp had an average daily range of movement of more than 1 km. Daily range of
movement significantly differed among the five temperature and discharge categories (Table 2). Under
high discharge and high temperature conditions, mean daily range of movement (x =1.65 km, SE = 0.18)
was significantly greater than for other categories. The second highest daily range of movement (x =0.53
km, SE = 0.044) was observed under high discharge and low temperature conditions; this daily range of
movement was significantly greater than the daily ranges of movement for the other three temperature
and discharge categories (Table 2). Daily ranges of movement between the remaining three temperature
and discharge categories were not significantly different, with mean daily ranges of movement from 0.21
km (SE = 0.02 km) (winter) to 0.29 km (SE = 0.04 km) (low discharge and high temperature) (Table 2).
Mean daily total movement (total distance traveled in a day) of tagged Grass Carp ranged from 0
to 19.67 km, with an overall mean daily total movement of 1.17 km (SE = 0.06). Many Grass Carp
(63%) moved more than 1 km/day on average and 30% moved more than 2 km/day on average. Like
daily range of movement, mean daily total movement was significantly different among the five
temperature and discharge categories (Table 3). Under high discharge and high temperature conditions,
mean daily total movement (¥=3.32 km/day, SE = 0.34) was significantly greater than for the other
categories. The second highest mean daily total movement (x=1.18 km/day, SE = 0.80) occurred under
high discharge and low temperature conditions; this mean daily total movement was significantly greater
than the mean daily total movement for the other three temperature and discharge categories (Table 3).
Mean daily total movements between the remaining three temperature and discharge categories were not
significantly different, with mean daily movement averages ranging from 0.59 km (SE = 0.04)

(temperature < 4.5°C) to 0.70 km (SE = 0.04) (low discharge and low temperature) (Table 3).

Discussion
Through this study, we were able to provide insight into Grass Carp space use and movement in

the Sandusky River that can assist with efforts to eradicate this invasive species and lessen the risk of
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spread and establishment to the other Great Lakes. RKM receiver detection rates and distributions of
Grass Carp activity centers pointed to areas of aggregation in the Sandusky River that appear to shift with
changing discharge and water temperature. Locations between RKMs 34 and 36 and RKM 45 in
particular appear to be areas of possible Grass Carp aggregations. During high discharge and high
temperature, the conditions when Grass Carp moved the most, there was an additional aggregation area
around RKM 49. This location is slightly downstream from the likely spawning location of Grass Carp in
the Sandusky River, which is near RKM 51 (Embke et al. 2019). Receiver detection rates under
conditions typically associated with spawning (i.e., high discharge and high temperature) also were high
at receivers located near RKMs 17.9 and 25.8, which perhaps could be associated with staging behavior
that Grass Carp may show prior to spawning. We recommend that future response efforts in the Sandusky
River target these areas to increase the probability of catching Grass Carp.

Despite Grass Carp having been first introduced to waterbodies in North America in the 1960s
and being widely stocked for aquatic vegetation biocontrol throughout the 1970s, little published
information exists about Grass Carp space use and movements in rivers. According to Shireman and
Smith (1983), Grass Carp spawn in upstream areas of rivers associated with rapids, islands, sandbars, or
tributary junctions. After spawning, Grass Carp were thought to move into floodplains, lakes, and
backwaters to feed on aquatic and flooded terrestrial vegetation (Shireman and Smith 1983). Given these
descriptions, we anticipated that Grass Carp would be mostly located in the Sandusky River between mid-
spring and early summer, and then either move into Muddy Creek or Sandusky Bays or Lake Erie during
the remainder of year. Contrary to our expectation, and first reported by Harris et al. (in press), we found
adult Grass Carp remained in the Sandusky River throughout the year and moved widely throughout the
river. Similarly, Chapman et al. (2013) reported that juvenile grass carp caught in the Sandusky River
likely spent their entire lives in the Sandusky River based on otolith microchemistry analysis. We
observed other behaviors as well that did not match up with previous beliefs regarding Grass Carp
behavior in rivers, such as fish being located in Muddy Creek Bay and Sandusky Bay even during late
spring and early summer when spawning normally occurs.
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The daily movements that we observed in this study were generally greater than what has been
reported for Grass Carp in other studies. We observed mean daily total movements ranging from 0 to
19.67 km and daily ranges of movement from 0.0 km to 2.2 km. The mean daily total movement found in
this study (1.17 km) was somewhat higher than the mean daily total movement of 0.76 km reported by
Harris et al. (in press) for all of Lake Erie, but results were still fairly consistent between the two studies.
Both movement rates are higher than what has been reported from telemetry studies conducted on stocked
Grass Carp in reservoirs and other impoundments. Reported daily movements ranged from 0.03 to 0.66
km from Grass Carp studies conducted in Lake Texana, Texas (Chilton and Poarch 1997) and Lake
Seminole, Georgia (Maceina et al. 1999). Weberg et al. (2020) found juvenile grass carp averaged 2.0 and
3.4 km per month for two stocked cohorts of juvenile grass carp in an Appalachian reservoir. Whether
Grass Carp movement in rivers is typically greater than in reservoirs and impoundments is not currently
known but could be evaluated through additional Grass Carp telemetry studies in both lentic and lotic
systems.

