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Abstract
Non-physical deterrence and guidance technologies are sought after for management
of invasive fish, but they have rarely been tested in the field during natural fish
migrations. We tested the efficacy of a semi-portable deterrence and guidance system
(DGS) that used vertical electrodes producing low-voltage electric field to deter the
upstream spawning migration of common carp (Cyprinus carpio Linnaeus, 1758)
and direct them into a trap (5 m by 25 m enclosure with a net) in a natural stream.
The behavior of carp was monitored using Passive Integrated Transponder (PIT)
tags and antennas. The migration began on 7 April 2019, when water temperature
was 5 °C and lasted through May 2019. Performance of the DGS was evaluated
during three separate periods, between which the DGS was briefly deactivated.
During the first period (4/7–4/19), 559 unique carp challenged the DGS. Of those,
10 were able to cross the DGS (98.2% efficacy), 234 (41.8%) were directed into the
trap and 54 were captured. The mean number of days each carp was detected at the
DGS was 2.6. During the second period (4/25–5/7), 562 unique PIT carp challenged
the DGS. Of those, 24 were able to cross it (95.8% efficacy), 241 (42.9%) were
directed into the trap and 148 were captured. Mean time at the DGS was 5.6 days.
During the third period (5/7–5/15), 147 PIT carp challenged the DGS and 2 were
able to cross it (98.6% efficiency). The mean time at the DGS was 5.5 days. Due to
decreasing numbers of carp during the third period, we did not attempt to direct them
into the trap for removal. Stream discharge during our test exceeded the 11-year
average by 2–3 times; the floodplain was periodically flooded, and it is possible
that some carp migrated around the DGS rather than through it. Overall, our results
suggest that DGS that generate mild, electric field can be useful in deterring seasonal
migrations of common carp and facilitating new removal strategies. The semi-portable
nature of the system and low site-engineering requirements allow for rapid deployments
and targeted applications during seasonal migrations.
Key words: biological invasions, electric barrier, invasive species, Cyprinus carpio,
stream, trap, removal

