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Abstract: The establishment and proliferation of non-native fish species can have a range of effects
within the local ecosystem, including alteration of food webs, nutrient cycling, pathogen dynamics
and predation, sometimes also resulting in changed behavior and distribution of native fish species.
Knowledge about movements and activity patterns is important to understand the dynamics of
non-native animals in their new environment. The Wels catfish (Silurus glanis Linnaeus, 1758) is
considered an invasive species in many places in Western Europe, and regional control programs
are in place. Here, using radiotelemetry, we study the movements and activity patterns of invasive
Wels catfish at an invasion front within the Po River (Italy); namely, at the confluence between the
main river, where the species is abundant, and a colder tributary, the Dora Baltea River, where it is
absent. In addition, we also investigate potential spatiotemporal overlap between Wels catfish and
native and endangered marble trout (Salmo marmoratus Cuvier, 1829) in the area. A total of nine Wels
catfish and eight marble trout were tagged. The Wels catfish showed a very high degree of residency
within the study area in the Po River, close to the mouth the colder tributary. Despite this, only one
catfish entered the lower reaches of the tributary and did so only occasionally during August. No
catfish moved further upstream in the tributary. It is likely that lower temperatures in combination
with more challenging hydrodynamic conditions made the tributary unattractive to the catfish. The
catfish were active during all times of the day but substantially more so during evenings and at
nights. Some, but not all, tagged catfish moved to areas in the main stem upstream of the confluence
with the tributary. A large proportion of the tagged marble trout made occasional or longer visits
to the Po River, with several individuals becoming resident, but without apparent mortality, in the
tagged catfish home range. The high residency of the Wels catfish suggests that removal efforts may
do well to initially focus on areas close to the habitats of species under conservation concern.

Keywords: invasive species; Wels catfish; marble trout; invasion front; radio telemetry; daily
activity; temperature

1. Introduction

Introductions of non-native freshwater fish have a long history, and the rate has
increased in the last decades as a consequence of the active stocking of non-native fish, as
well as accidental releases from aquaculture, sportfishing or the ornamental fish hobby [1,2].
The establishment and proliferation of non-native fish species can have a range of effects
within the local ecosystem, including alteration of food webs, nutrient cycling, pathogen
dynamics and predation, sometimes also resulting in changed behavior and distribution
of native fish species [1]. The introduction of non-native species is a primary cause of
biodiversity change in temperate rivers [3], and, in Italy, almost half of the occurring fish
species are now of non-native origin [2].
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The Wels catfish (Silurus glanis Linnaeus, 1758) is the largest European freshwater fish,
with confirmed sizes approaching 3 m [4,5]. It is an omnivorous predator with fast growth
and high fecundity that inhabits lakes, large rivers and low-salinity coastal areas [5]. The
native range of the Wels catfish spans from southern Sweden and Germany, via Eastern
Europe to southern Turkey and northern Iran in the south, and through Russia to the Aral
Sea of Kazakhstan and Uzbekistan in the east. It has been widely introduced, mainly for
sportfishing and aquaculture, in Western Europe but also in North Africa and Brazil [5–7].

The Wels catfish is an opportunistic predator [5]. Juveniles feed on invertebrates, small
fish and detritus, while the adults may also eat larger fish, small mammals, birds, plants,
crustaceans, amphibians, and insects, exploiting the range of prey available [5,8,9]. It is
a generalist feeder and able to adapt its behavior and specialize on available prey [10].
The Wels catfish has been observed to opportunistically feed on pigeons on shore [11],
as well as on shad [12], roach [8], lamprey [13] and Atlantic salmon [14] during their
respective spawning migrations, even exploiting crowding of migrating fish in fish passage
facilities [14]. Consequently, Wels catfish can markedly affect lake ecosystems [8] and
substantially decimate spawning fish populations [13,14].

Knowledge about movements and activity patterns is important to understand the
dynamics of non-native animals in their new environment [15]. Wels catfish are typically
active in the evening or at night [16–19] but this might differ with habitat [19], feeding
opportunities [20] and season [17], with some fish being active also during the day. Wels
catfish generally show strong site fidelity [16,17], with movements reportedly increasing
in the summer [18,21] and with some individuals embarking on longer-distance move-
ments [21]. The species shows preference for warm water and is experiencing a range
expansion associated with climate change-related increases in temperatures [6].

