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Abstract Unregulated rivers provide unobstructed
corridors for the dispersal of both native and invasive
species. We sought to evaluate range size and habitat
use of an invasive species (Silver Carp, Hypoph-
thalmichthys molitrix) in an unimpounded river reach
(Wabash River, IN), to provide insights into the
dispersal of invasive species and their potential
overlap with native species. We hypothesized that
range size would increase with fish length, be similar
among sexes, and vary annually while habitats used
would be deeper, warmer, lower velocity, and of finer
substrate. Silver Carp habitat use supported our
hypotheses but range size did not vary with sex or
length. 75% home range varied annually, suggesting
that core areas occupied by individuals may change
relative to climate-based factors (e.g., water levels),
whereas broader estimates of range size remained
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constant across years. Ranges were often centered on
landscape features such as tributaries and backwaters.
Results of this study indicate habitat and landscape
features as potential areas where Silver Carp impacts
on native ecosystems may be the greatest. Observed
distribution of range sizes indicates the presence of
sedentary and mobile individuals within the popula-
tion. Mobile individuals may be of particular impor-
tance as they drive the spread of the invasive species
into new habitats.
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Introduction

Silver Carp (Hypophthalmichthys molitrix [Valenci-
ennes, 1844]) are global invaders, occurring in >70
countries and territories (Kolar et al., 2007). Multiple
characteristics have contributed to the invasion suc-
cess of Silver Carp, including plasticity in life history
traits, rapid growth, high fecundity, and rapid dispersal
(Kolar et al., 2007; DeGrandchamp et al., 2008;
Coulter et al., 2013). The North American invasion of
this fish provides an excellent context for ecological
study of fish beyond their native distributions because
they have invaded several rivers of divergent hydro-
geomorphology. Most North American rivers with
high densities of Silver Carp are impounded, with
lock-and-dam systems interspersed with pool habitats
(Chick & Pegg, 2001; MacNamara et al., 2016).
However, Silver Carp are also found in unimpounded
rivers and river reaches in North America, including
many in the Great Lakes, upper Mississippi River, and
Ohio River Basins which are at risk of future invasion
(USACE, 2010; Cudmore et al., 2012). Environmental
conditions differ between impounded and unim-
pounded river reaches, primarily with respect to flow
regime and slack-water habitat availability. Unim-
pounded river reaches function as corridors for
dispersal and could provide better conditions for
Silver Carp spawning due to a more natural flow
regime with spikes in discharge to trigger spawning,
fewer zones for drifting eggs and larvae to settle
(Abdusamadov, 1987; Kocovsky et al., 2012), and no
dams to inhibit movement to spawning sites. Biolog-
ical and ecological traits of Silver Carp have been
observed to vary across ecosystems and among
populations (e.g., Deters et al., 2013; Coulter et al.,
2013; Jayasinghe et al., 2015), and it is likely that these
traits also diverge between invaded unimpounded and
impounded river reaches (e.g., Stuck et al., 2015).
Among the suite of characteristics that can influence
invasion success, movement and habitat use are of
particular interest because movement can contribute to
increased propagule pressure that facilitates invasions
(Lockwood et al., 2005), and habitat use can provide
targets for monitoring to detect new invasions and
controlling established populations (Peterson, 2003;
Guisan & Thuiller, 2005). One metric that can be
influenced by both movement and habitat use is range
size. Range size is a concept in biogeography and
animal ecology that expresses the spatial extent over
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which an individual occurs (Burt, 1943; Gerking,
1950, 1953, 1959). Range sizes in fishes can be
influenced by habitat selection for a variety of factors,
including flow rate, water temperature (Linfield, 1985;
Winemiller & Jepsen, 1998), water depth (Winemiller
& Jepsen, 1998), food resource availability (Tyler &
Gilliam, 1995), ontogenetic changes, and life history
events (Crook, 2004a). In some species, individuals
with greater dispersal distances may also occupy larger
range sizes (Lester et al., 2007). Therefore, range
measures may vary with changes in ontogenetic traits
(e.g., fish length and maturation) and the occurrence of
specific life history events (e.g., spawning) as well as
habitat availability. Mature Silver Carp within their
native distributions live primarily in lentic or lentic-
like habitats and move to very specific lotic sites for
spawning (Chen et al., 2007). As a result, ranges within
the species’ native distributions should include both
lentic residential and lotic spawning sites. However,
invasive Silver Carp in North America inhabit primar-
ily lotic habitats, and observations suggest that spawn-
ing site selection may be less specific or have different
requirements (Schrank et al., 2001; Coulter et al., 2013;
Deters et al., 2013; Coulter et al., 2016b) that could
produce differences in observed ranges and habitat use.