Introduction
Non-physical deterrence and guidance systems (DGS) have many
applications in management and conservation of fish populations
worldwide (Noatch and Suski 2012). These applications have been
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especially important for managing invasive fishes. DGS can be used to
prevent invasive fishes from colonizing new areas. For example, electric
barriers are being used to prevent colonization of the Great Lakes by the
bigheaded carp species (Hypophthalmichthys spp. Valenciennes, 1844)
(Hinterthuer 2012; Parker et al. 2016), while acoustic deterrence systems
are being developed for slowing down the spread of these species through
the Upper Mississippi (Dennis et al. 2019). DGS can also be used to disrupt
life cycles of invasive fishes and facilitate new management strategies. For
example, for invasive fishes that employ spawning migrations, non-physical
DGS can be used to deter them from reaching their spawning grounds and
direct them into traps for removal (Johnson et al. 2016). Non-physical
DGS technologies also have many applications for conserving native fish
populations. DGS are often used to divert fish from entering power plant
intake pipes or irrigation channels (Egg et al. 2019; Perry et al. 2014). They
are also used to guide fish into ladders and other passage devices to
facilitate seasonal migrations around dams and other man-made obstacles.
Several types on non-physical DGS have been pursued over the last few
decades. DGS that rely on sound and light, often in combination, have
perhaps received the most attention in recent years (Hamel et al. 2008; Kim
and Mandrak 2017a; Vetter et al. 2017). For example, specifically designed
sound profiles that match hearing sensitivities of the target species have
shown promise for deterring movement of the bigheaded carp in
laboratory flumes (Dennis et al. 2019). DGS that employ carbon dioxide
have also been pursued and showed relatively high efficiency for several
species of fish in laboratory tanks and ponds (Donaldson et al. 2016; Kates
et al. 2012). However, while the effectiveness of DGS technologies based on
sound, light and carbon dioxide has shown good results (often > 90%
deterrence) in laboratory tanks, pond, and mesocosms, these technologies
have rarely been tested under natural field conditions and the results of
these tests were mixed. Relatively good results (25%–75% efficiency) have
been shown in field applications of strobe-sound-bubble DGS technologies
for conservation of native salmonids. Perry et al. (2014) used a sound-bubblestrobe light curtain to deflect downstream moving smolts of chinook salmon
(Oncorhynchus tshawytscha Walbaum, 1792) away from a stream branch
associated with low survival in the Sacramento-San Joaquin River delta.
Welton et al. (2002) used a similar system to direct the downstream
movement of Atlantic salmon (Salmo salar Linnaeus, 1758) smolts in a side
channel of River Frome, France. A sound-bubble-strobe light DGS showed
higher efficiency (> 90%) in repelling upstream movement by the bigheaded
carps in Quiver Creek, Illinois, USA, but that study lacked appropriate
controls as it did not monitor whether the fish attempted to cross the DGS,
with results based only on recapture rates (Ruebush 2012). On the other hand,
a prototype of a sound-bubble DGS showed only a modest effectiveness
(< 50%) for adult common carp (Cyprinus carpio Linnaeus, 1758) migrating
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upstream in a natural stream in Minnesota (Zielinski and Sorensen 2015).
A more advanced version of that technology, which used complex sound
profiles in combination with a bubble curtain later showed higher efficiency
in lab settings (Dennis et al. 2019). Field tests of a CO2-based DGS at the
Emiquon Preserve in Illinois, USA also showed mixed results, with the
system performing adequately at no-flow conditions but performing poorly
under increased, natural flow conditions (Cupp et al. 2018). The same
system performed well in experimental pond settings. Overall, while many
DGS technologies have been pursued and showed a great deal of promise,
more field tests are needed for managers to gain confidence in such systems.
Tests conducted on highly “motivated” fishes during periods of natural seasonal
migrations and varying flow conditions would be especially informative.
DGS that use an electric field have been deployed in fisheries applications
for decades. The oldest applications include “electric barriers”, where
electrodes embedded in the bottom and sides of the stream produce an
electric field that is strong enough to paralyze fishes that attempt to swim
through it, effectively blocking migrations. Such systems have been
effectively used as barriers for fishes migrating upstream. These systems,
however, may have limited guidance abilities, especially for fishes swimming
downstream (paralyzed fish can float through electric barriers). Recently, a
type of DGS has been developed that uses a “mild”, low-voltage electric
field to deter the migrating fish from passage rather than to paralyze them
(Parasiewicz et al. 2016). The main difference of this system over traditional
electric barrier technologies is that it uses vertical electrodes where the
distances between individual electrodes and the field they generate is
specifically designed to elicit a desired behavioral reaction in the target
species based on their size and swimming mode. The electric field can be
modulated to prevent habituation (Parasiewicz et al. 2016). These DGS,
often referred to as an “electric fence” (Egg et al. 2019), have shown high
success rate in recent laboratory and field tests. The electric fence DGS has
been used to successfully deter invasive sea lamprey (Petromyzon marinus
Linnaeus, 1758) during their upstream spawning migration and guide
them into a trap in a natural stream in Michigan (Johnson et al. 2016;
Johnson and Miehls 2014), and to deflect eels (Anguilla anguilla Garsault,
1764) from intake channels and guide them towards passage ways (Egg et
al. 2019). This system has been also tested for the invasive common carp in
a laboratory setting (Kim and Mandrak 2017b) and also in a natural stream
where it showed over 90% efficiency (Bajer et al. 2018). However, the tests
by Bajer et al. (2018) were not conducted during a natural migration season
and involved only a small number of carp that were stocked near the
system and whose movement was then monitored for 10 h. Overall, more
tests of the low-voltage DGS technology during natural seasonal fish
migrations are important to address the gap in our understanding of how
such systems might perform in real-life management applications.
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Figure 1. Study site and the locations of the DGS and PIT antennas.

