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Abstract Many organisms must move among habi-
tats to fulfill life history requirements. Fish move-
ments have been widely studied and tend to be either
fine-scale (i.e., routine) and governed by factors such
as food availability and cover, or broad-scale and
associated with spawning migrations. However,
movements of invasive fishes in non-native ecosys-
tems are comparatively poorly understood despite the
often critical importance of fish movement and
dispersal for invasion success. We examined invasive
Silver Carp (Hypophthalmichthys molitrix) move-
ments using acoustic telemetry to monitor the timing,
distance, and direction of fish movements and assessed
movements in relation to seasonal, annual, environ-
mental, and individual factors in the Wabash River
(Indiana, USA), a largely unregulated Midwestern
river. Silver Carp exhibited highly variable move-
ments that could be rapid and large in magnitude;
however, tagged individuals remained stationary most
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of the time. Despite high variability, several trends
emerged, indicating the importance of backwater
habitats, avoidance of small tributaries, and tendencies
of tagged fish to exhibit directed spring and fall broad-
scale movements. Summer movements were smaller
in magnitude, characterized by lower movement rates,
and evenly split between upstream and downstream
directions, although tagged Silver Carp moved more
frequently during summer months. Our results indi-
cate that specific seasons (i.e., spring and early fall)
and locations (i.e., backwaters) are likely targets for
Silver Carp control in the Wabash River and should
also be useful targets for early detection and control in
other largely unconstrained rivers over a broad
geographic range (e.g., Great Lakes tributaries and
upper Mississippi River mainstem and tributaries).

Keywords Seasonal movement - Acoustic
telemetry - Movement - Aquatic invasive - Asian carp

Introduction

Invasive species’ movements are often critical for
successful establishment and spread in novel environ-
ments (Kolar and Lodge 2001; Lindstrém et al. 2013;
Perkins et al. 2013) and can also reflect species’
habitat preferences (Bain et al. 1988; Sharma and
Jackson 2007; Belica and Rahel 2008; Rowe et al.
2009). Moreover, non-native ecosystems can provide
novel cues for invasive species that may elicit unique
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behaviors compared to those within a species’ native
range, thus yielding differences in habitat preferences
and even life history attributes (Kolar et al. 2007;
Coulter et al. 2013; Liu et al. 2015). Therefore,
examining invasive species’ movements can yield
valuable information on the biology and ecological
impacts of invasive species as well as inform
management and control efforts. Despite the potential
utility of movement data for informing management
efforts, relatively little is known about non-native fish
movements in invaded ecosystems.

Movements allow individual fishes to utilize a
variety of habitats and resources (Diana 1995) and are
generally divided into two categories: broad-scale
migrations and fine-scale, routine movements. Broad-
scale fish migrations generally reflect seasonal move-
ments, including those related to spawning (Taylor
et al. 1996; Koel and Peterka 2003), and are often
initiated by environmental cues such as temperature
(e.g., Achord et al. 2007; Keefer et al. 2009; Dahl et al.
2004). In contrast, routine movements are usually
associated with daily or short-term activities and
influenced by food availability (Hill and Grossman
1993), foraging (Clough and Ladle 1997), predation
(Gilliam and Fraser 1987; Fraser et al. 2006; Belica
and Rahel 2008), and competition (Swan and Palmer
2000; Gilliam and Fraser 2001; Kahler et al. 2001;
Fraser et al. 2006). Variation in all types of movements
can be based on individual factors including body size
(Gowan and Fausch 1996; Skalski and Gilliam 2000;
Roberts and Angermeier 2007), morphology (Hanson
et al. 2007), sex (Hanson et al. 2008), and maturity
(Hutchings and Gerber 2002; Croft et al. 2003;
Albanese et al. 2004; Petty and Grossman 2007).
Therefore, temporal, ecosystem, and individual fac-
tors may all impact the movements and dispersal of
invasive fish.

Silver Carp (Hypophthalmichthys molitrix) have
spread rapidly throughout many non-native freshwater
ecosystems and exhibit broad-scale spawning migra-
tions apparently triggered by changes in water level
and water temperature (Abdusamadov 1987; Peters
et al. 2006; Kolar et al. 2007; DeGrandchamp et al.
2008; Calkins et al. 2012). Silver Carp habitat varies
from the native range, where mature fish primarily
occupy lentic habitats, to invaded ranges, where fishes
are often found in lotic systems (Kolar et al. 2007);
although, backwater lentic-like habitat may also be
used in invaded rivers (DeGrandchamp et al. 2008).
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Recent observations suggest that Silver Carp behavior
in North America differs from the native range (e.g.,
Coulter et al. 2013; Deters et al. 2013), and previous
conclusions regarding the behavioral ecology in native
ranges of Silver Carp may thus be inaccurate in
invaded environments. Models have been developed
to predict the invasion of Silver Carp for management
purposes, although data from closely related species
and/or information collected from native ecosystems
have been primarily used to build the models (e.g.,
Cooke and Hill 2010). Understanding behavioral
plasticity in Silver Carp movements across invaded
ecosystems would not only contribute to more robust
models to predict future invasions and spread, it would
also provide additional evidence to support the idea
that plasticity is a valuable shared trait among invasive
species (e.g., Davidson et al. 2011).