Individual variation in movements and range is often
an overlooked component of fish behavior (Magurran,
1986) but can have a great impact on dispersal patterns
exhibited by a population. Dispersal patterns are also
under great selection pressure (Baguette etal., 2013) and
may differ among and within populations (Travis &
Dytham, 2002; Wright et al., 2003; Hughes et al., 2007;
Phillips & Dudik, 2008). Despite this variation, some
generalities in dispersal have emerged. For some
species, individuals may be classified as mobile or
sedentary (Funk, 1955; Kennedy, 1981; Aparicio & De
Sostoa, 1999; Skalski & Gilliam, 2000) and the
classification of an individual may change through
time. Mobile individuals may function to reduce
inbreeding and connect populations (Bengsston, 1978;
Waldman & McKinnon, 1993; Jackson et al., 2001) and
these individuals may be more fit than sedentary
counterparts (Fraser et al., 2001). However, cyprinids,
especially large cyprinids, are underrepresented in the
movement literature as much movement theory is
derived from studies of salmonids (e.g., Gowan et al.,
1994; Rodriguez, 2002; but see Goforth & Foltz, 1999;
Crook, 2004a). Thus, it is difficult to hypothesize
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dispersal patterns for large cyprinids, including Silver
Carp, without additional research.

Habitat use differences in Silver Carp are likely
based on availability within invaded riverine ecosys-
tems and individual life stage. For example, observa-
tions from regulated rivers indicate that lentic-like
habitats, such as backwaters and other lower velocity
areas, are preferred habitats for Silver Carp (Kolar
et al., 2007; DeGrandchamp et al., 2008; Calkins et al.,
2012). However, such habitats are not readily avail-
able in all rivers supporting established Silver Carp
populations (e.g., Wabash River). Thus, there is great
need to examine range size and habitat use of Silver
Carp in unregulated rivers to support management
efforts while also offering insights into the ecology
and behavior of Silver Carp.

The goal of this study was to examine range size and
habitat use of invasive Silver Carp in an invaded,
unimpounded river reach which can be used to refine
predictive models (e.g., range expansion and invasion
success), evaluate habitat overlap with native species,
target areas for removal efforts, and provide general
insights into invasion ecology and invasive species
management. Using four different estimates of range
size, we examined potential variation in range size
among individuals, between sexes, in relation to total
length, and among years. Habitat selection by Silver
Carp was also evaluated based on river substrate, water
depth, velocity, and temperature. We hypothesized that
Silver Carp range size estimates would (1) increase with
increasing length as larger fish often have greater
resource requirements (Hobbs et al., 2005; Downs &
Horner, 2007), (2) be similar between sexes since
movements were previously found to be similar (Coul-
ter et al., 2016a), and (3) range size would vary annually
as yearly differences in water levels restrict or allow
access to different habitats. We also hypothesized that
Silver Carp would utilize deeper, lower velocity, and
warmer habitats that are more lentic-like (Chen et al.,
2007; Kolar et al., 2007; DeGrandchamp et al., 2008;
Calkins et al., 2012) and that Silver Carp would prefer
small particle substrates that are associated with lower
velocity habitats.

Materials and methods

Range sizes and habitat use were calculated using
existing telemetry infrastructure and data (Coulter

et al., 2016a) in the Wabash River, Indiana (USA),
collected from 2011 to 2013. The data were collected
from 232 Silver Carp tagged with acoustic telemetry
tags (Vemco V16-4H, Bedford, Nova Scotia, Canada),
17 stationary Vemco VR2W receivers deployed over
an approximately 400 km reach of the Wabash River,
and active tracking conducted using a Vemco VR100
receiver during the same period over an approximately
100-km portion (Fig. 1). Tagged individuals were
released following recovery of equilibrium within 2
km of their capture location (full surgery details in
Coulter et al., 2016a). Active tracking was performed
once a week, and a single telemetry detection was used
for each individual on each day from either active
tracking or the stationary receivers to reduce potential
autocorrelation (e.g., Fieberg, 2007). If multiple
detections of the same individual occurred within the
same day, the last detection of the day was used.
Additionally, no detections collected within 48 h of
tag implantation were used for range estimation.
During tagging in 2012 and 2013, fin clips were taken
from tagged individuals, and DNA extracted from the
clips was used to classify individuals as Silver Carp,
Bighead Carp [Hypophthalmichthys nobilis (J.
Richardson, 1845)], or hybrids based on three estab-
lished primers (Mia et al., 2005; Coulter et al., 2016a)
using polymerase chain reaction (PCR) as detailed in
Lenaerts et al. (2015). No fin clips were taken in 2011,
so external morphology (keel, gill rakers, head size,
coloration) was used to classify individuals as Silver
Carp, Bighead Carp, or hybrids for that year. Results
from genetic analysis indicated a 10% chance of
misclassification of these fishes based on external
morphology, with the majority of these misclassifica-
tions coming from hybrids misclassified as Silver
Carp. Only data from individuals visually (2011,
n = 84) or genetically (2012, n = 40;2013,n = 108)
determined to be Silver Carp were included in this
study. Sex was determined during tagging if eggs or
milt were visible during surgery or could be expressed
with light pressure (males, n = 12, females, n = 77).
Total length of tagged Silver Carp averaged 698.5 mm
(£4.30 SE, range 374-940 mm, n = 232).