The Wels catfish was introduced in Italy for aquaculture in the early 20th century and
has since spread throughout the country [5]. In the Po River, it is considered an invasive
species, and regional control programs, including prohibited release and active removal, are
in place (e.g., [22]). It is common in the main stem, with a progressive expansion upstream
since 1989, while it has not yet been found in some colder tributaries [23,24]. Here, we study
the movement and activity patterns of radiotagged invasive Wels catfish at an invasion
front within the Po River, namely, the confluence between the main river, where the species
is abundant, and a tributary, the Dora Baltea River, where it is absent [23,24]. In addition,
we investigate potential overlap between Wels catfish and the endemic, endangered and
highly valued marble trout (Salmo marmoratus Cuvier, 1829)—a potential prey [25].

2. Materials and Methods
2.1. Study Area

The study area is located at the confluence between the Po and the Dora Baltea Rivers
in Piedmont, Italy The Po River is the largest Italian watercourse (watershed surface
74,000 km2; mean annual flow 1540 m3/s) and flows across northern Italy for 652 km
from the Alps to the Adriatic Sea [26]. The upper part of its watershed, upstream of the
confluence with the Dora Baltea River, has a drainage area of about 9050 km2 and a mean
annual discharge of about 160 m3/s, with a nivo-pluvial hydrological regime and potamal
characteristics typical of the rheophilic Cyprinids zone [24,27]. The Dora Baltea River is one
of the most important tributaries of the Po River. It is 168 km long, with a watershed surface
of 3891 km2, and a mean annual discharge of 96 m3/s (60% of the Po River discharge at
the confluence). Its watershed includes the highest mountains of the Alpine range and is
characterized by a much higher mean altitude a.s.l. (1871 m) compared to the Po River
(1076 m). It is the only Italian river with a nivo-glacial regime, with a summer peak
due to snowmelt, and its fast and cold waters and coarse substrates represent a suitable
habitat for salmonid populations [24]. In particular, the lower stretch of the Dora Baltea
River constitutes a spawning area for the endemic marble trout (Salmo marmoratus), whose
declining populations are considered critically endangered, due to habitat alterations,
fragmentation and hybridization with introduced brown trout (Salmo trutta) [25]. Instead,
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in the Po River, the endemic cyprinid population is affected by a rapidly expanding
presence of allochthonous species, such as Wels catfish (Silurus glanis), European barbel
(Barbus barbus), and carp (Cyprinus carpio), which now constitute about 50% of the entire
number of species present [24,27]. Water temperatures are consistently lower in the Dora
Baltea compared to the Po River (Figure 1).
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Figure 1. Monthly water temperatures of the Dora Baltea and Po Rivers from March 2012 to March
2013 (monthly average from [24] for April–July 2012, otherwise, point measurement data from ARPA
Piemonte institutional monitoring network and [24]).

2.2. Tagging Protocol

A total of nine Wels catfish were caught in the Po River and released downstream of
the mouth of the Dora Baltea River between 2–14 March 2012. Overall, five fish were caught
about 5 km and four fish 0.7 km downstream of the Po–Dora Rivers junction. All fish were
released within the study area (Figure 2). A total of eight marble trout, including two marble
trout–brown trout (Salmo trutta) hybrids, were caught, tagged and released in the Dora
Baltea River between 1 March and 27 April 2012 (Figure 2). Overall, two trout were caught
with a fishing rod, while all other fish were caught using electrofishing gear (model ELT60 II
1300 W). All fish were anaesthetized using benzocaine and surgically tagged with internal
radio transmitters (Model F1835, 14 g, 17 × 44 × 15 mm, 55 bpm, Advanced Telemetry
Systems, Isanti, MN, USA). Tags were placed in the body cavity through an incision made
on the ventral side of fish and the incision was closed by two sutures. The transmitters
weighed on average 0.33% (range = 0.14–1.07%) of the fish’s body mass, considerably
below the limits deemed to have important effects on fish behavior [28,29]. After tagging,
the fish recuperated in tanks with river water before being transported to the release site
and released the same day. Two stationary automatic receivers (model R4500S, Advanced
Telemetry Systems, Isanti, MN, USA) were placed to detect fish in the approximately
2400 m long study area within the Po River, 800 m upstream and downstream of the
confluence with the Dora Baltea, respectively. An additional stationary automatic receiver
was placed along the Dora Baltea 1100 m upstream the confluence, to detect entry in to this
river. All three receivers were equipped with two Yagi-antennas, directed in upstream and
downstream directions (Figure 2). The network of automatic stationary receivers was run
from March to the end of August 2012.