Our finding that Grass Carp movement in the Sandusky River was greatest at discharge exceeding
31 m®/s matches results reported from previous Grass Carp studies. Using occupancy modeling, Sullivan
et al. (2019) determined that probability of Grass Carp local colonization in lowa tributaries to the Upper
Mississippi River was most positively influenced by high discharge. Greater movements were attributed
to the occurrence of spawning events or movement into inundated floodplain habitat for feeding purposes
(Sullivan et al. 2019). Movement also could be linked to fish seeking habitats that provide some refuge to
fast water velocities (Brenden et al. 2006). Regardless of the underlying reason for greater movement,
knowledge as to the variables that lead to increased mobility can inform protocols for efforts to remove
invasive aquatic species. Fish capture methods are generally categorized as passive or active techniques
(Zale et al. 2013). Passive capture techniques, which include setting gillnets, trap nets, or trammel nets,
are stationary gear that requires fish to swim into the gear to be captured (Hubert et al. 2013). Active
capture techniques, which involve actively moving gear through the water such as electrofishing or
trawling, generally are meant to target fish that are stationary or not swimming faster than the gear is
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moved through the water (Hayes et al. 2013). Given that Grass Carp movement in the Sandusky River
was the highest when discharge exceeded 31 m3/s, we recommend response efforts consider deploying
passive capture gear when discharge exceeds this threshold because Grass Carp encounters with deployed
gear ostensibly should be high and lead to increased captures. If high discharge prevents passive gear
deployment directly in the main channel of the Sandusky River, capture gear could be deployed in
backwater areas behind obstructions or islands.

When discharge is less than 31 m®/s and Grass Carp are less mobile, response efforts should
continue to focus on active capture methods or pairing active and passive capture methods to target Grass
Carp. Paired active (i.e., electrofishing) and passive (i.e., trammel nets) capture techniques, which
involves using the active method to drive fish and force them to encounter the passive gear, has been used
to successfully capture Grass Carp in other systems (Sullivan et al. 2019). Similar methods have been
used by Department of Fisheries and Oceans Canada in an effort to remove Grass Carp from Lake Erie
(B. Cudmore, Department of Fisheries and Oceans Canada, unpublished data) and its effectiveness is
currently being evaluated against other removal methods in other parts of Lake Erie (K. Robinson,
Michigan State University, personal communication).

Although this study was based on observations from fewer than 30 fish, we believe our study
results will nevertheless prove valuable for informing Grass Carp response efforts on the Sandusky River.
Because these results are new and unique for the Grass Carp in the Great Lakes, they are being
incorporated into eradication strategies being implemented by resource agencies (Herbst et al. in press).
Using detection information from a few tagged individuals to identify locations of untagged fish for
removal efforts is referred to as the “Judas” technique and has been identified as a beneficial tool for
efforts to reduce abundances of invasive species (Lennox et al. 2016; Crossin et al. 2017). Aquatic
species for which the Judas technique has proven successful in helping to inform response efforts include
Common Carp (Cyprinus carpio; Bajer et al. 2011; Taylor et al. 2012), Northern Snakehead (Channa
argus; Lapointe et al. 2010), Silver Carp (Coulter et al. 2016), and Lake Trout (Salvelinus namaycush;
Dux et al. 2011; Williams et al. 2020). The premise of the Judas technique is that tagging and releasing
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fish back into the system will provide the information needed to increase capture rates in the future so as
to justify the inherent risk of releasing the individuals in the wild rather than simply killing them. The
high-use areas identified by the tagged Grass Carp in this study should be targeted by future removal
efforts coupled with mobile tracking techniques, to improve the effectiveness of the Lake Erie Grass Carp
adaptive response program (Herbst et al. in press).

The Ballville Dam removal occurred in stages over the course of this study and though habitat
changes were not the focus of this study, there were no substantial habitat alterations apparent in the
downstream portion of the Sandusky River. The former dam was considered a “run-of-the-river” dam and
therefore did not substantially impact discharge in downstream area (USFWS 2014), suggesting data from
USGS gage station 04198000 remained relevant to the focus area for this study. The real-time data from
this gage station provided through US Geological Survey (USGS) National WaterWatch Website

(https://waterwatch.usgs.gov/), along with our findings of aggregation areas and movement, can be used

to inform the deployment of grass carp targeted efforts on a daily basis for the Sandusky River.