Estimation of range sizes
Ranges encompass the habitats and resources needed

to complete life-history activities over a time period of
interest. Overall total range was calculated as the
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Fig. 1 Area of the Wabash
River, Indiana, where the
Silver Carp telemetry study
took place from 2011 to
2013. Active tracking
occurred over
approximately 100 river
kilometers (rkm). The
locations of stationary
receivers (triangles) and the
stream gaging station (star,

Active
tracking
reach

USGS streamflow gaging
station number 03336000)
are indicated on the map.
Acoustic Doppler current
profiler (ADCP) was used
over approximately 13 rkm
in 2012 and 2013 to measure
water velocity, depth, and
temperature. Substrate data
were mapped in 2014 over
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maximum displacement (i.e., the linear river distance
between the most upstream and downstream telemetry
detections) of an individual over the entire study
(similar to Clapp et al., 1990). Overall total range
values take into account the maximum extent to which
an individual Silver Carp may move to better incor-
porate the influence of large spawning migrations
these individuals may exhibit (e.g., DeGrandchamp
et al., 2008; Coulter et al., 2016a). Ranges are linear,
streamwise distances that do not take into account
lateral movements across the width of the river in part
due to the linear placement of stationary receivers.
Detections from the telemetry study were imported
into ArcMap (V. 10.2, ESRI, Redlands, CA, USA),
separated by individual fish, and overlaid with the
flowline for the Wabash River. Overall total range was
only calculated for each individual with >5 detections
over the 3-year study period. Individuals with <5
detections were often detected moving downstream
and never moved upstream or only had one or two
detections shortly after tagging. These detection
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histories indicate possible mortalities, and thus ranges
from these individuals were not included in analyses.
Because individuals were tagged and released in
multiple years, overall total ranges were derived from
telemetry data collected over different time periods,
which could influence range sizes. Therefore, overall
total ranges were first compared among individuals
with overall total ranges derived from 1, 2, or 3 year of
data using a Kruskal-Wallis test so that range
estimates could be combined when possible. If
significant differences existed, pairwise comparisons
were done with Mann—Whitney U tests (Bonferroni
corrected o = 0.025 used in with Mann—Whitney
tests). Additionally, numbers of detections could
potentially influence total range estimates and a
Spearman rank correlation was used to test for any
relationships.

Additional comparisons were made using Silver
Carp overall total ranges estimated from 2 or 3 years
of data that were shown to not be significantly
different from each other. A frequency distribution
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of Silver Carp overall total range size was created to
visualize distributions of range size. A Spearman rank
correlation was used to determine if total length of the
Silver Carp was associated with a change in total range
size. Also, Silver Carp male and female overall total
ranges were compared using a Mann—Whitney U test.

Some individuals tagged in the initial year of the
study had >5 detections from each study year (2011,
2012, and 2013), which allowed for comparison of
how an individual’s range, and the mean river
kilometer (rkm) of each range varied through time.
Annual total range was calculated as maximum
displacement during a particular year, while annual
home ranges (both 95 and 75% isopleths) were
calculated using the kernel density estimator tool in
ArcMap. Using kernel density to estimate a home
range considers the frequency of use of different
habitats, thereby giving less weight to short migrations
and providing an estimate of the area individuals used
most of the time. The kernels were generated and then
river lengths contained within those kernels were
considered the annual home range size. Mean rkm of
annual total range and home ranges were determined
based on rkm listed on maps in Hoggatt (1975). All
range size estimates and mean rkm were not normally
distributed and multiple transformations did not
achieve normality. Therefore, non-parametric tests
were employed for all statistics related to range size.
The effect of numbers of detections on annual total
range and home range estimates was tested using
Spearman rank correlations. Friedman rank sum tests
(non-parametric repeated measures analysis of vari-
ance equivalent) were used to evaluate whether the
annual total range and home range sizes and mean rkm
varied for individual Silver Carp among years fol-
lowed by Wilcoxon—Nemenyi-McDonald-Thompson
post hoc tests (Hollander & Wolfe, 1999) if signifi-
cant. The study period encompassed a drought year
(2012), and wet year (2013), and a more typical year
(2011) which could contribute to differences in range
sizes.

Substrate

Substrate data were obtained using a Humminbird
898c SI side-scan sonar (Johnson Outdoors Marine
Electronics, Eufaula, AL, USA) for a 10-km reach of
the Wabash River near Lafayette, IN, in 2014. Four
passes were made through the 10-km reach to

