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ABSTRACT
Italian riffle dace (7elestes muticellus, Bonaparte 1837) is a small-bodied Leuciscidae native to the Italian Peninsula, of which little
is known about the ecology and individual movements in nature. Passive Integrated Transponder (PIT) telemetry is used to track fish
movements and behaviour. The basic assumption is that the PIT-tagged organism’s performances do not differ considerably from their
natural behaviour. Here we present the first evaluation of potential tagging effects in the genus Telestes. The survival rate and tag
retention were compared between two different tag implantation methods — injector gun and scalpel incision - and pit-tagging effects
on swimming performance were evaluated. Five weeks after tagging, Italian riffle dace demonstrated high survival rates in all treatments:
94.8% for fish tagged with injector gun (n=58), 100% for scalpel incision method (n=58), and 98.3% for controls (n=58). The tag re-
tention was 96.6% for gun treatment and 100% for scalpel treatment. Prolonged swimming performance, tested 22-23 days after tagging,
showed a reduction in endurance (time-to-fatigue) for scalpel treatment (n=22) compared to the control group (n=21), while no difference
in maximum swimming velocity was observed. We conclude that PIT tagging is a suitable technique for Italian riffle dace, showing
high survival and PIT retention and no effect on maximum swimming speed. Significantly lower prolonged swimming performance,
although likely less ecologically important, shows that tagging
is not without costs. Potential biases need to be evaluated on a
study-by-study basis, and future studies should explore behav-
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meters or less. (Gibbons and Andrews, 2004). Animals
are then tracked with fixed (Castro-Santos et al., 1996) or
portable antennas (Nzau Matondo ef al., 2019; Watz et al.,
2019). PIT telemetry is widely used to study the ecology
and behaviour of fish in marine and freshwater systems
(Kessel et al., 2014), for example, allowing the study of
migratory patterns (Bronmark et al., 2008), home ranges
(Breen et al., 2009), survival (Keeler et al., 2007), activity
(Zévorka et al., 2016) and fish passage performance (Cas-
tro-Santos et al., 1996). The use of telemetry has acceler-
ated our understanding of fish behaviour and has shown
to be an effective tool in strengthening evidence-based
river management and conservation efforts (Crossin et al.,
2017). A critical requirement for telemetry is that both the
tags and the tagging procedure do not substantially affect
the behaviour of the tagged animals (Brown et al., 2011;
Crossin et al., 2017).

Most PIT-tag effects studies on small-sized fish focus
on survival and tag retention, typically but not always,
showing high survival and high retention rates (Clark,
2016; Vollset et al., 2020). Potential behavioural and per-
formance effects caused by PIT tags, on the other hand,
are much less investigated despite their importance for
fish behavioural studies in a natural environment (Nyqvist
et al., 2022). Here, swimming performance represents an
important ecological trait involving both physical and be-
havioural components that can be quantified in the labo-
ratory (Tudorache et al., 2013). The effects of PIT tagging
on the swimming performance of small-bodied fish have
been studied in only a handful of species, where tagging
has not been shown to affect either prolonged swimming
performance (Newby et al., 2007; Ficke et al., 2012) or
maximum swimming speeds (Nyqvist ef al., 2022; Swarr
et al., 2022). Not only the tag but also the tagging proce-
dure (i.e., handling and tagging technique) can have po-
tential effects on the tagged animal (Brown et al., 2011).
For example, the use of anaesthesia, antibiotics, suturing,
and capture and holding conditions can potentially affect
the fish welfare and consequently its behaviour (Mulcahy,
2003; Brown et al., 2011; Carter et al., 2011; Oldenburg
etal.,2011). For PIT tags, in particular, two principal tag-
ging techniques are used — surgical incision and needle
injection. While needle injection is considered a faster
technique, it has also been associated with higher mortal-
ity among the tagged fish (Baras et al., 1999; Archdeacon
et al., 2009), but available studies are very few. The
MK25TM Implant Gun (Biomark, Boise, ID, USA) con-
stitutes a special case of the injection technique, widely
used (Bjernevik et al., 2017; Chen et al., 2017) but, to our
knowledge, not yet scientifically evaluated.