Information provided through this study could also be used to inform future risk assessments for
Grass Carp along with informing potential space use of other Asian carp species if they were to invade the
Great Lakes. Behavior and movement were two knowledge gaps identified in the most recent risk
assessment for the Great Lakes (Cudmore et al. 2017) and the information gained from this study adds to
the insights related to Grass Carp large-scale movements and tributary use in Lake Erie described by
Harris et al. (in press). Grass Carp information about spawning preferences has been used as a surrogate
for understanding other Asian carp, such as Bighead Carp (Ko¢ovsky et al. 2012), and our findings of
aggregation areas and movement rates could be applied to these species in context of their spawning
season. Methods used in this study could also be used to inform aggregation areas for novel or rare
species using a riverine system.

Although the information presented in this study provides more refined information as to Grass
Carp space use and movement in the Sandusky River, additional monitoring in the river with the more
intensive receiver configuration used in 2019 would be useful. In particular, a longer time series of
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detection histories than used in this study could allow the spatial capture-recapture model to include
environmental covariates that could be used to predict activity centers of fish in the system (Royle et al.
2014). Further, response efforts in the Sandusky River and elsewhere in Lake Erie could be informed by
obtaining fine-scale space use information on Grass Carp through the use of an acoustic telemetry
positioning system (Espinoza et al. 2011; Binder et al. 2016), particularly in areas of greatest aggregation
(i.e., RKMs 34 to 36 and RKM 45). The deployment of an acoustic telemetry positioning system in select
areas of the river could also provide direct information concerning Grass Carp catchability to different
capture methods. This information would be beneficial for estimating Grass Carp densities in different
areas of Lake Erie, which are key uncertainties influencing expected benefits from different types of

response efforts (Robinson et al. in press).

Acknowledgments

We thank the Michigan Department of Natural Resources Fisheries Division and the U.S.
Environmental Protection Agency Great Lakes Restoration Initiative for providing funding for this
research. This work also was funded partially by the Great Lakes Fishery Commission by way of Great
Lakes Restoration Initiative appropriations (GL-00E23010) and supporting partners of the Michigan State
University (MSU) Quantitative Fisheries Center. This work was funded by the Great Lakes Fishery
Commission (Grant ID #2013_BIN_44024) by way of Great Lakes Restoration Initiative appropriations
(Grant ID #GL-00E23010). This paper is contribution 79 of the Great Lakes Acoustic Telemetry
Observation System and 20XX-XX of the MSU Quantitative Fisheries Center. We thank the Ohio
Department of Natural Resources along with the Michigan Department of Natural Resources for
facilitating the collection of Grass Carp used in this study and providing data. We thank the U.S. Fish and
Wildlife Service for their additional assistance in capturing fish along with ploidy analysis which Central
Michigan University’s Mahon Laboratory also aided with. The University of Toledo Lake Erie Center
also provided support with fish capture. Matthew Bach, Tom Flanagan, Emily Giuliano, Kaitlen Lang,
Jim Mcfee, Eric Plant, Rebecca Rogers, Todd Somers, and Dennis Tar aided with processing Grass Carp

24



601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

along with receiver deployment and retrieval. Our gratitude to Blair Fish Company and James Swartz for

collection and holding of Grass Carp.

Literature Cited

Bates, D., M. Macheler, B. Bolker, and S. Walker. 2015. Fitting linear mixed-effects models using
(Ime4). Journal of Statistical Software 67:1-48.

Bailey, W. M. 1978. A comparison of fish populations before and after extensive Grass Carp stocking.
Transactions of the American Fisheries Society 107:181-206.

Bain, M. B., D. H. Webb, M. D. Tangedal, and L. N. Mangum. 1990. Movements and habitat use by
Grass Carp in a large mainstream reservoir. Transactions of the American Fisheries Society
119:553-561.

Bajer, P. G., C. J. Chizinski, and P. W. Sorensen.2011. Using the Judas technique to locate and remove
wintertime aggregations of invasive Common Carp. Fisheries Management and Ecology 18:497-
505.

Binder, T. R., C. M. Holbrook, T. A. Hayden, and C. C. Krueger. 2016. Spatial and temporal variation in
positioning probability of acoustic telemetry arrays: fine-scale variability and complex
interactions. Animal Biotelemetry 4:4. (doi.org/10.1186/s40317-016-0097-4)

Bowzer, J. C., J. T. Trushenski, B. R. Gause, and J. D. Bowker. 2012. Efficacy and physiological
responses of Grass Carp to different sedation techniques: Il. Effect of pulsed DC electricity
voltage and exposure time on sedation and blood chemistry. North American Journal of
Aquaculture 74:567-574.

Brenden, T. O., B. R. Murphy, and E. M. Hallerman. 2006. Effect of discharge on daytime habitat use and
selection by Muskellunge in the New River, Virginia. Transactions of the American Fisheries

Society 135:1546-1558.

25



625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

Chapman, D. C., J. J. Davis, J. A. Jenkins, P. M. Kocovsky, J. G. Miner, J Farver, and P. R. Jackson.
2013. First evidence of Grass Carp recruitment in the Great Lakes basin. Journal of Great Lakes
Research 39:547-554.