thoroughly cover the entire river bottom. Raw sonar
data were converted to raster files usable in a GIS with
DrDepth 5.0.20 software (DrDepthPC Version 5.0.20
by Per Pelin, 2012). GIS layers of sonar data were
characterized into five substrate categories: sand,
gravel, cobble, boulder, and bedrock. Substrates were
visually interpreted based on texture, bottom hardness,
and image quality guidelines developed by the Geor-
gia Department of Natural Resources (Kaeser & Litts,
2010), and the proportion of each substrate within the
10-km reach of the river was determined. In 2012, the
substrate classifications were groundtruthed to assess
accuracy of these techniques. Groundtruthing con-
sisted of ninty-five randomly selected points which
were probed using the copper pole method to deter-
mine substrate type (Pritchett & Pyron, 2011). Correct
substrate characterization occurred in 87 out of 95
points. Incorrect characterizations were likely caused
by image distortion from shallow water and woody
debris. The groundtruthed 2012 data were collected
using only a single pass during the sonar survey,
whereas an additional survey in 2014 used multiple
passes to survey the entire river bottom. Therefore, the
2014 survey was used to match with telemetry data.
Data from active tracking of telemetered Silver
Carp (all years) were overlaid with the available
substrate data to determine the substrate type for each
detection that was wholly within a single substrate
polygon. Active tracking detections were not used if
they were found to be on a line between two substrate
types. Bedrock and boulder substrates composed <1%
of available substrate (Boulder 0%, Bedrock 0.003%)
and no Silver Carp occurred over these substrates;
therefore, these substrates were not included in
analyses. Only one detection, per individual, per week
was utilized for analysis to minimize autocorrelation
of consecutive detections. For each Silver Carp,
proportions of detections over each substrate type
were compared to the proportions of all available
substrates using a Chi-squared test (°). The resource
selection index (W) for each non-zero bin (bins in this
test were substrate type) was then calculated as a
measure of preference or avoidance. Percent of active
tracking detections in a given bin divided by the
percent of available habitat in a given bin (W overlap-
ping with 1 indicates neutral selection, W < 1 indi-
cates habitat avoidance, W > 1 indicates habitat
preference; Manly et al, 2002; Harrison et al.,
2016). Bonferroni 95% confidence intervals (CI) were
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calculated around each W value (Thomas & Taylor,
1990; Manly et al.,, 2002; DeGrandchamp et al.,
2008) to evaluate wether W values were significantly
different than 1 which would indicate preference or
avoidance (Hobbs & Bowden, 1982).

Depth, velocity, and temperature

Velocity (cm/s), depth (m), and water temperature
(°C) were collected using an acoustic Doppler current
profiler (ADCP) that measured three-dimensional
water velocity profiles over the water column (with
the exception of near-surface and near-bed areas due
to instrument limitations; Jackson, 2016). The ADCP
data were collected by the U.S. Geological Survey
(USGS) to examine bigheaded carps’ spawning in the
Wabash River, and so ADCP data were only collected
for a specific river reach. The boat-mounted ADCP
was used to measure along the thalweg of the Wabash
River over a two-day period covering approximately
13 km near West Lafayette, IN, during summer 2012
(26-Jun to 27-Jun) and again in 2013 (16-Jun to
17-Jun). In 2012, a 2 MHz TRDI StreamPro ADCP
(Teledyne RD Instruments, Poway, CA, USA) was
used. In 2013, a 1200 kHz Rio Grande ADCP
(Teledyne RD Instruments, Poway, CA, USA) was
used. The StreamPro is capable of measuring in
shallow water (<0.5 m) and was well suited to the low
flows in the Wabash River during the 2012 drought. In
both years, the ADCP data were georeferenced using a
Hemisphere Crescent A100 differential GPS receiver
with sub-meter accuracy (Hemisphere GPS, Calgary,
AB, Canada). The ADCP collected a velocity profile
approximately every second (depends on instrument
and configuration) and these data were processed
using the Velocity Mapping Toolbox (Parsons et al.,
2013). Depth-averaged velocities (averaged over the
measured portion of the water column) for each profile
were temporally averaged over 30-s windows to
reduce the noise in the data and provide mean values
of velocity, depth, and temperature for short reaches.
The location of each reach-averaged mean parameter
was assigned the mean of latitude and longitude of the
positions of the 1-s data within each 30-s window.
Water temperature was measured at the head of the
ADCP, which was typically submerged <10 cm below
the water surface.

Active tracking detections from the 13 km reach
collected within a maximum of two weeks of each
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ADCP data collection event were used to assess
possible environmental preferences. This time period
was selected to minimize potential variation in flow
and temperature that could occur with changes in river
discharge (USGS) streamflow gaging station number
03336000: Wabash River at Covington, IN; Fig. 2).
Silver Carp active tracking detections were overlaid
with the ADCP 30-s mean data points. The measure-
ments from the ADCP point closest to each telemetry
detection were considered to be the values of velocity,
depth, and temperature used by the telemetered fish.
Only one detection, per individual in each year, was
used. All 30-s ADCP points were considered the
available habitat within the river reach examined.
Available environmental conditions were binned as
follows: velocity (10 cm/s bins), depth (0.5 m bins),
and temperature (0.5°C bins in 2012; 0.2°C bins in
2013; e.g., Manly et al., 2002; Harrison et al., 2016).
Bin size was selected to minimize zeros in available
habitat. Manly’s habitat selection index (W) and
Bonferroni 95% CIs were calculated and evaluated
for each non-zero bin as described for substrate
(Manly et al., 2002; Harrison et al., 2016). All
statistics for this study were conducted in R (V.
3.1.2) with an o0 = 0.05 unless otherwise indicated.