Italian riffle dace (7elestes muticellus, Bonaparte 1837)
is a small-sized (typically <15 cm) Leuciscidae native to
the Italian peninsula, spread both between the Adriatic and
Tyrrhenian basins, as well as in neighbouring areas of

France (Bevera stream) and southern Switzerland. It is a
gregarious rheophilic fish that inhabits piedmont rivers and
creeks with clear, cold water, but it can also be found in
lowland springs. It is omnivorous and feeds mainly on
aquatic invertebrates and epilithic algae. Spawning occurs
in spring on gravel substrates with swift and shallow water
(Fortini, 2016). Although genetics and biogeography have
been studied both on 7. muticellus and the genus Telestes
in general (Stefani et al., 2004; Marchetto et al., 2010; Buj
et al.,2017), very little is known about the ecology and in-
dividual movements of the species.

As a prerequisite for studying natural behaviour and
individual movement of Italian riffle dace in the wild, we
evaluated tag retention and survival of Italian riffle dace
tagged using surgical incisions or an injector gun. In ad-
dition, prolonged swimming performance, as well as the
volitional maximum swimming speed of PIT-tagged fish,
were compared to untagged control fish in an open chan-
nel flume.

METHODS

Italian riffle daces were collected on 15 November
2021 with electrofishing in Lemme River, province of
Alessandria, North-Western Italy (UTM 484564E,
4947986N, zone 32T), and brought to Predosa Hatchery
(Predosa, AL, Italy). Fish were held in a spring-fed flow-
through tank for two days before being tagged. Despite
excluding a few large individuals from the study, all
healthy-looking fish were included in the study. Fish were
anaesthetized in clove oil (Aroma Labs, Kalamazoo, MI,
USA; approximately 0.2 ml clove oil / 1 water) and ran-
domly assigned to the two tagging techniques: incision
with scalpel or injection with the injector gun (MK25TM
Implant Gun, Biomark), or to an untagged control group.
Treatment fish were tagged with a Passive integrated
transponder (PIT-tag; Biomark; 12 mm * 2.1 mm; 0.10
g). The scalpel technique involved an incision of 2-4 mm
on the ventral side of the fish, offset slightly from the cen-
tre and anterior to the pelvic fins (Bolland et al., 2009;
Nyqvist et al., 2022). The tag was pushed forward in the
abdominal cavity to align with the fish’s body. For the gun
injectors, the needle was inserted at a 45° angle in the
same position as the incision, followed by a full insertion
of the tag, almost parallel to the fish body, into the ab-
dominal cavity. Following the tagging procedure, fish
were measured for fork length and weight and left to re-
cover in aerated tanks. Controls received the same anaes-
thetic treatment but were only measured and weighed.
Following the tagging procedure, fish were held in a
spring-fed flow-through tank (length*width*depth = 1.1
m * 1.2 m * 0.4 m) under a natural light regime and a sta-
ble temperature of 13°C. The rearing tank was equipped
with artificial shelters comprised of perforated bricks.
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Fish were fed with commercial pellets (Sera Koi Royal
pellets®) and wild-caught macrozoobenthos. The tank was
inspected for mortalities daily, and missing tags were
checked at the end of the experiment on day 35. Due to
time constraints and marginally lower survival observed
in gun-tagged fish, effects on swimming performances
were evaluated only on control fish (n=21) and fish tagged
with the scalpel incision technique (n=22). On the 22"-
23 days after tagging, fish were subject to a swimming
performance test in a recirculating open channel flume.
The test arena within the flume had a cross-section of 30
cm by 30 cm and a length of 60 cm. A honeycomb dia-
mond structured flow straightener installed at the up-
stream end of the flume made the flow uniform in the test
section. A downstream grid placed 60 cm from the up-
stream limited the downstream end of the test arena. The
flume side and bottom walls were made of transparent
plexiglass material, allowing us to record the fish swim-
ming in the flume during experiments. Water depth and
temperature were monitored using a depth and a temper-
ature sensor installed on the flume, and a flow meter sen-
sor (AquaTrans AT600, Baker Hughes, Houston TX,
USA) attached to one of the pipes in the system was used
to monitor the flow rate. The temperature was maintained
at 12.1°C (SD=0.5°C) - using a TECO TK-2000 chiller.
All sensors (depth, temperature, and flow meter) con-
nected to a data acquisition device were controlled and
operated through a LabVIEW program. Experiments were
recorded using a camera (Sony 4K, FDR-AX43, 50 fps)
positioned underneath the flume. Fish position (centroid)
was subsequently tracked using an animal tracking system
Trex (https://trex.run, accessed on 10 November 2022)
(Walter and Couzin, 2021). Individual fish were netted
from the holding tank and gently released into the exper-
imental flume section. The testing protocol included 5 min
of habituation to the new environment with a weak current
of 0.19 m* ! (SD=0.11 m* s!). After habituation, the
swimming performance test started with an initial flow
velocity of 0.45 m*s! (SD=0.02 m* s!). If the fish did not
fatigue within 10 min, the flow velocity was increased to
0.53 m*s! (SD=0.05 cm* s!). When the fish rested on the
downstream grid, it was gently poked from the down-
stream side of the grid; a fish was considered fatigued
when resting on the downstream grid and not reacting to
poking stimuli (Videler and Wardle, 1991). The time to
fatigue defined the prolonged swimming performance.
During the experiment, fish displayed steady swimming
as well as burst and coast behaviour (Peake and Farrell,
2006; Tudorache et al., 2007), typically including bursts
across the full flume length. The fish position tracked with
Trex was used to calculate the maximum swimming speed
when crossing the full flume length; in order to determine
the highest crossing velocity, only the fastest crossing
recorded for each individual fish was used in the subse-