Chilton, E. W., Il., and S. M. Poarch. 1997. Distribution and movement behavior of radio-tagged Grass
Carp in two Texas reservoirs. Transactions of the American Fisheries Society 126:467-476.

Cooke, S. J., K. J. Murchie, S. McConnachie, and T. Goldberg. 2011. Standardized surgical procedures
for the implantation of electronic tags in key Great Lakes Fishes. Technical Report. Great Lakes
Fishery Commission, Ann Arbor.

Coulter, A. A., E. J. Bailey, D. Keller, and R. R. Goforth. 2016. Invasive Silver Carp movement patterns
in the predominantly free-flowing Wabash River (Indiana, USA). Biological Invasions 18:471-
485.

Crossin, G. T., M. R. Heupel, C. M. Holbrook, N. E. Hussey, S. K. Lowerre-Barbieri, V. M. Nguyen, G.
D. Raby, and S. J. Cooke. 2017. Acoustic telemetry and fisheries management. Ecological
Applications 27:1031-1049.

Cudmore, B., L. A. Jones, N. E. Mandrak, J. M. Dettmers, D. C. Chapman, C. S. Kolar, and G. Conover.
2017. Ecological risk assessment of Grass Carp (Ctenopharyngodon idella) for the Great Lakes
Basin. DFO Canadian Science Advisory. Secretariat Research Document 2017/118 vi + 115 p.

Dorazio, R. M., and M. Price. 2019. State-space models to infer movements and behavior of fish detected
in a spatial array of acoustic receivers. Canadian Journal of Fisheries and Aquatic Sciences
76:543-550.

Duan, X., S. Liu, M. Huang, S. Qiu, Z. Li, K. Wang, and D. Chen. 2009. Changes in abundance of larvae
of the four domestic Chinese carps in the middle reach of the Yangtze River, China, before and
after closing the Three Gorges Dam. Environmental Biology of Fishes 86: 13-22.

DuFour, M. R., K. F. Robinson, M. L. Jones, and S. J. Herbst. In press. A matrix population model to aid
agency response to Grass Carp (Ctenopharyngodon idella) in the Great Lakes Basin — Lake Erie.
Journal of Great Lakes Research

26



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

Dux, A. M., C. S. Guy, and W. A. Fredenberg. 2011. Spatiotemporal distribution and population
characteristics of a nonnative Lake Trout population, with implications for suppression. North
American Journal of Fisheries Management 31:187-196.

Embke, H. S., P. M. Koc¢ovsky, C. A. Richter, J. J. Pritt, C. M. Mayer, and S. S. Qian. 2016. First direct
confirmation of Grass Carp spawning in a Great Lakes tributary. Journal of Great Lakes Research
42:899-903.

Embke, H. S., P. M. Ko¢ovsky, T. Garcia, C. M. Mayer, and S. S. Qian. 2019. Modeling framework to
estimate spawning and hatching locations of pelagically spawned eggs. Canadian Journal of
Fisheries and Aquatic Sciences 76:597-607.

Espinoza, M., T. Farrugia, D. M. Webber, F. Smith, and C. G. Lowe. 2011. Testing a new acoustic
telemetry technique to quantify long-term, fine-scale movements of aquatic animals. Fisheries
Research 108:364-371.

Forsyth, D., C. M. Riseng, K. E. Wehrly, L. A. Mason, J. Gaiot, T. Hollenhorst C. M. Johnston, C.
Wyrzkowski, G. Annis, C. Castiglione, K. Todd, M. Robertson, D. M. Infante, L. Wang, J. E.
McKenna, and G. Whelan. 2016. The Great Lakes Hydrography Dataset: consistent, binational
watersheds for the Laurentian Great Lakes Basin. Journal of the American Water Resources
Association 52:1068-1088.

Gillenwater, D., T. Granata, and U. Zika. 2006. GIS-based modeling of spawning habitat suitability for
walleye in the Sandusky River, Ohio, and implications for dam removal and river restoration.
Ecological Engineering 28:311-323.

Harris, C. M., T. O. Brenden, C. S. Vandergoot, M. D. Faust, S. J. Herbst, and C. Krueger. In Press.
Tributary use and large-scale movements of Grass Carp in Lake Erie. Journal of Great Lakes
Research.

Hayden, T. A., C. M. Holbrook, D. G. Fielder, C. S. Vandergoot, R. A. Bergstedt, J. M. Dettmers, C. C.
Krueger, and S. J. Cooke. 2014. Acoustic telemetry reveals large-scale migration patterns of
walleye in Lake Huron. PLoS ONE 9(12):1-19.

27



677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

Hayes, D. B., C. P. Ferreri, and W. W. Taylor. 2013. Active fish capture methods. Pages 267-304 in A.V.
Zale, D.L. Parrish, and T.M. Sutton, editors. Fisheries techniques, 3" edition. American Fisheries
Society, Bethesda, Maryland.