We examined possible predictors of movement
using model selection procedures. The study objective
was to examine Silver Carp movement patterns to
detect trends in direction, rate, and magnitude and to
relate movements to individual (e.g., sex), seasonal
(e.g., DOY, month, year), and environmental (e.g.,
water level) characteristics. We hypothesized that
spawning behavior would yield broad-scale upstream
movements in the spring associated with changes in
water levels and temperature known to initiate
spawning. Additionally, we hypothesized that post-
spawning movements would be smaller in magnitude
and less directed (i.e., not predominantly upstream or
downstream). As a large river with limited backwater
habitat available and a single mainstem dam, the
Wabash River (Indiana, USA) is unique compared to
other rivers in which Silver Carp movements have
been studied (e.g., DeGrandchamp et al. 2008; Calkins
et al. 2012) and is more similar to rivers susceptible to
future invasion (e.g., tributaries of the Laurentian
Great Lakes and upper Mississippi River).

Methods
Study area

The Wabash River, Indiana, USA, has only one
mainstem dam located upstream of the study area,
with ~660 km of free-flowing river below the dam.
The watershed is 85,326 km? with ~66 % agricul-
tural land use. Upper reaches of the river are higher
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velocity with exposed bedrock substrate while lower
portions are dominated by sandy substrates (Gammon
1998). This study focused on the upper and middle
portions of the Wabash River (Fig. 1). There are few
backwater habitats in this portion of the river, although
two are present near the middle of the study area.
Backwater 1 is connected to the main channel except
during drought conditions (i.e., summer 2012), and
Backwater 2 is connected to the main channel =50 %
of the year. The Tippecanoe River is the largest
tributary in the upper and middle reaches of the
Wabash River (5050 km? watershed; Hoggatt 1975),
while the Little, Eel, and Salamonie Rivers are smaller
tributaries in the study area (740, 1440, and 2110 km?
respectively; Hoggatt 1975). The Little River has been
identified as a potential hydrological connection
between the Mississippi River Basin and the Great
Lakes by which Silver Carp may invade the Great
Lakes (USACE 2010).
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Fig. 1 Locations of Vemco VR2W stationary receivers within
the Wabash River, Indiana, USA, indicated by circles. Area
included in the enlarged image of the Wabash River is indicated
by the black square. Area of river covered by active tracking is
included in the shaded square. Scale bar is for enlarged area of
Wabash River

Surgery

Silver Carp to be implanted with acoustic transmitters
were captured from river kilometer (RKm) 499 to
RKm 600 of the Wabash River, from 2011 to 2013,
using boat electrofishing (Model SR16H; Smith-Root
Inc., Vancouver, WA, USA). The electrofishing boat
was powered by a generator with a pulsator running at
either 3—4 A of direct current at 30 pulses s~' and
20-50 % range of pulse width or 7-8 A of direct
current at 120 pulses s~'. In accordance with the
manufacturer’s recommendations, only fish of suffi-
cient size such that tag weight was <2 % of individ-
ual’s body mass were retained from electrofishing
samples to be implanted with transmitters (Winter
1996).

Fish to be implanted with telemetry tags were
sedated using electroanesthesia and measured for total
length (mm) and mass (g). Sex was determined, if
possible, through the expression of eggs or milt or
visualization of the gonads within the surgical field
(classification: male, female, unknown). Fish to be
tagged were prepared for an incision on the left side of
the body by removing scales from a 5 cm x 3 cm
patch on the ventral portion of the body between the
anal and pelvic fins. The cleared area was treated with
betadine to minimize infection risk and a =5 cm
incision was made into the coelomic cavity of the
fishes with care given not to damage internal organs.
A Vemco (Bedford, Nova Scotia, Canada) V16-4H
69 Hz (28 g, 63 x 16 mm) individually coded acous-
tic transmitter was inserted into the coelomic cavity,
and the incision was closed with three sutures (PDS II
violet monofilament absorbable sutures model Z970,
Ethicon, Inc., Sommerville, NJ, USA). All handling
was completed in ~2 min, and surgical instruments
were sterilized in 90 % ethanol between fish. Tagged
individuals were returned to the river within 2 km of
the site of capture once equilibrium was recovered.
Fishes tagged in 2011 were visually identified as
Silver Carp, Bighead Carp (H. nobilis), or hybrid
bigheaded carp based on morphology. Fin clips were
taken from the left pectoral fin of fishes tagged in 2012
and 2013 and stored at —80 °C for later genetic
identification using polymerase chain reaction (PCR)
as described below. Only telemetry data from fish
visually (2011) or genetically (2012-2013) identified
as Silver Carp were utilized for this study.
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Genetics