In this study, we describe the performance of a low-voltage DGS, used
previously by Bajer et al. (2018), during a natural spawning migration of
common carp in a large stream. Performance of the system was evaluated
during the entire migration period using over 1,000 individually tagged
carp. In addition to testing the ability of the DGS to deter the upstream
movement of carp, we also assessed the ability of this system to direct
migrating carp into a trap for removal. Ours is one of only a handful of
studies that examined the performance of a non-physical DGS in the field
during a natural fish migration, and the first of such studies for the
common carp, a globally invasive fish. Results of our study will have
important implications for management of common carp and for other
applications in fish management and conservation.

Materials and methods
Study site
The experiment was conducted in Rice Creek (New Brighton, Minnesota,
USA), a natural stream (20 m wide, 1 m deep, ~ 0.3 m/s max velocity, sandy
bottom) that connects Long Lake (68.8 hectares; maximum depth 8 m),
with five shallow marshes located approximately 15 km upstream (Figure 1).
At the time of the study, Long Lake was inhabited by approximately 25,000
adult carp (400–700 mm in length; Bajer et al. 2015). The majority of these
carp (~ 90%) migrate each spring from Long Lake to the upstream marshes
to spawn, then return to Long Lake several weeks later (Banet 2016). This
behaviour is consistent with other carp spawning migrations occurring in
Minnesota (Bajer and Sorensen 2010; Chizinski et al. 2016). Historically
Bajer et al. (2022), Management of Biological Invasions 13(1): 204–219, https://doi.org/10.3391/mbi.2022.13.1.12
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Figure 2. Overhead view of the two rows of electrodes (submersed yellow floats) and migrating
carp. The carp are migrating/facing upstream. Due to the unusually high water during our
experiment, the electrodes were submersed by approximately 0.5 m of water. Normally the electrodes
extend all the way to the surface of the stream. Photo: David Hansen; University of Minnesota.

(2015–2018), over 2,300 common carp inhabiting this system were implanted
with passive integrated transponder (PIT) tags (Oregon RFID, HDX 12 mm
tag) (Bajer unpublished data). These PIT tagged carp were used in assessing
the spawning migration patterns and performance of the DGS in this
study. Water temperature, water level and discharge were continuously
monitored by a USGS stream gage located in Mounds View, Minnesota,
approximately 2 km upstream of our study site (https://waterdata.usgs.gov/
mn/nwis/uv/?site_no=05288580&PARAmeter_cd=00065,00060).

Electric deterrence and guidance system and carp removal device
The DGS Neptun (Procom Systems, Poland) consisted of two rows of
electrodes (stainless steel pipes 3.7 cm in diameter). Electrodes were attached
to a metal chain (stainless steel, 5 cm diameter) stretched along the bottom
of the stream. The electrodes were 0.5 m to 1.2 m in length to match the
depth of the stream. Floats (23 cm diameter) were attached to the tops of
electrodes to keep them vertically in the water column (Figure 2). A cable
that supplied power to the electrodes was attached to the chain. Each
electrode was attached to the chain using a metal shackle that allowed the
electrodes to be pushed out of the way if hit by debris (e.g. floating branch,
etc.), and then reposition themselves. The electrodes in each row were
spaced every 0.7 m (Figure 2). The row of positive electrodes was located 2
m downstream of the row of negative electrodes (Figure 2). The system
was powered by a gasoline generator (Honda EU2200i) enclosed with a
control unit in a metal work site box on the bank of the stream. The system
was supplied with a 70V DC electric current. The control unit autonomously
Bajer et al. (2022), Management of Biological Invasions 13(1): 204–219, https://doi.org/10.3391/mbi.2022.13.1.12
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Figure 3. A trap towards which the carp were directed. Note flooding on the bank.