Herbst, S. J., L. R. Nathan, T. J. Newcomb, M. R. DuFour, J. Tyson, E. Weimer, J. Buszkiewicz, and J.
M. Dettmers. In press. An adaptive management approach for implementing multi-jurisdictional
response to Grass Carp in Lake Erie. Journal of Great Lakes Research.

Hijmans, R. J. 2019. geosphere: spherical trigonometry. R package version 1.5-10. (Available:
https://CRAN.R-project.org/package=geosphere).

Holbrook, C., T. Hayden, T. Binder, J. Pye. 2019. glatos: A package for the Great Lakes Acoustic
Telemetry Observation System. R package version 0.4.0.
https://gitlab.oceantrack.org/GreatLakes/glatos

Hubert, W. A., K. L. Pope, and J. M. Dettmers. 2013. Passive capture techniques. Pages 223-266 in A.V.
Zale, D. L. Parrish, and T. M. Sutton, editors. Fisheries techniques, 3™ edition. American
Fisheries Society, Bethesda, Maryland.

Kellner, K. 2019. jagsUI: A Wrapper Around 'rjags' to Streamline 'JAGS' Analyses. R package version
1.5.1. (Available: https://CRAN.R-project.org/package=jagsUl).

Kocovsky, P. M., D. C. Chapman, and J. E. McKenna. 2012. Thermal and hydrologic suitability of Lake
Erie and its major tributaries for spawning of Asian carps. Journal of Great Lakes Research

38:159-166.

Kocovsky, P., N. King, E. Weimer, C. Mayer, and S. Qian. In press. Validation of the model-
projected spawning area of Grass Carp (Ctenopharygodon idella) in the Sandusky River.
Journal of Great Lakes Research

Krueger, C. C., C. M. Holbrook, T. R. Binder, C. S. Vandergoot, T. A. Hayden, D. W. Hondorp, N. Nate,

K. Paige, S. C. Riley, A. T. Fisk, and S. J. Cooke. 2018. Acoustic telemetry observation systems:

28



701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

challenges encountered and overcome in the Laurentian Great Lakes. Canadian Journal of
Fisheries and Aquatic Sciences 73:1755-1763.

Krynak, K. L., R. G. Oldfield, P. M. Dennis, M. Durkalec, and C. Weldon. 2015. A novel field technique
to assess ploidy in introduced Grass Carp (Ctenopharyngodon idella, Cyprinidae). Biological
Invasions 17:1931-1939.

Kuznetsova, A., P. B. Brockhoff, and R. H. B. Christensen. 2017. ImerTest: tests in linear mixed effects
models. Journal of Statistical Software 82(13):1-26.

Lake Erie Committee and Great Lakes Fishery Commission. 2018. Lake Erie Grass Carp Adaptive
Response Strategy 2019-2023. Great Lakes Fishery Commission, Ann Arbor, Michigan.
(Available:
http://www.glfc.org/pubs/lake_committees/erie/LEC_docs/other_docs/Grass%20Carp%20Adapti
ve%20Response%20Strategy %20LEC%20December%202018 %20FINAL.pdf).

Lapointe, N. W. R., J. T. Thorson, and P. L. Angermeier. 2010. Seasonal meso- and microhabitat
selection by the Northern Snakehead (Channa argus) in the Potomac River system. Ecology of
Freshwater Fish 19:566-577.

Lennox, R. J., G. Blouin-Demers, A. M. Rous, and S. J. Cooke. 2016. Tracking invasive animals with
electronic tags to assess risks and develop management strategies. Biological Invasions. 18:1219-
1233.

Maceina, M. J., J. W. Slipke, and J. M. Grizzle. 1999. Effectiveness of three barrier types for confining
Grass Carp in embayments of Lake Seminole, Georgia. North American Journal of Fisheries
Management 19:968-976.

Melnychuk, M. C. 2012. Detection efficiency in telemetry studies: definitions and evaluation methods.
Pages 339-361 in N. S. Adams, J. W. Beeman, and J. H. Eiler, editors. Telemetry techniques: a
user guide for fisheries research. American Fisheries Society, Bethesda, Maryland.

Mills, E. L., J. H. Leach, J. T. Carlton, and C. L. Secor. 1993. Exotic species in the Great Lakes: a history
of biotic crises and anthropogenic introductions. Journal of Great Lakes Research 19:1-54.

29



727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

Mitchell, C. P. 1980. Control of water weeds by Grass Carp in two small lakes. New Zealand Journal of
Marine and Freshwater Research 14:381-390.

Mufioz, D. J., D. W. Miller, C. Sutherland, and E. H. Campbell Grant. 2016. Using spatial capture-
recapture data to elucidate population processes and special use in herpetological studies. Journal
of Herpetology 50:570-581.