Genetic material from fin clips was used to distinguish
Silver Carp from Bighead Carp and hybrid bigheaded
carp as the latter can appear morphologically similar
to Silver Carp (Lamer et al. 2010). Extracted DNA
from fin clips was obtained using QIAmp mini DNA
kits (Qiagen Inc., Valencia, CA, USA). Samples were
run in duplicate with negative controls using nuclease
free water with three previously developed primers
(Mia et al. 2005). Each reaction totaled 20 pl with
5 uM each of forward and reverse primers, 50 ng pl ™"
DNA template, SensiMix (Bioline USA, Inc., Tauton,
MA, USA), and nuclease-free water with a total of
50 ng of genomic DNA. Conditions for PCR were as
follows: 94 °C for 2.5 min, 50 °C for 45 s, and 72 °C
for 1 min for 45 amplification cycles with an extension
period of 72 °C for 10 min. Results were visualized in
a 2 % agarose gel run for 75 min at 3.8 V cm™' and
interpreted by basepair length and banding pattern as
described in Mia et al. (2005). Comparison of visual
and genetically identified individuals (2012 and 2013
fish) indicated that there was a 9 % chance that fish
visually identified as Silver Carp were actually
hybrids.

Telemetry

Detections of tagged Silver Carp were collected using
both stationary receivers and active tracking. Active
tracking allows for fine-scale, routine movements to
be detected, while stationary receivers provide con-
tinuous monitoring that is useful for detecting broad-
scale movements of individual fishes. Omnidirectional
stationary receivers (Vemco VR2W) were deployed
using custom rebar stands on the river bottom in
tributaries (Eel River, Little River, Salamonie River,
Tippecanoe River) and at multiple locations in the
Wabash River, including the two backwaters (Fig. 1),
covering ~400 river kilometers (RKm). This was
judged to be sufficient to cover the potential range of
tagged Silver Carp based on maximum movements of
~430 km in the Illinois River (DeGrandchamp et al.
2008).

The number and location of stationary receivers
active at any given time varied due to occasional losses
of the VR2Ws. Stationary receivers were tested to
evaluate detection efficiency using a Vemco-supplied
range testing tag at initial deployment and were found
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to detect the tag across the entire channel width.
However, changes in water level and turbidity through-
out the study may have impacted the range at which
telemetered fish were detected, thus allowing the
potential for undetected passage of tagged fishes in the
vicinity of stationary receivers. Stationary receivers
from RKm 565 upstream were deployed on bedrock,
the RKm 545 stationary receiver was deployed over
cobble, and the remaining Wabash River stationary
receivers were over sandy substrate. Stationary
receivers in tributaries were placed 1-2 km upstream
of river confluences to avoid detections of fish in the
Wabash River main channel. Backwater stationary
receivers were not placed directly inside the entrances
to minimize detections from the main channel. Overall,
stationary receivers were placed near parks or boat
ramps to allow easy maintenance and downloading.
Stationary receivers were also placed in areas that
tended to be deeper than the surrounding river to
prevent exposure of the equipment during low-flow
periods.

Active tracking was performed by deploying
hydrophones from a boat or canoe traveling down-
stream at <8 km h™' covering ~100 RKm. An
omnidirectional hydrophone (Vemco VHI110) con-
nected to a manual receiver (Vemco VR100) was used
to locate tagged Silver Carp. Once a detection of
>75 dB was achieved on the manual receiver, the
position of the tagged fish was recorded using a
handheld GPS (GPSMap 60, Garmin Ltd., Olathe, KS,
USA; +10 m). Additional detections (n = 3) of
tagged Silver Carp in 2012 and 2013 were collected
by the R.E. Columbo lab at Eastern Illinois University
(Charleston, IL, USA) in the lowest reaches of the
Wabash River (=~ RKm 200-0).

Movement trends

To examine movement patterns, movement rate and
distance were determined as follows. Silver Carp
detections were imported into ArcMap 10.1 (ESRI,
Redlands, CA, USA) to measure movement distances
and direction. Movement distances and rates represent
minimum estimates of movements because individuals
may move outside of the study area or in between the
ranges of the stationary receivers. Distances were
measured between consecutive detections for each
detected fish and were considered to constitute a
movement if >50 m. 50 m was used as a cutoff for
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movement based on the error during tracking (GPS
locations). Only one detection per location, per fish, per
day was used when examining movements to minimize
autocorrelation, and no detections within 48 h of
tagging were included included. Movements were not
carried over between years as limited data were
available for winter months. Movement rate was
calculated as the distance moved per day (km day ™).
For comparison among months and years, mean
movement rate and distance were calculated for the
time period of interest (e.g., month or year). Separate
movements (not averaged but month or year) were used
in the movement distance, rate, and probability models.

To assess trends in movement distance and rate,
movements were compared using unbalanced analysis of
variance (ANOVA), including only months in which
enough data were available (March—October). ANOVAs
contained month and year as factors and also included the
interaction of month and year, and a random effect of
individual Silver Carp to account for possible lack of
independence of movements coming from the same
individual. Post hoc pairwise comparisons were done
using Tukey’s test on significant variables.