Opportunistic manual radio tracking was used to position tagged catfish in the river
with higher spatial resolution than the network of automatic stationary receivers. Manual
tracking was performed throughout the main study period (March–August 2012) and, less
frequently, during the following autumn and winter (October 2012–March 2013).
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Figure 2. The study area. Double-directional red arrows represent automatic stationary receivers,
unidirectional blue arrows represent the river flow direction, the black square the release site of the
tagged Wels catfish in the Po River, and the black circle the release site of the tagged marble trout in
the Dora Baltea River.

2.3. Data Interpretation

The raw radio data were filtered to remove noise based on NumPulses:NumMatches
ratios <2. Detections on the Po River receivers defined presence in the study area. For the
Wels catfish, movement up into the Dora Baltea was defined by passage of the Dora Baltea
receiver, while presence in the lower part of the Dora Baltea was defined by detections
(signal strength > 110) on the Dora Baltea receiver. The period and timing of entry into
the lower Dora Baltea was quantified. The residence index in the Po River study area
was calculated for each individual by dividing the number of days present by the number
of days monitored [30,31]. Catfish defined to be in the Dora Baltea were not considered
present in the Po River. To define an individual as present during one day, ten or more
unique detections were required [32].

Manually tracked positions were used to calculate the mid-stream linear home range,
including all positions tracked for the individual fish [33], as well as distance moved
between tracking occasions. Due to the difference in tracking intervals, the distance moved
between tracking occasions was divided by the time interval between them to obtain a
comparable measure of rate of movement. Home ranges and mean rate of movement were
calculated for each individual for the main study period and the following autumn and
winter, separately. Individual home range was also calculated for all positions combined,
showing yearly space occupancy. The home range and movement rate during the main
study period and the following fall and winter were explicitly compared using the Wilcoxon
signed-rank test.

To map the use of river sections upstream of the confluence with the Dora Baltea,
presence up and downstream of the confluence was quantified using both manual and
automatic data. For automatic data, a conservative signal strength threshold of 130 was
used to define presence in the vicinity of the up- or downstream receiver.

Often, signal strengths are used to position fish in spatial zones or along the river
(e.g., [34–36]). Here, the extensive use of habitat sheltered from antenna reach (boulders,
banks) obscured the relation between distance to antenna and special position [37]. Instead,
recurring peaks in detection strength for fish present in the study area were interpreted as
activity peaks, where the fish leave the banks and boulders to explore the water column.
These activity peaks were defined as signal strengths above 15% the daily average for
the individual fish when the daily average signal strength was 100 or higher. If the daily
average signal strength was under 100, 8% above the average was used to define high
activity periods, taking into account lower differences in signal strength for more distant
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fish. An activity peak required three or more high power detections within a detection
interval of 30 min. Timing and duration of these activity peaks were determined. To test
for activity preference in relation to part of the day, the accumulated high activity duration
during day, evening, night and morning was summarized for the whole study period
for each individual. To account for the evenings and mornings being shorter than the
nights and days, the same test was repeated but with activity duration normalized by the
accumulated available time within the same time windows. Sunset and sunrise defined
the time of day; evening was defined as 1 h before and 1 h after sunset, morning as 1 h
before and 1 h after the sunrise, day as the period between morning and evening, and
night as the period between evening and morning [38]. Differences in activity between
the different times of day were tested using Friedman tests. Posthoc tests were performed
using Conover’s All-Pairs Comparisons Test with Bonferroni-corrected p-values [39].

The residence index for marble trout was calculated after the same principles as for
Wels catfish. For trout, detections were manually inspected to infer presence in the Dora
Baltea. As for catfish, trout defined to be in the Dora Baltea were not considered present in
the Po River, even if they registered low power detections on the Po receivers.