Murphy, E. A, and P. R. Jackson. 2013. Hydraulic and water-quality data collection for the investigation
of Great Lakes tributaries for Asian carp spawning and egg-transport suitability. Urbana
51:61801-62347.

Ohio Department of Natural Resources Division of Wildlife. 2019. Lake Erie Grass Carp Response
Strategy (2019-2023). Ohio Department of Natural Resources, Columbus, Ohio. (Available:
https://lakeeriefoundation.org/wp-content/uploads/2019/04/ODNR-Division-of-Wildlife-Lake-
Erie-Grass-Carp-Response-Strategy-3-28-19.pdf)

Pincock, D. G. 2012. False detections: What they are and how to remove them from detection data.
Vemco Application Note 902:1-11.

Plummer, M. 2015. JAGS Version 4.0.0 user manual. https://sourceforge.net/projects/memc-
jags/files/Manuals/4.x/

Plummer, M., N. Best, K. Cowles, and K. Vines. 2006. Convergence Diagnosis and Output Analysis for
MCMC. R News 6:7-11.

R Core Team. 2019. R: A language and environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

Raabe, J. K., B. Gardner, and J. E. Hightower. 2014. A spatial capture-recapture model to estimate fish
survival and location from linear continuous monitoring arrays. Canadian Journal of Fisheries and
Aquatic Sciences 71:120-130.

Ricciardi, A. 2001. Facilitative interactions among aquatic invaders: is an “invasional meltdown”

occurring in the Great Lakes? Canadian Journal of Fisheries and Aquatic Sciences 58:2513-2525.

30


https://www.r-project.org/

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

Ricciardi, A. 2006. Patterns of invasion of the Laurentian Great Lakes in relation to changes in vector
activity. Diversity and Distributions 12:425-433.

Robinson, K. F., M. DuFour, M. Jones, S. Herbst, T. Newcomb, J. Boase, T. Brenden, D. Chapman, J.
Dettmers, J. Francis, T. Hartman, P. Kocovsky, B. Locke, C. Mayer, and J. Tyson. In press.
Using decision analysis to collaboratively respond to invasive species threats: a case study of
Lake Erie Grass Carp (Ctenopharyngodon idella). Journal of Great Lakes Research

Royle, A. J., R. B. Chandler, R. Sollmann, and B. Gardener. 2014. Spatial capture-recapture. Academic
Press, Waltham, Massachusetts.

Shireman, J. V., and C. R. Smith, C.R., 1983. Synopsis of biological data on the Grass Carp,
Ctenopharyngodon idella (Cuvier and Valenciennes, 1844). Food and Agriculture Organization
of the United Nations, Rome. (Available: http://www.fao.org/3/a-ap938e.pdf).

Simpfendorfer, C. A., C. Huveneers, A. Steckenreuter, K. Tattersall, X. Hoenner, R. Harcourt, and M. R.
Heupel. 2015. Ghosts in the data: false detection in VEMCO pulse position modulation acoustic
telemetry monitoring equipment. Animal Biotelemetry 3:1.

Stanley, J. G., W. W. Miley, and D. L. Sutton. 1978. Reproductive requirements and likelihood for
naturalization of escaped Grass Carp in the United States. Transactions of the American Fisheries
Society 107:119-128.

Sullivan, C. J., M. J. Weber, C. L. Pierce, and C. A. Camacho. 2019. Influence of river discharge on
Grass Carp occupancy dynamics in south-eastern lowa rivers. River Research and Applications
35:60-67.

Taylor A. H., S. R. Tracey, K. Hartmann and J. G. Patil. 2012. Exploiting seasonal habitat use of the
Common Carp, Cyprinus carpio, in a lacustrine system for management and eradication. Marine
& Freshwater Research. 63:587-597.

Tetra Tech Inc. 2014. Total maximum daily loads for the Sandusky River (lower) and Bay tributaries

watershed. Division of Surface Water Final Report May 28, 2014.

31



777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

USFWS (United States Fish and Wildlife Service). 2014. Ballville Dam Project, Sandusky County, Ohio;
Final Environmental Impact Statement, Bloomington, MN.

USGS (United States Geological Survey), 2019a. Non-Indigenous Aquatic Species Database.
http://nas.er.usgs.gov/taxgroup/fish/default.aspx. Accessed December, 2019.

USGS, 2019b, Newly Hatched Invasive Grass Carp Found in Maumee River, Ohio: first larval grass carp
captured within Great Lakes watershed. March 6, 2019, at URL
https://www.usgs.gov/news/newly-hatched-invasive-grass-carp-found-maumee-river-ohio

USGS, 2019c, National Water Information System data available on the World Wide Web (USGS Water
Data for the Nation), accessed December 10, 2019, at URL

https://waterdata.usgs.gov/oh/nwis/uv?site n0=04198000.

Weberg, M. A., B. R. Murphy, J. R. Copeland, and A. L. Rypel. 2020. Movement, habitat use, and
survival of juvenile Grass Carp in an Appalachian reservoir. Environmental Biology of Fishes.
103: 495-507.