Growing degree day (GDD) and cumulative grow-
ing degree day (CGDD) with a base of 10 °C were
calculated based on temperature data from a weather
station near RKm 498. No water temperature data
were available, so GDD was used as an indicator of
daily water temperature. Water temperatures mea-
sured on select dates in 2012 and 2013 and were
significantly correlated with GDD (r = 0.655,
p < 0.0001, n = 33). CGDD is used in risk assess-
ments (e.g., Kocovsky et al. 2012) and can indicate
when Silver Carp spawning may occur, which is
known to relate to movement. Water level information
was obtained from a US Geological Survey (USGS)
river gage (#03335500; Fig. 2) near RKm 498.
Current gage height was the gage level at 12:00 p.m.
on a given day and change in gage height over 24 h
was the change in water level from 12:00 p.m. the day
before to 12:00 p.m. on the current day. Positive
values indicated rising water levels and negative
values indicated declining water levels. Similarly, the
change in gage height over 48 h was the change in
water level from 12:00 p.m. 2 days before to 12:00
p-m. on the current day. Models were parameterized
using values for the day the movement was completed.

Gage Height (m)

0 —— -
5 36 65 96 126 157 187 218 249 279 310 340
DOY

Fig. 2 Hydrographs of the Wabash River, IN, USA, in 2011,
2012, and 2013 from United State Geological Survey river gage
#03335500

Model selection

To determine ecological variables impacting move-
ment distance and rate, all possible subsets of linear
mixed-effects models (Ime in Package ‘nlme’; http://
cran.r-project.org/web/packages/nlme/index.html) were
evaluated using Akaike’s Information Criterion with
small sample size correction (AIC,). The full models
for movement distance and rate included gage height,
change in gage height over 24 h, change in gage
height over 48 h, GDD, CGDD, day of year (DOY),
month, year, and sex to reveal potential predictors for
movements. Month, year, and sex were categorical
while all other variables were continuous and calcu-
lated as previously described. Pearson’s correlations
were used to determine if variables were uncorrelated
and change in gage height over 48 h was removed as
it was strongly correlated with change in gage height
over 24 h (r=0.9, p <0.0001). Only data from
March to October were used in models due to low
sample size in other months. All models contained a
random effect of individual fishes, as movements
made by the same fish could not be assumed to be
independent. A logistic mixed-effects model, the
same model selection procedures, and the same full
model parameters were also used to examine pre-
dictors of Silver Carp movement probability: move
(1) or remain stationary (0). Reported models, and
those which were included in model averaging, were
models with AAIC < 2.00. Significant coefficients in
the averaged model were examined. All analyses
were done in R (v. 2.14.1).
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Results
Movement trends

Total lengths of tagged Silver Carp ranged from 374 to
940 mm, with a mean total length of
699.3 mm = 4.26SE. Overall, individual Silver Carp
averaged 1194 + 586SE detections fish™! (Table 1).
Movement data from 184 tagged fishes indicated
movements >50 m and were used for analysis. Fishes
not included for analysis were individuals with either a
single detection, those detected at only one stationary
receiver, or individuals with all movements <50 m.
Individuals suspected of being deceased were also
eliminated from analyses. Detections indicated no
movement 92.3 % of the time, with the greatest
percentages of fish moving >50 m occurring in May—
July (Fig. 3a). Fishes exhibiting movements >50 m
moved an average distance of 12.4 £ 1.0SE km at an
average rate of 4.4 + 0.38SE km day ' (n = 184),
although movement distance and rate varied over time
(Fig. 3b). The greatest distances and most rapid
movement rates occurred in September and October,
with a secondary peak in March. The largest move-
ment detected was 409 km (August 2012), and the
most rapid movement rate was just over 95 km in a
single day (September 2013). Both movement dis-
tance and rate declined through the summer, with the
lowest values occurring in July and August. Silver
Carp movements were predominantly upstream direc-
ted in March and April and predominantly down-
stream directed in September and October, while
movements were evenly split between upstream and
downstream from May to August (Fig. 3c).

Silver Carp mean movement distances were statis-
tically similar among years (F, ;550 = 27.34,
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Fig. 3 Summary of Silver Carp movements by month. a Pro-
portion of consecutive detections indicating no movement. Of
those individuals that did move. b Mean (1/2SD) minimum
movement rate and distances varied by month. ¢ Directionality
of Silver Carp movements upstream and downstream of a
previous detection. Movements from January, February,
November, and December were not included as small sample
sizes prevented accurate comparisons (n =1, 2, 8, and 1
respectively)

Table 1 Summary of detections collected using Vemco VR2W stationary receivers and active tracking of Silver Carp including the

mean number of detections fish~' year™" for Silver Carp

Year # Fish Detections fish™! (SE) Stationary Active # VR2Ws
2011 69 1378 (759) 62,849 299 13
2012 122 1993 (859) 1,144,025 347 13
2013 250 209 (140) 365,365 157 11
Total 250 1194 (586) 1,572,239 803 17