Results
Overall total range

Silver Carp 1-year total ranges (19.4 km [24.3, 14.6
95% CI], n = 104) were significantly smaller than 2-
(67.5 km [104.1, 30.8 CI], n = 41) and 3-year total
ranges (67.8 [85.5, 50.1 CI], n = 60; Kruskal-Wallis:
y* = 57.1,df = 2, P < 0.0001; Mann—Whitney: 1-2-
year, W= 1711, P =0.02, 1-3-year, W = 1192,
P < 0.0001), although the latter two were not signif-
icantly different from each other (Mann—Whitney:
2-3-year, W = 802, P = 0.04; Table 1). Therefore,
individuals with total ranges derived from 2 or 3 years
were combined. Numbers of detections were not
significantly correlated with overall total range
(Spearman rank correlation: p = 0.09, P = 0.18).
Frequency distributions of Silver Carp overall total
range sizes indicate that many individuals had either
relatively small (<26 km, n = 40) or very large
ranges (>102 km, n = 17), with an additional subset
of individuals exhibiting intermediately sized ranges
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(Fig. 3). There was no apparent relationship between
fish total length and overall total range size (Spearman
rank correlation: p = 0.10, P = 0.32) and no signif-
icant difference in range size between sexes (males:
94.9 km [140.4, 49.4 CI], female: 75.9 km [132.2,
19.5 CI]; Mann—Whitney: W =75 P = 0.89,
Rmales = 0, Niemates = 24).

Annual total and home ranges

Number of detections was not significantly correlated
with total or home range estimates (Total range: [2011]
p =002, P=0386, [2012] p=0.05, P =0.61,
[2013] p = —0.09, P =0.19; 95% home range:
[2011] p = 0.29, P = 0.21, [2012] p = —0.04, P =
0.87, [2013] p = 0.18, P = 0.50; 75% home range:
[2011] p =-0.34, P =0.15 [2012] p = —0.25,
P =0.29,[2013] p = 0.18, P = 0.44). For Silver Carp
with telemetry data from all three study years, annual
total range did not vary among years (Table 2; 35.8 km

[43.3, 28.3 CI]; Friedman rank sum: }52 =24,df =2,
n = 60, P = 0.304; Fig. 4), and this was also true of
kernel density annual home range estimates at the 95%
isopleth (31.2 km [37.7, 24.7]; Friedman rank sum:
Xz = 3.4, P = 0.19). However, kernel density annual
home range estimates at the 75% isopleth were signif-
icantly different among years (Friedman rank sum:
¥* = 15.3, P = 0.0005), and post hoc testing indicated
significant differences between 2011 (2.1 km [2.6, 1.6
CI]) and 2013 (4.2 km [5.1, 3.3 CI]; P = 0.0003), 2012
(2.7 km [3.5, 1.9 CI]) and 2013 (P = 0.03), but not
between 2011 and 2012 (P = 0.72). Mean rkm of
annual total (Friedman rank sum: Xz =134,
P =0.001), 95% isopleth (Friedman rank sum:
7> =7.03, P=0.03), and 75% isopleth (Friedman
rank sum: y° = 11.78, P = 0.003) home range all
showed differences among years. Mean rkm of annual
total ranges were more upstream in 2011 (523.9 [538.9,
509.0 CI]) than in 2012 (560.1 [520.7, 492.5 CI],
P =0.001) and 2013 (561.7 [522.0, 497.0 CI],
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Table 1 Summary of overall total range sizes of Silver Carp, Wabash River, Indiana, based on number of years of available data

Years of data N Detections (£SE) Total range (km + SE)
1 104 51.1 £ 5.0 16.5 + 2.1
(5-178) (0.2-174.8)
2 41 104.9 £+ 15.6 53.6 £ 153
(7-280) (0.6-463.2)
3 60 147.1 £ 16.1 742 £ 11.0
(12-433) (0.1-358.8)

Detections are the average number of total detections for each fish that went into the total range estimates. Mean values are listed with
associated standard errors (SE) along with the minimum and maximum number of detections and total range size (in parentheses)

Fig. 3 Distributions of
Silver Carp overall total
range sizes from all
individuals with 2-3 years
of telemetry data showing a
multimodal distribution of
range sizes. Most
individuals had total range
sizes <26 or >102-km
(indicated by dashed
vertical lines)

18 -

16 -

14 1

—_ —
o N
1 1

Number of silver carp
oo

A2l
N

P = 0.02) while 2012 and 2013 were not different from
each other (P = 0.74). Mean rkm of 95% annual home
ranges were more upstream in 2011 (539.7 [555.0, 524.4
CI)) than in 2013 (512.3 [521.1, 497.1 CI], P = 0.02),
but were not different between 2011 and 2012 (522.0
[533.4,510.6 CI], P = 0.31) or between 2012 and 2013
(P = 0.46). Mean rkm of 75% annual home ranges were
more upstream in 2011 (523.4 [538.6, 508.3 CI]) than
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2012 (506.5 [520.7, 492.4 CI], P = 0.005) and 2013
(509.6 [522.1, 497.1 CI], P = 0.01) while 2012 and
2013 were not different (P = 0.94).