Data on fish positions were converted to distances on a line using QGIS ver 3.16.3-
Hannover (https://qgis.org/en/site/, accessed on 21 September 2022). Data analysis and
statistical tests were performed in R ver. 4.0.3 [40] using ggplot2 (for plots and visual
movement analysis; [41]), plotly (for visual movement analysis; [42]), dplyr (for data
management; [43]), plyr (for data management; [44]) and sqldf (for data management; [45]).
A p-value of 0.05 was used as the significance threshold.

3. Results

No tagged Wels catfish passed the Dora Baltea receiver to move up into the tributary.
Only one catfish entered the Dora Baltea and only the lower parts of the tributary (down-
stream of the Dora Baltea receiver). This fish was repeatedly detected in the Dora Baltea
during evenings and nights between 5–30 August.

The tagged catfish were successfully tracked manually six–nine times during the
main study period (March–August) and an additional one–five times during the following
autumn and winter. The fish were tracked manually on average every 17th day (interval
range 6–42 days) during the main study period, and on average every 42nd day (interval
range 21–79 days) after this period.

The catfish had a median mid-stream linear home range of 1023 m (range = 574–1858 m)
during the main study period. During the autumn and winter, excluding the fish with just
one position, the median home range was 389 m (range 80–1767 m), significantly smaller
than during the spring and summer (Wilcoxon, p = 0.04). Combining all tracked positions,
the home ranges varied between 864–1921 m (median 1605 m; Figure 3A). The movement
rate was also higher in spring–summer (median = 23 m/day, IQR = 19–26 m/day) than in
autumn–winter (median = 4 m/day, IQR = 0.7–11 m/day; Wilcoxon, p < 0.001; Figure 3B).

Overall, five Wels catfish were repeatedly tracked in the Po River upstream of the
confluence with the Dora Baltea, having moved slightly upstream compared to the release
site, while one additional fish was detected upstream by the automatic stationary receivers
(Figure 4). The automatic receiver data revealed that three fish never visited the vicinity of
the upstream receiver, three fish did so to never be detected downstream the confluence
again, while one fish briefly visited the upstream area just to return downstream again.
Two fish made repeated back and forth movements (4 and 11 return journeys), before
settling down and upstream, respectively (IDs 753 and 713; Figure 4).

https://qgis.org/en/site/
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Figure 4. Fish detected over the study period (March 2012–March 2013). River meters from the
release site on the Y-axis and time on the X-axis. Large dots represent manually tracked positions,
whereas the smaller dots at the top and bottom of each plot represent detections in the vicinity of the
upstream and downstream receivers (unrelated to the river meter axis). The black line constitutes the
longitudinal position of the Dora Baltea River confluence. Fish IDs as plot subtitles.

Activity peaks were detected for all tagged catfish during all times of the day, but
clear differences between different parts of the day were found (Friedman tests, p < 0.001).
Conover’s all-pairs comparisons posthoc tests of Friedman-type ranked data showed higher
activity both in absolute terms (p < 0.001) and relative to the time available (p = 0.05) at night
compared to the day, while the difference between night and morning was only statistically
significant in absolute terms (p < 0.001) and not when weighted against available time
(p = 0.16). The Wels catfish were more active in the evening compared to morning in both
absolute (p = 0.05) and relative terms (p < 0.009), or, when weighted against available time,
they were also more likely to be active in the evening than during the day (p = 0.002). No
differences between morning and day were seen (p > 0.35) (Figure 5).
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From the eight marble trout caught, tagged and released in the Dora Baltea, two never
left the tributary, two visited the Po River on two occasions each, while four left to the Po,
never to return again. Three of the latter were detected within the study area until the end
of the study, while one trout left it in a downstream direction nine days after release. The
median time from release to the first visit to the Po River was 10 days (range 0.4–56 days).
For the marble trout, the residence index in the study area ranged from 0 to 95%, with a
median of 6%, but with three fish with values above 50%.