The number of VR2Ws is the number of stationary receivers deployed during that year
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p < 0.0001). There was no significant effect of month
or the interaction between month and year on move-
ment distance (Fig. 4a, b). Movement rates were
different among years (F; 1559 = 44.45, p < 0.0001),
with the highest movement rates observed in 2013.
Movement rates showed a significant interaction
between month and year, indicating that the effect of
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Fig. 4 Minimum movement distances and rates from 2011 to
2013 across months included in two-factor blocked ANOVA
(month and year) with an individual Silver Carp random effect.
a Movement distance and rate (1/2 SD) was greater in 2013 than
in 2011 and 2012. Mean monthly b movement distance (1/2 SD)
and ¢ movement rate (1/2 SD) of Silver Carp from 2011 to 2013.
The highest movement rates for most months were in 2013
(>2011 in June and August; >2012 in May—July). September
had significantly higher movements rates (2011-2013) as did
October (2011) than summer months (May—August). In 2012,
March also had higher movement rates than summer months
(May—August)

month was inconsistent among years (Fjo ;533 =
16.17, p < 0.0001; Fig. 4c). Movement rates were
higher from May to August 2013 compared to the
same months in 2011 and 2012. Within a given year,
movement rate was always greater in October com-
pared to all other months except September. For all
3 years, movement rates were greater in September
than May—August of the same year. Movement rate in
March 2012 was greater than May—August of 2012.
Silver Carp exhibited greater frequencies of smaller
movements from May to August, while other months
included greater frequencies of broad-scale move-
ments (Fig. 5). The trend of greater numbers of
smaller movements in the summer and more broad-
scale movements in the spring and fall was consistent
across years.

Numbers of Silver Carp at specific stationary
receivers varied over relatively short periods of time
(Fig. 6). Number of detections fish~! was consistently
high in Backwaters 1 (3987 £ 667SE, 179 individu-
als) and 2 (7556 + 1458SE, 74 individuals), as well as
RKm 497 (3042 £+ 1204 SE, 28 individuals; Table 2).
RKm 545, 521, 510 exhibited moderate numbers of
detections fish™! (<121 detections fish™!). Down-
stream stationary receivers at RKm 479, 344, and
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Fig. 5 Frequency distribution of Silver Carp movements in
a June and b September from all 3 years

@ Springer



478

A. A. Coulter et al.

19071 (a) Backwater 1

Tagged Silver Carp
Gage Height (m)

807 (b) Backwater 1 ré

& s
O £
- L4 =
g Yz
& 33
el

@ 2 o
()] (o))
8') ©
kS o
8 —
© 1S
o =
-

7 T
? N
D @
2 (O]
}—

g

5 —
o £
5 =
2 S
n ©
3 T
S S
% ©
R o

Fig. 6 Number of tagged Silver Carp located and hydrograph at
different locations on the Wabash River, Indiana, USA, in 2013.
Days of year (DOY) included were selected to cover pre-spawn
and spawning time periods. Shaded area in (a) indicates time
period enlarged in (b—d). Locations of the stationary receivers
(VR2Ws) for which data are displayed are: a, b Backwater 1
located near river kilometer (RKm) 499; ¢ RKm510; and
d RKm521. Dashed line is gage height and solid line is number
of tagged fish

265 recorded <46 detections fish™'. All other
upstream stationary receivers (RKm 600, 627, 653)
in the Wabash River main channel showed <11 de-
tections fish™! (19, 11, and 5 individuals). The
stationary receiver at RKm 565 had very high mean
detections fish ™! (>20,000). No Silver Carp were
detected in the Little, Salamonie, or Eel Rivers, but
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Table 2 Mean detection history for each stationary receiver
(Fig. 1) including the number of different Silver Carp detected
on the stationary receiver, mean detections fish™!, and the
number of years the stationary receiver was active and col-
lecting data

RKm # Fish Detections fish~' (SE) # Years
653 5 73) 3
Little River 0 0 3
Salamonie River 0 0 2
627 11 3 (0.5) 3
600 19 11 (5) 3
Eel River 0 0 1
565 35 20,520 (3569) 2
545 40 502 (362) 2
521 121 1527 (1030) 3
Tippecanoe River 54 79 (14) 3
510 117 673 (334) 3
Backwater 1 179 3987 (667) 3
Backwater 2 74 7556 (1458) 3
497 28 3042 (1204) 1
479 90 16 (4) 2
344 26 46 (33) 2
265 8 10 (5) 2

tagged fishes were detected in the remaining Wabash
River tributary monitored in this study, the Tippeca-
noe River (79 £ 14SE detections fish™!, 54
individuals).

Model selection

Movement distance had three best models with
AAIC < 2 (Table 3) all of which contained gage
height, DOY, month, and year. Movement rate had
two best models (Table 4), which both included gage
height, GDD, CGDD, DOY, month, and year. Model
averaging of best models for movement distance and
rate both exhibited significant positive effects of river
gage height and GDD (Table 5). The movement
distance averaged model also contained significant
positive effects of DOY, month (August, September,
October), and year (2012, 2013). Of the months with
significant effects, October had the greatest positive
effect on movement distances. 2013 had a greater
effect than 2012 in the averaged model. The averaged
movement distance model also contained a significant
negative effect of DOY.
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Table 3 Results of model selection procedures to predict minimum movement distance of Silver Carp using a linear mixed model

Model AlCc AAIC WAIC CAIC
Gage + GDD + DOY + month + year 14,189.7 0 0.51 0.51
Gage + GDD + sex + DOY + month + year 14,191.1 1.32 0.26 0.77
Gage + Gage24 + GDD + DOY + month + year 14,191.3 1.54 0.23 1