Habitat use

All but two of 261 total Silver Carp detections from
2011 to 2013 that overlaid the 10-km reach where



Hydrobiologia (2018) 805:203-218

211

Table 2 Annual total and home ranges size (km) and location (river km [rkm]) of Silver Carp from the Wabash River, Indiana

Detections Total range 95% home range 75% home range
# £SE Size km =+ Location Size km =+ Location Size km Location
SE rkm + SE SE rkm + SE + SE rkm £+ SE

2011 39.0 £ 64.3 324 £ 6.4 5239 £ 7.6 29.8 £5.7 539.7 £ 7.8 21+£03 5234 £ 7.7

(5-127) (0.2-300.6) (431.3-597.1) (4.2-262.8) (498.9-595.5) (2.2-8.6) (424.9-592.2)
2012 449 + 54 382+ 7.7 506.6 &+ 4.5 30.1 £ 6.1 522.0 £ 5.8 27+04 506.5 £ 7.2

(5-125) (0.2-347.1) (410.4-560.1) (4.3-250.1) (479.6-555.2) (1.3-11.4) (410.4-560.1)
2013 613 £ 11.0 373 £ 5.8 509.5 + 6.4 337£55 5123 £ 45 42405 509.6 + 6.4

(5-265) (<0.1-170.7) (439.4-561.7) (8.0-162.3) (500.5-593.8) (3.3-19.0) (439.4-561.7)

Home ranges are 95 or 75% isopleths of kernel density home range while total range is the maximum displacement. Data were
obtained from 20 individuals from which more than five detections were collected within each study year. Mean values are listed with
associated standard errors (SE) along with the minimum and maximum (in parentheses)

substrate was mapped occurred wholly within a single
substrate polygon. Silver Carp were detected in areas
of each substrate type in a manner inconsistent with
substrate availability in the study reach (Chi-square:
;(2 = 85.6,n = 259,df = 2, P = 0.04; Fig. 5), occur-
ring most often over sand. Manly’s selection index
indicated that Silver Carp showed selection for cobble
(W = 4.00[1.31, 6.63 CI]) and neutral preferences for
gravel (W = 1.33[0.12, 2.53 CI]) and sand (W = 0.67
[-0.14, 1.48 CI]). For both years, only one of all
possible water velocity bins were positively selected
by Silver Carp (Figs. 6, 7), 20-30 cm/s in 2012 and

(o))
o
L

OTotal Range

)
&

W 95% Home Range
B 75% Home Range

Range size (km
w
o

N
o
L

2011 2012 2013

Fig. 4 Variation in the total range and home ranges (95 and
75% kernel) of Silver Carp from the Wabash River, Indiana,
over a three-year period (mean + 95% CI). Annual total range
and home ranges were estimated for all three years for 60
individuals

91-100 cm/s (lowest velocity measured in 2013).
Other available water velocities were avoided by
Silver Carp. Silver Carp showed positive selection for
greater water depths, >1 min 2012 and >5 m in 2013,
and they avoided areas with depths <1 m. Warmer
temperatures were also positively selected by Silver
Carp, >26°C in 2012 and >22.6°C in 2013. Silver
Carp avoided lower water temperatures in both years,
<26°C in 2012 and <22.4°C in 2013.

OSand

0.8 1 B Gravel

= Cobble

0.6 A

0.5 A

0.3 A

Proportion of substrate type

0.1 A

Available substrate Silver carp

Fig. 5 Distribution of substrate types for a 10-km reach of the
Wabash River, Indiana, compared to locations of active tracking
detections for Silver Carp from 2011 to 2013 between river 500
and 490 km
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Fig. 6 Mean water
velocity, depth, and
temperature measured by an
acoustic Doppler current
profiler (ADCP) and
integrated over 30-s
intervals from a reach of the
Wabash River, Indiana,
from river 521 to 508 km.
Silver Carp (hollow bars)
values represent the mean
(£95% CI) of ADCP values
associated with active
tracking detections while
ADCEP points (black bars)
are those not associated with
active tracking detections
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Discussion

The bimodal distribution and variation in ranges we
identified for invasive Silver Carp in the Wabash River
provide evidence that this species exhibits individual-
based movement tendencies. Specifically, we observed
both relatively sedentary and highly mobile individuals
for which maximum river extent used was consistently
high over a period 3 years. Such variation in movement
behavior among tagged individuals of the same species
have been observed for many fish species (e.g., Brett,
1965; Gallaugher et al., 1995; Kolok, 1999; Roy et al.,
2013). Because movements are known to vary at an
individual level, it seems logical that range sizes would
be similarly variable (e.g., Fish & Savitz, 1982;
Baguette et al, 2013). Individual differences in
movements may serve to link populations and prevent
inbreeding (Bennett, 1987; Cooke et al., 2005) as well
as promote colonization of new habitats (Biro &
Stamps, 2008). Similar individual variation in range
size may have a great impact on species invasion and
establishment in novel environments, and thus the
observed highly mobile individuals may be an impor-
tant factor in the invasion success of Silver Carp.
Although most telemetered Silver Carp exhibited
total range sizes <26 or >102 km, a third, smaller
group of Silver Carp displayed intermediate-sized
total ranges. Similar trichotomies have also been
observed in the movements of both small cyprinids
(e.g., Belica & Rahel, 2008) and other fish species
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(Rodriguez, 2002; Crook, 2004b; Radinger & Wolter,
2014) but the potential causes of these trichotomies are
uncertain. Although tagged Silver Carp did not fit a
strict dichotomy of sedentary versus mobile tenden-
cies, the general propensity of most individuals to
have either relatively small or very large total ranges
could provide the basis for control efforts. Future
control efforts that target more mobile individuals in
Silver Carp or other invasive fish populations could
reduce or prevent further spread of these fishes. For
example, removal efforts could be timed to coincide
with periods of greatest activity by mobile individuals
or when individuals are more stationary depending on
the removal method employed. Future research should
focus on determining the characteristics specific to
mobile individuals, including the genetic basis for fish
movements, and the proportion at which these indi-
viduals occur in Silver Carp populations.