4. Discussion

In this first radiotelemetry study on Wels catfish in Italy, the tagged and tracked Wels
catfish showed a very high degree of residency within the study area in the Po River,
close to the mouth of the Dora Baltea, a colder tributary. Despite this, only one catfish
entered the lower reaches of the tributary and did so only occasionally during August. No
Wels catfish moved further upstream in the tributary to approach the stationary receiver
placed about 1 km from the confluence. The catfish were active during all times of the day
but substantially more so during evenings and nights. A large proportion of the tagged
marble trout, on the other hand, made occasional or longer visits to the Po River, with
several individuals becoming resident, but without apparent mortality, in the Wels catfish
home range.

While the Wels catfish is abundant and invasive in the Po River, it has not yet been
regularly found in the colder tributary, Dora Baltea [23,24]. This presents the confluence
between the two rivers as an invasion front, offering the opportunity to study the dynamics
limiting and promoting range expansion [46]. All tagged fish were present close to the
tributary mouth almost continuously during the main study period, covering the warmest
summer months of the year. Despite this, only one catfish visited the lower parts of
the tributary and no tagged catfish moved further upstream in the tributary. The lower
temperatures in the tributary may constitute a limiting factor for the catfish expansion.
The Wels catfish is relatively tolerant to lower temperatures [5] and has been described
to increase predation rates already at 15 ◦C [9]. Summer temperatures in the Dora River
(July and August) exceed this threshold, as do Po River temperatures associated with Wels
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catfish activity during other parts of the year in this study. (Figure 1). Nevertheless, being
a glacial-fed river, the Dora Baltea consistently maintains lower temperatures than the
Po River (on average, −3.6 ◦C along the study period), suggesting that the lack of Wels
catfish movements into the tributary could be a matter of preference rather than absolute
temperature tolerance. The Wels catfish has a physiological optimum of 25–27 ◦C and, while
tolerating lower temperatures, might be inhibited by [5,47] and, therefore, behaviorally
avoid them. Indeed, over half the fish seem to, at least temporarily, move upstream of the
confluence in the Po River, potentially avoiding the Dora Baltea’s colder water.

Hydrodynamic differences between the Po and Dora Baltea Rivers might also consti-
tute a barrier to Wels catfish expansion. Although offering flow refuges and a superficially
suitable catfish habitat, the Dora Baltea bottom slope is higher than the mainstem Po (about
0.22% vs 0.18%; [23]), resulting in it being a more fast-flowing and turbulent watercourse,
with a coarser substrate. Typically, Wels catfish inhabit large rivers, lakes and coastal areas
with low salinity [5], all environments characterized by relatively un-challenging hydrody-
namic environments. Sometimes sensitive to higher flows, Wels catfish have been described
to be displaced [48] or show lower activity and hide during high flows [49], but limited
effects and maintained activity during higher discharges have also been reported [16,48].
The effect of flow on catfish behavior and habitat use is likely very site dependent. Whether
hydrodynamic conditions keep them out of the Dora Baltea remains an open question.

The Wels catfish displayed high site fidelity throughout the study, with all fish display-
ing linear home ranges of under 2 km. Similar results have been reported for Wels catfish in
riverine habitats elsewhere [14,17,21]. Ref. [21] studying Wels catfish movements in Tagus
River, Portugal, similarly found that, while most tagged fish expressed high site fidelity, a
minority performed relatively long-distance movements of over 10 km. This is a pattern
relatively common in movement ecology and may be related to individual physiological
differences between fish [50]. Perhaps, with a larger sample size, we would also have ob-
served some fish embark on longer dispersing movements. It is also possible that juveniles,
not tagged in this study, are more likely to be disperse [6]. Future studies, tracking a higher
number and a larger size–age range of Wels catfish, will have to explore these dispersal
dynamics in the Po River. In addition, mapping the prey availability in relation to catfish
movements might shed light on their behaviors, including their avoidance of the Dora
Baltea River.

The complex hydromorphology of the study area prevented us from using logged
radio data to accurately position the detected fish within the study area, as river banks
and boulders often partly blocked or attenuated the radio signal from the sheltered tagged
fish [37]. As Wels catfish often use large stones, banks and thick vegetation as resting
areas [17], we instead used peaks in detection strength for fish present in the study area to
define activity peaks. When the fish move out to explore less-sheltered areas, this results in
a higher signal strength for detected signals. This is a relative and not an absolute measure
of activity, as the catfish can easily be active also within habitats sheltered from the antennas
without presenting peaks in detection strength.