Only models with delta AIC < 2.00 are shown. Variables included in the model were: river gage (Gage), change in gage over 24 h
(Gage24), growing degree day (GDD), cumulative growing degree day (CGDD), day of year (DOY), year, month, and sex. Month,
year, and sex were categorical. Individual fish were included in all models as a random effect. Information presented on each model
includes AIC with small sample size correction (AICc), delta AIC (AAIC), AIC weight (WAIC) and cumulative AIC (CAIC)

Table 4 Results of model selection procedures to predict minimum movement rate (km day~") of Silver Carp using a linear mixed
effects model

Model AlCc AAIC WAIC CAIC
Gage + GDD + CGDD + DOY + month + year 10,450.0 0 0.59 0.59
Gage + Gage24 + GDD + CGDD + DOY + month + year 10,451.0 0.76 0.41 1

Only models with delta AIC < 2.00 are shown. Variables included in the model were: river gage (Gage), change in gage over 24 h
(Gage24), growing degree day (GDD), cumulative growing degree day (CGDD), day of year (DOY), year, month, and sex. Month,
year, and sex were categorical. Individual fish were included in all models as a random effect. Information presented on each model
includes AIC with small sample size correction (AICc), delta AIC (AAIC), AIC weight (WAIC), and cumulative AIC (CAIC)

In addition to significant effects of gage height and
GDD, averaging of the best movement rate models
also had significant positive effects for DOY and year.
All months except for September and October had
significant effects in the averaged model. All signif-
icant month effects were negative except for March.
However, averaged models were only able to explain a
small portion of the variability in the observed data
(distance: R? = 0.23; rate: R? = 0.28).

The two best models to predict whether Silver Carp
will move or remain stationary (i.e., movement
probability) both contained gage height, 24 h change
in gage height, CGDD, sex, DOY, month, and year
(Table 6). The averaged model contained a significant
negative effect of gage height, while change in gage
height over 24 h had a significant positive effect.
CGDD and DOY both had significant negative effects
in the model. Female and unknown sex Silver Carp
also had significant negative effects in the averaged
model. Years had significant negative effects in the
averaged model. 2013 had the greatest negative effect
and 2012 had the least negative coefficient. All months
except for April had significant effects in the averaged
model. October had the greatest positive coefficient,
while May had the smallest positive value. March was
the only month with a negative effect.

Discussion

Silver Carp in the Wabash River exhibited multiple
trends in movement direction, distance, and rate that
were largely consistent with study expectations. For
example, Silver Carp made broad-scale upstream
movements in the spring 1-2 months prior to the onset
of spawning, presumably to stage until environmental
conditions became optimal for spawning. Silver Carp
also exhibited expected downstream movements in
fall, likely for overwintering. Similar directed move-
ments have been observed in other fishes (Manion
1977; Lucas and Batley 1996; Ovidio and Philippart
2002) and likely reflect seasonal changes in habitat
requirements (e.g., temperature, Meyers et al. 1992).
Movements from May to August were less directed
(50 % upstream/downstream) and smaller in magni-
tude, as expected. Many fish species have been found to
move with greater frequency during the summer
(Matheney and Rabeni 1995; Lucas and Batley 1996;
Albanese et al. 2004), and summer movements of
Silver Carp also occurred more often (i.e., there were
fewer stationary fish during the summer months).
Summer movements probably represented routine
movements associated with foraging and searching
for suitable habitat with seasonally declining water

@ Springer



430

A. A. Coulter et al.

Table 5 Results of model

Movement distance

Movement rate Movement probability

: Model
averaging of all models
with AAIC <2 Gage 2.756
0.027
Gage24 —0.224
0.771
GDD 0.562
0.0004
CGDD
Female 2.953
0.597
Male 2.151
0.643
Unknown 2.026
0.634
DOY —0.062
0.027
March 9.037
0.082
April 2.486
A del coeffici 0.674
verage model coefficients
are listed with associated May 5.088
p values listed below in 0.332
italics. Models for June 6.275
movement distance (km) 0.282
and movement rate
(km day~") were linear July 9.384
mixed effects models while 0.136
the model for movement August 17.132
probability (move = 1,
. 0.013
stationary = 0) was a
logistic mixed effects September 31.309
model. Variables included 0.0001
in the model were: ri\./er October 40.731
gage (Gage), change in
gage over 24 h (Gage24), <0.0001
growing degree day (GDD), 2011 9.037
cumulative growing degree 0.082
day (CGDD), day of year
(DOY), year, month, and 2012 14.862
sex. Month, year, and sex 0.0003
were categorical. Individual 2013 17.079
fish were included as 0.0005

random effects

0.066 -0.077
0.001 0.033
0.190 0.664
0.584 <0.0001
0.197 0.006
<0.0001 0.437
—0.002 —0.001
0.014 <0.0001
—1.223
<0.0001
0.034
0913
—0.830
0.006
0.004 —0.025
<0.0001 <0.0001
4.230 —1.223
0.004 <0.0001
—5.259 —0.234
0.002 0.512
—5.691 2.246
0.0001 <0.0001
—6.908 3.375
<0.0001 <0.0001
—8.520 3.581
<0.0001 <0.0001
—8.499 3.978
<0.0001 <0.0001
3.033 3.720
0.212 <0.0001
—2.882 4.253
0.292 <0.0001
4.230 —1.223
0.004 <0.0001
5.653 —0.708
<0.0001 0.003
7.945 —2.209
<0.0001 <0.0001

levels. Frequent summer movements may also have
been associated with fish moving from staging areas to
engage in protracted spawning events known to occur
throughout the summer (Coulter et al. 2013).