Whitledge, G. W., D. C. Chapman, J. R. Farver, S. J. Herbst, N. E. Mandrak, J. G. Miner, K. L. Pangle,
and P. M. Kocovsky. In press. Identifying sources and year classes contributing to invasive grass
carp in the Laurentian Great Lakes. Journal of Great Lakes Research.

Wieringa, J. G., S. J. Herbst, and A. R. Mahon. 2017. The reproductive viability of Grass Carp
(Ctenopharyngodon idella) in the western basin of Lake Erie. Journal of Great Lakes Research
43:405-409.

Williams, J. R., C. S. Guy, T. M. Koel, P. E. Bigelow. 2020. Targeting aggregations of telemetered Lake
Trout to increase gillnetting suppression efficacy. North American Journal of Fisheries
Management. 40:225-231.

Zale, A. V., D. L. Parrish, and T. M. Sutton. 2013. Fisheries techniques, 3" edition. American Fisheries

Society, Bethesda, Maryland.

32


https://waterdata.usgs.gov/oh/nwis/uv?site_no=04198000

801 Table 1. Means of posterior probability distributions, 95% highest posterior density intervals, and
802  effective sample size for the posterior means for the parameters of the spatial capture-recapture model fit
803  to encounter histories of tagged Grass Carp in the Sandusky River. Results are not shown for daily

804  activity centers or the daily “alive” status of each tagged fish.

Param. Mean  95% HPD Eff. Size Param. Mean 95% HPD Eff. Size
o 3.51 3.48 —3.55 2,691 C16 0.64 0.61-0.67 2,567
T 3.14 3.06-3.21 1,883 G17 1.16 1.11-1.23 2,664
¢ 0.999  0.998 - 1.000 3,000 o1 1.69 1.65-1.74 2,667
o1 5.00 4.87-5.13 3,000 C19 0.83 0.80 -0.87 2,669
o2 4.45 419-4.73 3,000 G20 0.99 0.96 - 1.03 2,387
o3 3.94 3.66 —4.20 3,000 G 1.27 1.22-1.30 3,000
o4 0.98 0.92-1.05 3,000 G2 1.62 1.57 - 1.67 3,000
o5 2.44 2.31-2.59 3,000 o23 1.67 1.62-1.71 3,000
o6 3.04 2.88-3.21 3,000 O 1.57 1.53-1.62 3,000
o7 0.39 0.08-0.70 3,319 o5 1.71 1.66-1.76 2,791
O3 2.34 2.20-251 3,163 2 1.46 1.35-1.55 3,000
o9 1.97 1.86 - 2.08 3,231 Ca7 1.02 0.97 -1.08 2,692
o10 1.54 1.45-1.62 3,000 Go8 341 3.33-3.50 2,738
cu 1.63 154-1.72 3,390 G29 0.93 0.90-0.96 2,503
o12 2.07 1.95-2.19 2,800 C30 1.24 1.19-1.29 2,455
o13 2.21 2.15-2.26 2,675 o3t 4.63 434 -4.84 3,207
G 1.22 1.20-1.25 2,157 o3 2.77 2.72 - 2.83 3,000
G15 1.12 1.09-1.15 3,000 o33 2.01 1.94-2.08 3,153

805
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806  Table 2. ANOVA and pairwise comparison results for the daily ranges of movement of Grass Carp under
807 five environmental covariate categories: 1) daily maximum discharge > 31 m®/s and daily mean water

808  temperatures > 18°C (high disc./high temp.); 2) daily maximum discharge > 31 m®/s and daily mean water
809  temperature > 4.5°C and < 18°C (high disc./low temp.); 3) daily maximum discharge < 31 m®/s and daily
810  mean water temperatures > 18°C (low disc./high temp.); 4) daily maximum discharge < 31 m®/s and daily
811  mean water temperature > 4.5°C and < 18°C (low disc./low temp.); 5) daily mean water temperature <

812  4.5°C (winter).

Test Test statistic Degrees of freedom  P-value
value

Overall difference among categories 131,51 4, 14,204 <0.01*
High disc./high temp. vs. high disc./low temp. -18.15 14,203 <0.01*
High disc./high temp. vs. low disc./high temp. -19.27 14,143 <0.01*
High disc./high temp. vs. low disc./low temp. -17.07 14,165 <0.01*
High disc./high temp. vs. winter -21.41 14,091 <0.01*
High disc./low temp. vs. low disc./high temp. 4.36 14,226 <0.01*
High disc./low temp. vs. low disc./low temp. 3.86 14,227 <0.01*
High disc./low temp. vs. winter 6.03 14,227 <0.01*
Low disc./high temp. vs. low disc./low temp. 0.35 14,214 0.73
Low disc./high temp. vs. winter 0.88 14,198 0.38
Low disc./low temp. vs. 5 winter 0.35 14,216 0.73
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816  Table 3. ANOVA and pairwise comparison results for the mean daily total movement of Grass Carp