The Wels catfish has restricted vision but a sensitive olfactory sense, an electroreceptive
system, well-developed hearing, and can orient itself using hydrodynamic cues, making
it able to hunt even in complete darkness [5,51,52] and suitable for nocturnal predation.
Indeed, in this study in the Po River, we found activity peaks predominantly but not exclu-
sively in the evening and at night. Although local and temporal exceptions exist [17,19,20],
this is in agreement with several previous telemetry studies estimating catfish activity
based on movement (change in position; [17–19]), as well as with feeding experiments in
captivity [20].

No direct interactions between tagged Wels catfish and tagged marble trout could
be detected. Although the catfish did not make important excursions into marble trout
habitat in the Dora Baltea, most tagged marble trout visited, or even resided for longer time
periods, within the home range of the tagged catfish. Wels catfish have been reported to
predate on adult Atlantic salmon, with 35% of passing salmon being predated at a fishway
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in France. Even an 80 cm salmon, an animal with few natural aquatic predators in European
rivers, was predated by a 160 cm catfish [14], offering a worrying precedent for marble
trout conservation. Indeed, predation on a marble trout (30 cm total length) by a 10 kg Wels
catfish caught by an angler along the Po River downstream of the study site was recently
reported [53].

To date, active systematic removal activities have been carried out only in the lower
portion of the Po River catchment [54], some 30 km downstream of the study site. The most
recent abundance data available on Wels catfish population in the Po River show stable
values in the proximity of the study site, but a significant increase at river reaches upstream
of the Po–Dora Baltea Rivers junction, demonstrating a progressive upstream colonization
of the main watercourse [23]. Since the current study, no Wels catfish specimen has been
reported to have been caught during electrofishing surveys in the Dora Baltea River [55].
In September 2022, however, an angler reported the capture of a Wels catfish in the Dora
Baltea, in close proximity to the confluence with the Po River [53]. This is in line with the
sporadic summer visits to the tributary among our tagged fish.

In conclusion, here, we describe the first radiotelemetry study on Wels catfish in Italy,
focusing on their behavior and habitat use at an invasion front, the confluence between
the Po River and the Dora Baltea. The catfish did not venture far up into the Dora Baltea
River but were relatively resident within a limited home range and were mainly active in
the evening and at night, with some overlap with the habitat use of marble trout. These
results may inform fishery management [56]. Overlap between marble trout and Wels
catfish ranges in the Po River suggests that removal efforts may do well to focus on areas
close to habitats of species under conservation concern. The high site fidelity of the Wels
catfish might make this more likely to be temporarily successful.
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feline? A review of the environmental biology of European catfish Silurus glanis in its native and introduced ranges. Fish Fish.
2009, 10, 252–282. [CrossRef]

6. Cucherousset, J.; Horky, P.; Slavík, O.; Ovidio, M.; Arlinghaus, R.; Boulêtreau, S.; Britton, R.; García-Berthou, E.; Santoul, F.
Ecology, behaviour and management of the European catfish. Rev. Fish Biol. Fish. 2018, 28, 177–190. [CrossRef]

7. Cunico, A.M.; Vitule, J.R.S. First records of the European catfish, Silurus glanis Linnaeus, 1758 in the Americas (Brazil). BioInvasions
Rec. 2014, 3, 117–122. [CrossRef]
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18. Daněk, T.; Horký, P.; Kalous, L.; Filinger, K.; Břicháček, V.; Slavík, O. Seasonal changes in diel activity of juvenile European catfish
Silurus glanis (Linnaeus, 1758) in Byšická Lake, Central Bohemia. J. Appl. Ichthyol. 2016, 32, 1093–1098. [CrossRef]

19. Slavík, O.; Horký, P.; Maciak, M.; Wackermannová, M. Familiarity, prior residency, resource availability and body mass as
predictors of the movement activity of the European catfish. J. Ethol. 2016, 34, 23–30. [CrossRef]