Silver Carp exhibited year-to-year variation in
movements in the Wabash River, with greater move-
ment distances and rates in 2013. Larger fish are often
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associated with deeper habitats (Harvey and Stewart
1991), and so higher water levels would be expected to
allow Silver Carp to move more easily over greater
distances, while lower water levels should negatively
affect movement distances and rates. 2012 was a
severe drought year with considerably lower water
levels throughout much of the year compared to 2013,
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Table 6 Results of model selection procedures to predict movement probability using a logistic mixed effects model

Model AlCc AAIC WAIC CAIC
Gage + Gage24 + GDD + CGDD + sex + DOY + month + year 8600 0 0.54 0.54
Gage + Gage24 + CGDD + sex + DOY + month + year 8600.3 0.31 0.46 1

Only models with delta AIC < 2.00 are shown. Variables included in the model were: river gage (Gage), change in gage over 24 h
(Gage24), growing degree day (GDD), cumulative growing degree day (CGDD), day of year (DOY), year, month, and sex. Month,
year, and sex were categorical. Individual fish were included in all models as a random effect. Information presented on each model
includes AIC with small sample size correction (AICc), delta AIC (AAIC), AIC weight (WAIC) and cumulative AIC (CAIC)

and this appeared to have a negative effect on both
Silver Carp movement distance and rate. Interestingly,
2011 also exhibited a negative effect on movement
rate and distance despite generally similar water levels
compared to 2013. This may have been due, in part, to
the lower number of tagged fish at large during this
first year of the study. Additionally, changes in
climatic conditions may also have influenced annual
variability in fish movements. In this case, the
juxtaposition of a severe drought year (2012) and a
comparably much wetter year that included one of the
highest gage heights on record for USGS gaging
station #03335500 (2013) may have triggered greater
movement activity in the latter year. However,
additional telemetry data over a longer time period
that include additional comparable climate events are
needed to test this hypothesis.

Water level has previously been shown to play a
role in invasive Silver Carp movements (Ab-
dusamadov 1987; Peters et al. 2006; DeGrandchamp
et al. 2008; Calkins et al. 2012), and this was also the
case in the present study. Movement distance and rate
were positively related with water level, and numbers
of tagged fishes at specific stationary receivers
changed in conjunction with water level changes.
The importance of water level is further illustrated by
the increased movement distances and rates observed
in the spring and fall, when water levels are typically
higher. Rising and falling water levels are common
triggers of upstream and downstream movements in
stream fishes (Manion 1977; Reynolds 1983; Lucas
and Batley 1996), and fish movements, including
routine movements, are also known to be greatly
influenced by flow (Taylor and Cooke 2012). Rela-
tionships of movements with water levels support the
hypothesis that annual variation in movements may
also be influenced by inter-annual, climatically driven
water level differences as previously indicated.

The overall fit of the averaged models for move-
ment distance and rate was relatively poor (R* < 0.3),
suggesting that other variables such as food availabil-
ity (Calkins et al. 2012) or water velocity (Kolar et al.
2007; DeGrandchamp et al. 2008) may strongly
influence Silver Carp movements. Additionally, vari-
ation may occur at the individual level because some
individuals may be more sedentary while others are
more mobile (Bradford and Taylor 1997; Fraser et al.
2001; Morrissey and Ferguson 2011). This strategy
would be advantageous for insuring that at least some
individuals remain in suitable habitat (i.e., sedentary
fish) while others disperse in search of additional
viable habitats that have not yet been colonized (i.e.,
mobile or transient fish). Indeed, mobile individuals in
Silver Carp populations have no doubt contributed
strongly to the species’ spread, while sedentary
individuals have maintained local populations
throughout the introduced range in the Mississippi
River basin. Regardless, environmental cues are often
important for initiating life history events and associ-
ated movements (Bennett and Burau 2014; Crook
et al. 2014; Winkler et al. 2014; Pagon et al. 2013;
Schmaljohann et al. 2012), and this study highlights
the influence of water levels on the movements of a
large, invasive riverine fish.

Averaged models for Silver Carp movement dis-
tance and rate both included a significant positive
effect of temperature (GDD). Water temperature is
known to influence the onset of Silver Carp spawning
(Abdusamadov 1987; Kocovsky et al. 2012), and it
was therefore expected to influence movements of
tagged fishes in this study. Additionally, temperature
is a critical variable that strongly influences the
metabolism and behaviors of poikilotherms, including
fishes. Thus, movement for thermoregulatory pur-
poses is common in fish (Baird and Krueger 2003;
Armstrong et al. 2013; Westhoff et al. 2014), and
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increasing temperatures can increase movements
(Beamish 1970). Movement distance and rate were
positively influenced by GDD. However, CGDD
exhibited a significant negative effect on Silver Carp
movement rate and probability. While a minimum
CGDD is required for Silver Carp spawning to occur,
the high CGDD occurring later in the year when some
of the most rapid movements occurred may have
resulted in the observed negative effect.