analysed and adjusted field settings to achieve desired output: ~ 0.16 V/cm
mid-way between the two rows of positive and negative electrodes; pulse
length 0.4 milliseconds; number of pulses 8; gap between pulses 6 milliseconds;
repetition every 150 milliseconds. Field characteristics were measured 10 cm
under the surface, at mid-depth, and 20 cm above the bottom. The deviations
of field parameter were no greater than 15% of the mean. Water conductivity
was ~ 410 µS/cm. The DGS was anchored to the right bank using steel
C-channel beams driven into the ground and stretched across the stream at
an 45° angle in relation to the axis of the channel (Bajer et al. 2018; their
Figure 2). This was designed to direct the migrating carp towards the left
bank where we placed a trap. The electrodes continued towards the left
bank all the way to the outside edge of our trap. Overall, due to its semiportable nature (two rows of electrodes attached to a chain that is stretched
across the stream), the system was installed within 2 days and required no
engineering of the stream bottom. Because of the extremely high water
levels that occurred in the spring of 2019 and periodical flooding of both
banks of the stream, we also constructed auxiliary physical fencing (plastic
snow fencing reinforced with vertical PVC support posts and weighed
down around the bottom edge with sandbags) to prevent carp from
swimming over flooded banks around the DGS.
The enclosure towards which the carp were directed for removal consisted
of a physical fence (25 m long, 5 m wide) that was erected along the left
bank of the stream (Figure 3). The fence was designed using vertical black
PVC pipes (37 mm diameter) that were spaced every 25 mm and supported
with horizontal wooden beams (50 mm tall, 100 mm wide, 3.0 m in length),
one near the bottom of the stream and another near the surface. The PVC
pipes extended at least 1 m above the surface of the water to prevent carp
from jumping over the sides of the enclosure. A 1.5 m wide section in the
downstream end of the enclosure was left open (no PVC pipes) and
functioned as a gate through which the carp could swim into the trap
Bajer et al. (2022), Management of Biological Invasions 13(1): 204–219, https://doi.org/10.3391/mbi.2022.13.1.12
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(Figure 3). Downstream of the gate we constructed a channel that was 10m
long and that fanned out slightly downstream (Figure 3). The carp that
were directed by the DGS towards the left bank would first swim through
the channel, then the gate to enter the enclosure. Inside the enclosure, we
placed a mesh net (2.5 cm bar length) that conformed to the dimensions of
the enclosure (25 m long, 5 m wide, mesh bottom) that had 3 m tall sides;
no net was placed in the channel leading to the enclosure. Sides of the net
were permanently erected above the surface of the water and draped over
the tops of the PVC pipes. The downstream end of the net had an opening
(window 1.5 m wide and 1 m tall) framed using PVC pipes. The bottom
edge of the window was placed on the bottom of the stream while the sides
were attached to the PVC gate using plastic zip ties. The carp could swim
into the net through the window.
We used several PIT antennas to monitor the behaviour of the carp.
A large antenna (20 m by 0.6 m comprised of two 10 m by 0.6 m antennas)
was placed across the stream approximately 5 m below the DGS. Another
antenna (1.5 m by 1.5 m) was placed inside the gate to the enclosure, and
another large antenna (20 m by 0.6 m) was placed across the stream 1 km
above the study site (Highway 8 site; “HWY8”). The antennas were used to
monitor PIT tagged carp that approached the DGS, entered the enclosure,
were captured in our net, or were able to pass through the DGS and continue
their upstream migration (detected at HWY8). The large antennas were
designed to fit the dimensions of stream channel at each site while the
small antenna was designed to fit the entrance to our trap. All antennas
were constructed using a stranded, 12-gauge copper wire placed inside a
frame constructed from 2.45 mm diameter PVC pipes. Each antenna was
connected with a separate datalogger (multi-antenna HDX reader; Oregon
RFID) placed in a metal work box on shore and powered using 12V
batteries. The large antennas were placed flat on the bottom of the stream
and secured with concrete anchors to remain stationary in the current.
They functioned in a pass over fashion and had a detection range of
approximately 10–20 cm. The small gate antenna was placed vertically and
functioned in a swim-through fashion. It also had a detection range of
10–20 cm. We also monitored the behaviour of the carp visually from the
bank of the stream. While this effort was not systematic, it allowed us to
observe many instances when carp approached the DGS and how they
reacted to it. In particular, we were interested in observing whether the
carp that attempted the passage through the DGS were paralyzed by the
electric field.
To remove the carp that aggregated inside the net, two people quietly
waded into the stream in the channel leading to the trap, detached the
entry window of the net from the PVC gate and lifted it above the surface
of the water. That prevented the carp from escaping from the net. A group
of 4 people would then slowly wade upstream along both sides of the net
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lifting its bottom above the surface to push all the fish towards the
upstream end of the net. To remove the fish, a boat (6 m long aluminium
jon boat) was placed alongside the upstream wall of the enclosure. PVC
pipes along that side were removed at the water’s edge (by detaching
couplers). Top end of the net was lowered inside the boat and attached to
the gunnel using metal carabiners. A crew of 4–6 people would then reach
for the bottom of the net and roll the fish into the boat. Species other than
carp were counted and released while the carp were euthanized, counted,
measured and examined for PIT tags using a handheld reader (Biomark
HPR Lite).
Throughout the entire migration season, three acts of vandalism
occurred when the DGS was briefly turned off and/or holes were made in
auxiliary physical fence on shore (below). Inadvertently, these incidents
served as control periods to determine the tendency of carp to travel upstream
through the site when deterrence technologies were not functioning.
Periods when the DGS system was functioning were used to assess the
efficacy of the DGS and conduct carp removal.