20. Boujard, T. Diel rhythms of feeding activity in the European catfish, Silurus glanis. Physiol. Behav. 1995, 58, 641–645. [CrossRef]
21. Ferreira, M.A.M.F. European Catfish (Silurus glanis) Movements and Diet Ecology in a Newly Established Population in the Tagus

drainage. Ph.D Thesis, Lisbon University, Lisbon, Portugal, 2019.
22. Regione Piemonte. Piano Regionale per la Tutela E la Conservazione Degli Ambienti E Della Fauna Acquatica E L’Esercizio Della Pesca;

Regione Piemonte: Torino, Italy, 2015; p. 97.
23. Regione Piemonte. Rapporto Sullo Stato Dell’Ittiofauna in Piemonte; Regione Piemonte: Torino, Italy, 2021; p. 20.
24. Comoglio, C.; Forneris, G.; Pascale, M.; Spairani, M.; Calles, O.; Barzan, M.; Balestrieri, A.; Vezza, P. Studio Sugli Spostamenti

(Migrazioni) Delle Principali Specie Ittiche Del Bacino Della Bassa Dora Baltea; Regione Piemonte: Torino, Italy, 2012.
25. Bianco, P.; Caputo, V.; Ferrito, V.; Lorenzoni, M.; Marzano, N.; Stefani, F.; Sabatini, A.; Tancioni, L. Pesci D’Acqua Dolce. In Lista

Rossa IUCN dei Vertebrati Italiani; Rondinini, C., Battistoni, A., Peronace, V., Teofili, C., Eds.; Comitato Italiano IUCN e Ministero
dell’Ambiente e della Tutela del Territorio e del Mare: Roma, Italy, 2013; p. 54.

26. Autorità di Bacino del Fiume Po. Progetto Di Piano Stralcio per L’Assetto Idrogeologico (PAI); Autorità di Bacino del Fiume Po: Parma,
Italy, 2001; p. 352.

27. Regione Piemonte. Piano di Tutela delle Acque. Monografie Aree Idrografiche; Regione Piemonte: Torino, Italy, 2007; p. 752.
28. Brown, R.S.; Cooke, S.J.; Anderson, W.G.; McKinley, R.S. Evidence to challenge the “2% rule” for biotelemetry. N. Am. J. Fish.

Manag. 1999, 19, 867–871. [CrossRef]
29. Winter, J. Underwater Biotelemetry. In Fisheries Techniques; American Fisheries Society: Bethesda, MD, USA, 1983; pp. 371–395.
30. Pagès, J.F.; Bartumeus, F.; Hereu, B.; López-Sanz, À.; Romero, J.; Alcoverro, T. Evaluating a key herbivorous fish as a mobile link:

A Brownian bridge approach. Mar. Ecol. Prog. Ser. 2013, 492, 199–210. [CrossRef]
31. Staveley, T.A.; Jacoby, D.M.; Perry, D.; van der Meijs, F.; Lagenfelt, I.; Cremle, M.; Gullström, M. Sea surface temperature dictates

movement and habitat connectivity of Atlantic cod in a coastal fjord system. Ecol. Evol. 2019, 9, 9076–9086. [CrossRef] [PubMed]
32. Brownscombe, J.W.; Lédée, J.I.; Raby, G.D.; Struthers, D.P.; Gutowsky, L.F.G.; Nguyen, V.M.; Young, N.; Stokesbury, M.J.W.;

Holbrook, C.M.; Brenden, T.O.; et al. Conducting and Interpreting Fish Telemetry Studies: Considerations for Researchers and
Resource Managers. Rev. Fish Biol. Fish. 2019, 29, 369–400. [CrossRef]