Sedentary and mobile movement tendencies may
vary temporally for some fishes (Booth et al., 2014),
and Silver Carp movement patterns have previously
been shown to vary seasonally (DeGrandchamp et al.,
2008; Coulter et al., 2016a). Annual climatic variation
is also known to produce differences in fish move-
ments and ranges (Winemiller & Jepsen, 1998;
Jackson et al., 2001). We therefore expected growth
of individuals over the 3-year study and annual
differences in climate (e.g., extreme drought in
2012) would yield year-to-year variation in size and
location of annual total and home ranges of tagged
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Fig. 7 Resource selection index values (W) and Bonferroni
95% confidence intervals for Silver Carp in the Wabash River,
Indiana. Available environmental conditions, as measured by
acoustic Doppler current profiler (ADCP), were binned and then
W was calculated for all non-zero bins as the percent Silver Carp
detections within a habitat bin divided by the percent of
available habitat in the habitat bin. W & 95% Bonferroni CI
values that overlap with 1 indicate neutral selection for that

Silver Carp. However, annual total range and the 95%
kernel density home range for Silver Carp showed no
annual variation. The methods used to derive annual
total and home range at the 95% isopleth were more
influenced by short-term movements (i.e., spawning

Temperature (°C)

habitat bin while W values <1 indicate avoidance (-), and
W values >1 indicate selection (+). X-axes of all figure parts
were adjusted to show the range of available habitat measured
by the ADCP (e.g., all values measured are within the highest
and lowest values shown on an axis). X-axes tick marks indicate
the size of the habitat bins, and tick mark labels are the upper
values for each bin (e.g., tick mark label of 20 cm/s means that
bin contains values between 10 and 20 cm/s)

runs) than 75% home range sizes. Lack of variation in
the sizes of these estimates indicates that individuals
may be utilizing the same spawning site over multiple
years and thus must travel the same distance each year.
On the other hand, annual home range estimated using
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the 75% isopleth did vary annually and were larger in
2013 than in 2011. Fishes are known to increase their
core home range as they grow (Hobbs et al., 2005;
Downs & Horner, 2007). Additionally, discharge and
water levels could have influenced annual home range
size, although 2012 was a drought year and 75%
isopleth range estimates were not different in this year.
Overall, it appears that total river lengths utilized by
Silver Carp did not change annually and were
potentially driven by spawning site fidelity; however,
their core range may still vary with changing resource
needs or climate.

Silver Carp have spread into the Wabash River via
the Ohio and Mississippi rivers and are expanding their
range in an upstream direction (Kolar et al., 2007;
USACE, 2010). This upstream expansion could cause
mean rkm of individual ranges to increase if fish are
moving in the upstream direction but we did not observe
this in the current study. Mean rkm of annual total and
home ranges were furthest upstream during the initial
year of the study. Instead, mean rkm values were
focused around landscape features. One of the few
backwaters on the Wabash River that is consistently
connected to the main channel is located at approxi-
mately rkm 508 (Coulter et al., 2016a) and Silver Carp
are known to prefer low velocity and backwater habitats
(DeGrandchamp et al., 2008). The presence of this
backwater may attract Silver Carp to this location and
mean rkms in 2012 and 2013 are very close to the
location of this backwater. Additionally, several major
bridges cross the Wabash River upstream and down-
stream from the backwater (~rkm 504, 510, 515)
which correspond to several deeper pools and low
velocity habitats which may also attract Silver Carp.
Annual total range and 75% home ranges in 2011 were
centered near the confluence of the Wabash River with
one of its major tributaries, the Tippecanoe River (~
rkm 520). Tributaries may offer varied habitat and
resources compared to the main channel. Other ranges
were centered upstream of tkm 530 which is approx-
imately where the Wabash River shifts from sand
dominated substrate to a higher prevalence of cobble
and bedrock which may be favoriable spawning habi-
tat. Our results indicate that the tagged Silver Carp may
not be advancing upstream in the Wabash River but that
fish instead focus on specific habitat features. While the
specific features selected may vary with annual differ-
ences in the environment, these features could be used
to target removal and control efforts.