Mark recapture estimates
We used mark-recapture methods to estimate the overall number of
migrating carp (size of the spawning run) during our study. We assumed
that the total number of PIT tagged carp detected below the DGS (M)
represented the entire population of tagged migrating carp, while the
proportion of tagged to untagged individuals was estimated by
examining all carp captured in our trap (C) and those among them that
were PIT tagged (R). We used the modified Chapman estimator:
N = ((M + 1) × (C + 1) / (R + 1)) − 1. Our estimate is conservative because
we assume that all PIT tagged carp that migrated were detected by the
antenna below the DGS.

Results
The DGS, PIT antennas and carp enclosure were installed in the last week
of March 2019. The carp migration began on 7 April 2019 when water
temperature was approximately 5.0 °C (Figures 4, 5) and Long Lake was
still partially covered with ice. The number of PIT tagged carp at DGS
increased to over 100 per day on 9 April as water temperatures increased to
~ 7.0 °C (Figures 4, 5). The number of PIT tagged carp at the DGS declined
rapidly during 10–15 April possibly in response to rapidly cooling water
temperatures, ~ 7.0 °C to 2.0 °C (Figure 5). Discharge remained relatively
stable throughout that time, at approximately 325 cubic feet per second
(Figure 5). However, overall, the discharge was approximately 3-times
higher than the 11-year average for the same period (Figure 5). The
migration intensified rapidly on 16 April when over 300 PIT tagged carp
Bajer et al. (2022), Management of Biological Invasions 13(1): 204–219, https://doi.org/10.3391/mbi.2022.13.1.12
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Figure 4. Daily numbers of PIT tagged carp detected at the Deterrence and Guidance System
(DGS; gray bars) and the upstream antenna at Highway 8 (black bars). The carp detected at
Highway 8 successfully crossed the DGS. Vandalism occurred on 3 occasions: 19 April a hole
was cut in an auxiliary physical fence; 24 April DGS was found tuned off in the morning and
was turned back on immediately – presumably the DGS was turned off between 5 pm 18 April
and 8 am 19 April; 7 May DGS was found turned off in the morning and was turned back on
immediately – presumably the DGS was turned off between 5 pm 6 May and 8 am 7 May.

were detected at the DGS. This coincided with a rapid increase in water
temperature from ~ 5.0 to 9.5 °C and an increase in discharge in response
to rain (Figures 4, 5). The number of PIT tagged carp detected at the DGS
remained high for three more weeks, and then gradually tapered off by the
end of May (Figure 4).
The first act of vandalism occurred on 19 April when a hole was cut in
the auxiliary physical fence built to prevent carp from swimming over
flooded land (the hole was most likely cut in the evening of 18 April). This
resulted in an immediate increase in the number of PIT tagged carp
detected upstream at HWY8 (Figure 4) suggesting that some carp were
able to cross upstream through the hole in the physical fence. We used
daily detection data prior to 19 April to assess the efficacy of the DGS.
Overall, between 7–18 April, 559 unique PIT carp were detected at the
DGS, while only 10 of them were also detected at HWY8 during the same
period. This suggests that 98% carp were successfully blocked. Of the 10
carp that crossed the DGS, 7 did so on 16 April, two on 17 April and one
on 19 April. The mean number of days a single carp was detected at DGS
during 7–18 April was 2.56 (median 2.0; 75% 3.0; max 12.0). This suggests
that many carp spent several days at the DGS. The number of carp that
entered the enclosure varied daily as did the number of carp captured in
the net (Table 1). Largest catches occurred on 9 and 17 April during the
two migration spikes (Table 1). Overall, of the 559 PIT carp detected at
DGS, during 7–18 April, 234 (42%) entered into the enclosure at least once
Bajer et al. (2022), Management of Biological Invasions 13(1): 204–219, https://doi.org/10.3391/mbi.2022.13.1.12
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Figure 5. Water temperature (top) and discharge (bottom) of Rice Creek during 7 April –
1 June, 2019.