33. Kay, W.R. Movements and home ranges of radio-tracked Crocodylus porosus in the Cambridge Gulf region of Western Australia.
Wildl. Res. 2004, 31, 495. [CrossRef]

http://doi.org/10.1111/j.1467-2979.2008.00321.x
http://doi.org/10.1007/s11160-017-9507-9
http://doi.org/10.3391/bir.2014.3.2.10
http://doi.org/10.1038/s41598-017-16169-9
http://doi.org/10.1111/j.1600-0633.2004.00081.x
http://doi.org/10.3390/w13182549
http://doi.org/10.1371/journal.pone.0050840
http://www.ncbi.nlm.nih.gov/pubmed/23227213
http://doi.org/10.1007/s10452-020-09811-8
http://doi.org/10.1038/s41598-020-62916-w
http://www.ncbi.nlm.nih.gov/pubmed/32273527
http://doi.org/10.1371/journal.pone.0196046
http://doi.org/10.1007/s10530-014-0822-y
http://doi.org/10.1111/jai.12410
http://doi.org/10.1111/j.1600-0633.2007.00225.x
http://doi.org/10.1111/jai.13146
http://doi.org/10.1007/s10164-015-0441-9
http://doi.org/10.1016/0031-9384(95)00109-V
http://doi.org/10.1577/1548-8675(1999)019&lt;0867:ETCTRF&gt;2.0.CO;2
http://doi.org/10.3354/meps10494
http://doi.org/10.1002/ece3.5453
http://www.ncbi.nlm.nih.gov/pubmed/31463005
http://doi.org/10.1007/s11160-019-09560-4
http://doi.org/10.1071/WR04037


Fishes 2022, 7, 325 11 of 11

34. Nyqvist, D.; McCormick, S.D.; Greenberg, L.; Ardren, W.R.; Bergman, E.; Calles, O.; Castro-Santos, T. Downstream Migration and
Multiple Dam Passage by Atlantic Salmon Smolts. N. Am. J. Fish. Manag. 2017, 37, 816–828. [CrossRef]

35. Harbicht, A.B.; Castro-Santos, T.; Ardren, W.R.; Gorsky, D.; Fraser, D.J. Novel, Continuous Monitoring of Fine-Scale Movement
Using Fixed-Position Radiotelemetry Arrays and Random Forest Location Fingerprinting. Methods Ecol. Evol. 2017, 8, 850–859.
[CrossRef]

36. Nyqvist, D.; Elghagen, J.; Heiss, M.; Calles, O. An Angled Rack with a Bypass and a Nature-Like Fishway Pass Atlantic Salmon
Smolts Downstream at a Hydropower Dam. Mar. Freshw. Res. 2018, 69, 1894–1904. [CrossRef]

37. Adams, N.S.; Beeman, J.W.; Eiler, J.H. Telemetry Techniques: A User Guide for Fisheries Research; American Fisheries Society: Bethesda,
MD, USA, 2012.

38. Sefick, S.A., Jr. Stream Metabolism—A Package for Calculating Single Station. 2009. Available online: http://www2.uaem.mx/r-
mirror/web/packages/StreamMetabolism/StreamMetabolism.pdf (accessed on 21 September 2022).

39. Pohlert, T. The pairwise multiple comparison of mean ranks package (PMCMR). R Package 2014, 27, 9.
40. R Core Team. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2021.
41. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: Berlin/Heidelberg, Germany, 2016.
42. Sievert, C.; Parmer, C.; Hocking, T.; Chamberlain, S.; Ram, K.; Corvellec, M.; Despouy, P. Plotly: Create Interactive Web Graphics

via plotly, Js. R Package Version 4.6.0. 2017. Available online: https://rdrr.io/cran/plotly/ (accessed on 21 September 2022).
43. Wickham, H.; Francois, R. Dplyr: A Grammar of Data Manipulation, R Package Version 0.4, 1, 20. 2015. Available online:

https://cran.r-project.org/web/packages/dplyr/index.html (accessed on 21 September 2022).
44. Wickham, H.; Wickham, M.H. Package ‘plyr’. 2017. Available online: https://cran.r-project.org/web/packages/plyr/plyr.pdf

(accessed on 21 September 2022).
45. Grothendieck, G.; Grothendieck, M.G. Package ‘sqldf’. 2017. Available online: https://cran.r-project.org/web/packages/sqldf/

sqldf.pdf (accessed on 21 September 2022).
46. Rubenson, E.S.; Olden, J.D. Dynamism in the upstream invasion edge of a freshwater fish exposes range boundary constraints.

Oecologia 2017, 184, 453–467. [CrossRef]
47. David, J.A. Water quality and accelerated winter growth of European catfish using an enclosed recirculating system. Water

Environ. J. 2006, 20, 233–239. [CrossRef]
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