Females and unknown sex Silver Carp both had
significant negative effects on movement probability.
Silver Carp of unknown sex included some individuals
that were immature at the time of tagging. Immature
fishes may move less because they do not engage in
broad-scale spawning movements (Shaw et al. 2013).
The lower movement probability observed in females
may relate to physiological processes (e.g., conserved
energy for egg development) or sex-biased dispersal.
Differences in dispersal distances between sexes have
been observed in other fish species (Hutchings and
Gerber 2002), including other invasive fishes (Mar-
entette et al. 2011), and may function to minimize
inbreeding (Pusey 1987; Perrin and Mazalov 2000)
and thus promote invasion success.

Stationary receivers in both backwaters had high
numbers of detections, with over 70 tagged Silver
Carp present on some occasions. Previous studies of
Silver Carp in invaded rivers indicate a preference for
backwater and lower velocity habitats (DeGrand-
champ et al. 2008; Calkins et al. 2012). Backwater
habitats therefore represent likely targets for control
efforts. The use of lower velocity habitats may
function to conserve energy and provide access to
resources that may not be as abundant in the river
mainstem (e.g., zooplankton communities; Burdis and
Hoxmeier 2011). Resources and environmental con-
ditions may also differ among rivers and tributaries,
and most Wabash River tributaries had no detections
of Silver Carp. The Tippecanoe River, the largest
tributary in the study area, did show some use by
several tagged individuals, with one individual moving
>10 km upstream. However, the limited use of the
Tippecanoe River by tagged fishes and absence of
detections in smaller tributaries suggest that small
streams are resistant to Silver Carp invasion, espe-
cially for larger adults, possibly resulting from lower
water levels, increased velocity, or lower primary
productivity. Recent work has also suggested that
some smaller tributaries to the Missouri River may be
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resistant to invasion by Silver Carp (Hayer et al. 2014),
and further investigations are necessary to determine
what factors (e.g., biotic resistance, habitat limita-
tions) may inhibit expansion into small tributaries. It
should also be noted that, while tagged Silver Carp
were in the Wabash River near the mouth of the Little
River, no tagged individuals traveled up the Little
River, a possible corridor for invasion of the Great
Lakes basin (USACE 2010).

As in many telemetry studies, the placement and
spacing of stationary receivers may have influenced
some of observed trends. Stationary receivers allow an
estimation of minimum movement distances and rates,
and individuals must move as far as the next stationary
receiver to be categorized as moving or may leave the
study area. Active tracking allowed for the detection
of smaller movements, but detections from active
tracking represent a relatively small portion of the
collected data. Movements observed in telemetry
studies may also be influenced by tag effects (e.g.,
Frank et al. 2009); however, the large number of
movements, the repetition of spring and fall trends
across years, and the exclusion of any detections
collected within 48 h of tagging likely minimized the
influence of tagging observed patterns.

Invasive fish movements can provide insight into
factors that contribute to invasiveness and how
invasion success may vary across non-native ecosys-
tems. For example, Common Carp (Cyprinus carpio)
experience frequent hypoxia in native waters (Stecyk
and Farrell 2007) and are thus able to move into
hypoxic areas of invaded ecosystems that are unex-
ploited by native fishes to spawn competition free.
This ultimately contributes to high levels of repro-
duction and recruitment by Common Carp during
hypoxic years (McNeil and Closs 2007; Bajer and
Sorensen 2010). In the present study, Silver Carp
generally were occasionally highly mobile, especially
during spring and fall, allowing them to potentially
exert substantial propagule pressure on non-invaded
ecosystems via dispersal through connected waters.
Such high mobility has likely contributed strongly to
the rapid invasion and spread of Silver Carp through-
out much of the middle and lower Mississippi River
basin. Moreover, Silver Carp were responsive to
environmental cues (i.e., water level changes, temper-
ature) provided in the Wabash River, thus allowing
them to move appropriately for critical life history
events, such as staging, spawning, and overwintering.
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Control efforts may be targeted to times of high
mobility or when fish are stationary and in backwaters,
depending on the management technique employed.
For example, temporary barriers to movement coin-
ciding with predictable movement behaviors could be
implemented to disrupt the ability of Silver Carp to
move adequately to fulfill life history stages (e.g.,
broad scale-migrations to viable spawning and over-
wintering habitats and routine movements from stag-
ing areas to spawning habitats).

Silver Carp exhibit a high degree of plasticity in
movements (i.e., variability in movements among years)
and have the potential to rapidly disperse into and persist
in non-native ecosystems. However, the observed vari-
ation does exhibit strong seasonal patterns in movement
distance, rate, and directionality that allow for the
prediction of dispersal patterns that could be incorpo-
rated into dispersal models and control strategies.
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