and 54 were captured (Table 1). Overall, 1,331 carp were captured and
removed during 7–18 April (Table 1).
The hole in the auxiliary fence was repaired immediately after it was
discovered on 19 April. However, another act of vandalism occurred on 24
April when we found the DGS turned off (the DGS was turned off between
Bajer et al. (2022), Management of Biological Invasions 13(1): 204–219, https://doi.org/10.3391/mbi.2022.13.1.12
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Table 1. Numbers of PIT tagged carp detected daily at the Deterrence and Guidance system (DGS), PIT tagged carp that entered
our trap, PIT tagged carp that were captured in the net inside the trap, and all carp caught in the trap (PIT tagged or not). Specific
test periods are listed for each day. NA indicates that the data were not available due to antenna malfunction. DGS was turned off
by vandals on 24 April and 7 May. For details see results section.
Test Period
4/8 5:00pm – 4/9 9:00 am
4/9 5:00 pm – 4/10 9:00 am
4/15 5:00 pm – 4/17 5:50 am
4/17 5:00 pm – 4/18 7:00 am
4/18 5:00 pm – 4/19 5:50 am
4/19 10:00 am – 4/19 3:30 pm
4/21 9:00 am – 4/22 9:00 am
4/22 5:00 pm – 4/23 9:00 am
4/24 12:00 – 4/24 7:15 pm
4/25 10:30 am – 4/25 2:00 pm
4/25/6:00 pm – 4/26 9:00 am
4/26 2:00 pm – 4/30 9:30 am
5/2 4:30 pm – 5/3 11:00 am
5/3 1:00 om – 5/5 6:00 pm
5/6 5:00 pm – 5/7 9:00 am
5/7 11:00 am – 5/9 9:00 am
Total

PIT at DGS
105
67
357
125
143
110
395
241
165
115
186
355
164
408
209
179
1,138

PIT in Trap
NA
NA
233
1
0
1
149
4
10
NA
NA
103
2
142
0
17
592

PIT Caught
11
0
42
1
0
5
3
0
13
24
40
40
6
23
0
12
197

All Caught
335
2
986
8
2
106
86
24
247 DGS OFF
386
754
972
103
188
15 DGS OFF
138
4,352