@ Springer

We expected total length of Silver Carp to influence
variation in total range size and that sex would not, but
neither were found to be significant. Other studies
have also reported no difference in movements of male
and female fishes (Moser & Ross, 1995; Skalski &
Gilliam, 2000); however, some species do exhibit sex-
based bias in range sizes (Hutchings & Gerber, 2002).
There has been previous evidence that movement
distances of Silver Carp are not correlated with sex
(Coulter et al., 2016a), and our findings support this
assertion. The similar ranges exhibited by male and
female Silver Carp suggest that resource or habitat
requirements are similar between sexes. However, it is
important to note that our sample size for male carp
was small, and this may have masked our ability to
detect sex-specific differences in range size. Addi-
tionally, there was no relationship between range size
and fish length. In other fish species, larger individuals
have larger home ranges (Peters, 1983; Minns, 1995),
but a suite of abiotic and biotic factors can alter this
expectation (e.g., McLoughlin & Ferguson, 2000;
Hansen & Closs, 2005; Woolnough et al., 2009). We
speculate that food resources utilized by Silver Carp in
our study area may be comparatively less patchy and
potentially more abundant than other high trophic
level diet items, and/or distributed by flow to the
extent that food availability is not a factor that
influences Silver Carp range size. However, individ-
uals tagged in this study were likely all mature given
their lengths and would thus all make spawning
migrations. Additional study is needed to definitively
assess the potential for fish total length, especially in
immature fishes (e.g., Bowering, 1983), to influence
range size in Silver Carp. Immature individuals that do
not participate in spawning migrations may exhibit
smaller ranges and so may make good targets for
removal efforts, removing individuals from the pop-
ulation prior to reproduction and reducing future
recruitment.

River substrates may be characterized by differ-
ences in availability of other resources, such as
macroinvertebrates, which can influence use of speci-
fic substrates by fishes (e.g., Grossman et al., 1987;
Garman, 1991; Fischer, 2000). Silver Carp were found
most often over sand, which is the dominant available
substrate in the river segment examined. Sand sub-
strate is sometimes associated with lower velocities
(Wetzel, 2001) and areas of deposition that Silver
Carp seem to prefer (e.g., DeGrandchamp et al., 2008).
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However, Manly’s habitat selection index indicated
that Silver Carp were positively selecting cobble
substrate. Cobble substrates may increase turbulent
flow (Vogel, 1996), and Silver Carp tend to spawn in
more turbulent water (Kolar et al., 2007). Spawning
was detected concurrent to most of the active tracking
detections that were used to match with substrate
mapping (Coulter et al., 2016b), and so spawning
behavior may have been driving some of the observed
substrate selection.

Silver Carp exhibited differential habitat use when
environmental conditions associated with telemetry
detections were compared to available habitat in the
study segment. Observed differences supported the
hypothesis that Silver Carp would occupy areas that
were warmer, deeper, and had lower water velocities.
Silver Carp have previously been found in lower
velocity habitats (Kolar et al., 2007; DeGrandchamp
et al., 2008), and it was not surprising that telemetered
individuals preferred lower velocities, although they
also avoided velocities <20 cm/s. Occupying lower
velocity waters likely decreases energy requirements
for fishes maintaining position in lotic ecosystems
(Silva et al., 2012), and habitats of varied velocities
may also have differences in food availability that
drive fish distributions (Calkins et al., 2012). The
lowest measured velocities in 2012 that were avoided
by Silver Carp may have been concurrent with
shallower depths or reduced food availability. Teleme-
tered Silver Carp tended to occupy areas of deeper
water, although the actual depth at which the individ-
uals were located was not quantified. During the 2012
drought, selection for areas with greater water depths
was stronger than in 2013. Future drought events may
serve to concentrate Silver Carp in deeper pools, thus
providing opportunities for more efficient removal.
Thermal optima for Silver Carp are higher than water
temperatures measured via ADCP in the Wabash
River (Adults: 29°C, Kolar et al., 2007), although
Wabash River water temperatures likely increased
into July and August (Mean monthly temperature
increase June—-August 2012: +6°C, 2013: +43°C;
USGS streamflow gaging station number 03323500
Wabash River at Huntington, IN). Therefore, teleme-
tered Silver Carp preference for warmer water
temperatures likely reflected thermal selection to
maximize growth in habitat that was closest to the
species’ thermal optima.

Our findings expand the current literature on fish
movements by demonstrating that individuals in a
population of large-bodied cyprinids exhibit relatively
sedentary or highly mobile tendencies. Results from
our study can be applied to research involving other
aquatic invasive species, incorporated into manage-
ment strategies for Silver Carp, and used as baselines
for comparing and modeling Silver Carp movement,
habitat use, and future range expansion. For example,
habitat and range information could be used to set
harvest goals to reduce abundances or improve
modeling efforts by incorporating behavior (e.g.,
Guisan & Thuiller, 2005; Rhodes et al., 2005). Range
estimates can aid in determining the distances over
which Silver Carp populations may expand into new
habitats and aid in delineating population boundaries.
Additionally, information on habitats used by Silver
Carp could be used to target removal efforts and
improve early detection (e.g., eEDNA) in environments
where Silver Carp may invade or occur in low
densities. Our results indicate that removal efforts
should target deeper, warmer, and lower velocity
habitats. If individuals are removed from these
preferred habitats, additional Silver Carp may replace
the harvested individuals and thus these same loca-
tions could be harvested on multiple occasions poten-
tially creating population sinks. As observed in 2012,
droughts could serve to concentrate Silver Carp into
very specific habitats, further increasing harvest
efficiency when water levels remain sufficient for
successfully deploying fishery gears.
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