817  under five environmental covariate categories: 1) daily maximum discharge > 31 m%/s and daily mean

818  water temperatures > 18°C (high disc./high temp.); 2) daily maximum discharge > 31 m%/s and daily mean
819  water temperature > 4.5°C and < 18°C (high disc./low temp.); 3) daily maximum discharge < 31 m®/s and
820  daily mean water temperatures > 18°C (low disc./high temp.); 4) daily maximum discharge < 31 m%/s and
821  daily mean water temperature > 4.5°C and < 18°C (low disc./low temp.); 5) daily mean water temperature

822 < 4.5°C (winter).

Test Test statistic value  Degrees of freedom  P-value
Overall difference among categories 117.29 4,9,890 <0.01*
High disc./high temp. vs. high disc./low temp. -2.12 9,890 <0.01*
High disc./high temp. vs. low disc./high temp. -2.57 9,892 <0.01*
High disc./high temp. vs. low disc./low temp. -2.79 9,899 <0.01*
High disc./high temp. vs. winter -2.60 9,894 <0.01*
High disc./low temp. vs. low disc./high temp. 0.45 9,886 <0.01*
High disc./low temp. vs. low disc./low temp. 0.66 9.898 <0.01*
High disc./low temp. vs. winter 0.48 9,888 <0.01*
Low disc./high temp. vs. low disc./low temp. 0.22 9,891 0.13
Low disc./high temp. vs. winter 0.03 9,881 0.77
Low disc./low temp. vs. winter -0.18 9,894 0.19
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829  Figure 1. Map of the western basin of Lake Erie showing release locations of the 27 Grass Carp that

830  provided detections used in this study (2014-2019). Twenty-two fish were released in the Sandusky

831  system, two fish in Lake Erie near Catawba Island, one fish in the Maumee River, and two fish in the
832  River Raisin.
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each year this study was conducted.

37




507

¢

.
H

-~
401 o

|
A

w
o
]
p
|11
y
74
&
|

) €

X

P
K
L1
¢
[
»
P

River Kilometer

207

e
—
e
S .
— — — — — —
101
7 T T 7T — 7 v v/ T v/ v T v/ v/ T v 17— T v/ T v/ T/ T/ T T T T T 7
~ O~ ~ o~ ~N N o 0o ® © © ® © © o o O @ o
4 a N aa s a 2232 Y 423 5 a9 53 a3 223 T 0o
> il Qa = > O w > Z a = > o - > -
T 5§ 3 % § 8 3 2 § 9§ 8 53 3 53 % %8 3 2 § 8§88 58 5 5 3
s » " & nw 0Oz 0 » L >2< s A»" " 0 O za s L=< s AP
Date

841
842  Figure 3. Hourly detection counts per day for each tagged Grass Carp at each RKM receiver in the

843  Sandusky River from May 1, 2017 to July 31, 2019. The size of the symbol is indicative of the number of
844  counts. The horizontal lines indicate period of operation for the deployed receivers, although several of
845  the receivers are identified as non-operational because they could not be recovered at the end of the study.
846  Different shades of gray differentiate tagged Grass Carp.
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Figure 4. Mean daily detection rates and 95% confidence limits at each RKM receiver overall and for the
5 temperature and discharge categories described in the text (A = overall, B = daily maximum discharge >
31 m®%s and daily mean water temperatures > 18°C; C = daily maximum discharge > 31 m®/s and daily
mean water temperature > 4.5°C and < 18°C; D = daily maximum discharge < 31 m®/s and daily mean
water temperature > 4.5°C and < 18°C; E = daily maximum discharge < 31 m®/s and daily mean water

temperatures > 18°C; F = daily mean water temperature < 4.5°C).
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857

858  Figure 5. Daily water temperature (top panel; solid line), daily maximum discharge (middle panel; solid
859 line) and average of the daily estimated RKM activity centers (bottom panel; solid line) for Grass Carp
860 along with the 95% Bayesian credible intervals (bottom panel: gray ribbon) for the Sandusky River from
861 May 1, 2017 to July 31, 2019. The dashed lines on the daily water temperature and maximum discharge

862  panels delineate 18 °C and 31 m¥/s.
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Figure 6. Activity center posterior frequencies at river kilometers throughout the study site overall and for
the five temperature and discharge categories described in the text (A = overall, B = daily maximum
discharge > 31 m%/s and daily mean water temperatures > 18°C; C = daily maximum discharge > 31 m%/s
and daily mean water temperature > 4.5°C and < 18°C; D = daily maximum discharge < 31 m®/s and daily
mean water temperature > 4.5°C and < 18°C; E = daily maximum discharge < 31 m%/s and daily mean

water temperatures > 18°C; F = daily mean water temperature < 4.5°C).
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