17:00 on 23 April and 9:00 on 24 April). This occurred during the peak of
the migration when up to 455 unique PIT tagged carp were detected at the
DGS daily. Cutting hole in the fence and deactivation of the DGS
coincided with 484 unique PIT carp being detected at HWY8 antenna
during 20–30 April (Figure 4).
The DGS was turned back on 24 April and detections of PIT tagged carp
at the DGS remained high through 7 May. Between 25 April and 7 May,
there were 562 unique carp detected below the DGS with daily numbers of
unique PIT tagged carp at DGS varying between 67 and 369 (Figure 4). The
mean number of days each fish was detected at DGS during that time was
5.3 (median = 5.0, 3rd quartile = 8.0, max = 12.0). Of the 562 PIT carp
detected at DGS between 25 April and 7 May, 24 were also detected at
HWY8 antenna. This suggests that the DGS was 96% efficient in blocking
migrating carp. Of the 24 carp that crossed the DGS between 25 April and
7 May, 9 did so on 25 April, 7 on 26 April, 6 on 27 April, and 2 on 28 April.
Of the 562 PIT carp detected at DGS between 25 April and 7 May, 241
entered the enclosure at least once and 148 were captured and removed
(Table 1). Overall, 2,403 carp were captured and removed between 25 April
and 7 May (Table 1).
On 7 May, early in the morning, the DGS was found turned off again,
which resulted in an immediate increase in PIT tagged carp detected by the
upstream antenna at HWY8 (Figure 4). Although we turned the DGS back
on late morning 7 May, the number of PIT tagged carp detected at DGS
declined rapidly after that date and we decided to cease the part of the
experiment that attempted to direct migrating carp into the trap and
remove them. We continued monitoring the number of PIT carp at DGS
and HWY8 through 15 May. Between 7–15 May, 147 PIT carp were
Bajer et al. (2022), Management of Biological Invasions 13(1): 204–219, https://doi.org/10.3391/mbi.2022.13.1.12
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detected at DGS. Of those, 2 were also detected at HWY8, suggesting
98.6% efficiency. The mean time at the DGS during 7–15 May was 5.5 days
(median = 6.0, 3rd quartile = 8.0, max = 9.0). On 19 May the experiment ended.
Overall, 1,146 unique PIT tagged carp were detected at the DGS throughout
7 April–15 May. Among the 4,352 carp captured in our trap, 197 were PIT
tagged. This suggests that the overall spawning run during 7 April–15 May
was comprised of 25,215 carp, of which we captured 4,352 or 17.2% (Table 1).

Discussion
Our study describes the first field test of the “electric fence” type of a
deterrence and guidance system for the globally invasive common carp
during a natural spawning migration. We show that during periods when
the DGS was on, over 95% of adult common carp were deterred from
passing upstream, approximately 49% of them were directed into a trap,
and 17% were removed using a relatively simplistic netting system. Our
test is informative because it is representative of conditions in which a DGS
is typically used: high flow conditions that coincide with spring fish
spawning migrations. Additionally, it involved fish that were clearly driven
to migrate upstream; when the DGS was turned off, carp were detected at
the HWY 8 antenna located 2 km upstream within the same day. Our
results support two previous studies that tested the same type of DGS
during natural migrations of other fish species in natural settings. Johnson
et al. (2016) showed that a similar system blocked 100% of upstream
migrating sea lamprey and directed 75% of these fish into a trap. Egg et al.
(2019) used this type of system for European eel and demonstrated that
72% of the migrating eels were deflected away from hydroelectric dam
intake channels and directing towards a fish passage. Our earlier tests of
the DGS in Rice Creek showed 100% efficiency in over 300 attempts by the
carp to cross the array of electrodes (Bajer et al. 2018). However, that
proof-of-concept test was not conducted during a natural migration period
and used translocated carp.
Fish “motivation” is a key factor when testing the performance of nonphysical deterrence and guidance technologies. Tests conducted during
spawning runs are likely to be especially rigorous because they represent
conditions under which these technologies will be used in real life
management applications. Common carp are known for their strong
migratory tendencies (Chizinski et al. 2016) and for their ability to
overcome physical barriers by jumping over (Stuart et al. 2006) or
burrowing under them (Bajer unpublished data). We witnessed similar
behaviors in our study when carp often attempted to jump over the DGS or
forcefully swim through it. In the latter instances, the carp would advance
approximately halfway between the two rows of electrodes at which point
they were turned back downstream. We did not observe instances of
paralysis, which was also shown for this technology in mock field tests and
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in laboratory tests (Bajer et al. 2018; Kim and Mandrak 2017b). Our PIT
data supported the notion of strong motivation to migrate upstream
through the DGS. For example, during the peak of spawning migration in
late April and early May the carp remained at the DGS for multiple days
continuously challenging it (median time at DGS was 5.0 days) but not
being able to cross it. However, when the DGS was turned off on 5/7, 141
PIT tagged carp were detected at HWY8 antenna the same day. While we
cannot quantify individual attempts by each carp to cross the DGS, drone
observations (such as Figure 2), which showed large numbers of carp
swimming against the current directly below the DGS, suggest that each
carp challenged the DGS on a quasi-continuous basis. In that regard, our
estimates of barrier efficacy are conservative because they are based on the
number of fish that crossed the DGS, rather than the number of blocked
attempts. We urge other researchers to conduct tests of deterrence and
guidance technologies during natural migrations when the tested technologies
are actively challenged by the migrating fish.
The tested DGS efficacy might have been higher if the site was engineered
to better accommodate the unusually high water levels. Discharge during
our tests was ~ three times higher than the 11-year average for the same
period and both banks of the stream were flooded (as seen in Figure 3).
This forced us to construct ad-hoc fences to prevent the carp from
swimming over flooded banks. These efforts were often reactive, and it is
possible that some carp were able to swim through the flooded banks
before the fences were installed. While most carp were challenging the
DGS in the main stream channel, many were seen challenging the
temporary fences within the flooded banks. Further, in early April we also
discovered a lateral scour that extended approximately 1 m under the left
bank (undercut) of the stream at the point where the electrode array
reached the bank. We inserted PVC pipes (3.7 cm diameter, 2.5 cm spacing
between pipes) vertically into the ground over that area to block the carp
from using the undercut for upstream passage. But since the scour was
quite extensive, it was difficult to ensure that proper spacing was achieved
between the PVC pipes and it is possible that some carp were able to pass
through that area. Finally, the DGS was covered by approximately 1 m of
water during most of April and May. Normally, the electrodes are designed
to extend all the way from the bottom of the stream to the surface so that a
uniform electric field can be generated (Parasiewicz et al. 2016). It is
possible that the electric field near the surface of the stream was weaker
than originally desired allowing some carp to swim through the DGS.
Overall, more thorough site engineering could reduce, or eliminate, carp
passage through the DGS.
Often, the ultimate management goal might be not just to block, but also
to remove the invasive fish during their seasonal migrations. This approach
has already been demonstrated by Johnson et al. (2016) who used a
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combination of a DGS and a trap, conceptually similar to ours, to remove
75% of adult sea lamprey migrating upstream in a stream in Michigan. Our
removal success was lower for several reasons. First, < 50% of the migrating
carp were successfully guided into our trap. The reasons for this are not
clear. We speculate that our ability to guide carp into the trap might have
been higher had the angle of the electrodes been steeper in relation to the
stream axis. Increasing the width of the channel that led to the trap might
also aid in guiding carp inside the trap. Further, the majority of carp that
entered the trap left it before they were captured, as we only captured
~ 20% of all the carp that entered the enclosure. Increasing retention of
carp inside the trap might increase removal success. However, at this point,
it is not clear what cues might be added to the enclosure to achieve that. It
is also possible that increasing the size of the enclosure and or/physical
complexity of the enclosure might increase retention rate as the carp might
spend more time exploring the enclosure area before swimming out of it.
Placing a one-way weir, or bottleneck similar to those used in hoop nets, at
the entrance might prevent carp from leaving the enclosure easily, but we
opted for not using these designs because preliminary tests in 2018
suggested that carp may not pass through such devices (Bajer unpublished
data). We decided to use a relatively open enclosure that the carp could
enter easily and where we could use a large net. We recommend that future
studies investigate cues that might direct more carp into enclosures/traps
and also increase carp retention in the trap.
While non-physical barrier/guidance technologies are urgently needed
for the management of invasive fish, or conservation of native fish, relatively
few of these technologies have been tested in natural settings, and even
fewer during natural fish migrations. Our study provides further evidence
that the electric fence type deterrence and guidance systems might be
effective and practical management tools for invasive fish. This technology
appears to have at least as high, if not higher, efficacy than alternative
deterrence and guidance technologies, such as strobe lights or sound
curtains, where 25–75% efficacy is often reported in field tests (Michaud
and Taft 2000; Miehls et al. 2017; Perry et al. 2014). While the abilities of
the electric fence type system appear relatively well established for fishes
migrating upstream, we propose that future studies focus on examining the
same capacities for downstream migrating fish (e.g. Egg et al. 2019) and on
perfecting the techniques for capture and removal of invasive fish during
seasonal migrations.
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