quent comparison. Data management, plotting, and statis-
tical tests were performed in Excel (Microsoft Corpora-
tion, 2018; and SPSS, IBM Corp., Released 2017., IBM
SPSS Statistics for Windows, Version 25.0. Armonk, NY,
USA). Nonparametric tests, Kruskall-Wallis, and Mann-
Whitney tests were used to compare tagged and control
fish fork length, weight, time-to-fatigue, and maximum
swimming speed. The statistical differences related to
mortality and tag retention between treatments were tested
using Fisher’s exact test. The swimming speed of the fish
was normalized to its length (body length/second) since
maximum swimming speed varies with body size
(Domenici and Blake, 1997). The study was performed in
agreement with the Ufficio Tecnico Faunistico e Ittiofauna
(Wildlife and Ichthyofauna Office) of the Province of
Alessandria (n. 65493 of 11 November 2021), pursuant to
art. 2 of the National Decree n.26/2014 (implementation
of Dir. 2010/63/EU).

RESULTS
Survival and tag retention

Fish were anaesthetized for an average of 184 seconds
(SD=59 s). Average handling time was 56 s (SD=16 s) for
scalpel treatment, 46 s (SD=13 s) for injection gun treat-
ment, and 25 s (SD=9 s) for control fish, significantly
lower for gun-tagged compared to scalpel-tagged fish
(Mann-Whitney, p<0.05).

There was no difference in length or weight between
treatments (Kruskal-Wallis, df = 2, p>0.05). The range of
tag-to-fish weight ratio was 0.4-3.7%, while the tag-to-fish
length ratio ranged between 8.6 and 20.0%. Survival was
high in all groups. One control and three gun-tagged fish
died, while all scalpel-tagged fish survived during the study
period (Tab. 1). Tag retention was high for both tagging
techniques; two PIT tags were lost among gun-tagged fish,
while no tag was lost among the fish subjected to scalpel
incision. No statistically significant differences were ob-
served for mortality and PIT retention between treatments
(Fisher exact test, p>0.05). By the end of the study, some
but not all tagged fish displayed visible scars.

Swimming performance: time-to-fatigue

For the swimming performance test, a subset of 22 fish
tagged with scalpel (median length = 73 mm, IQR =71 -
79 mm; median weight = 5.5 g, IQR = 4.9-6.5 g) and 21
control fish (median length = 75 mm, IQR = 74 -78 mm;
median weight =5.7 g, IQR = 5.4-6.3 g) were used. There
was no significant difference in length (Mann-Whitney,
p=0.15) or weight (Mann-Whitney, p=0.39) between
tagged and control fish. Two control fish refused to swim
and were removed from the analysis. Time-to-fatigue was
lower for scalpel-PIT tagged fish compared to control fish
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(Mann-Whitney, p=0.02). Median time-to-fatigue was 360
s (IQR = 167-672 s) for control fish and 176 s (IQR = 94-
330 s; Fig. 1) for the scalpel-PIT tagged fish.

Swimming performance: maximum swimming speed

All but six fish traversed the flume at least once. The
median maximum swimming speed during the traversal
was 12.0 body length (BL)*s"! (IQR = 10.2-13.0 BL* s)
for control fish (n=17) and 10.8 BL*s! (IQR = 9.7-13.1
BL* s!; Fig. 2) for the scalpel-PIT tagged fish (n=18).
There was no difference in maximum swimming speed be-
tween tagged and control fish (Mann-Whitney, p=1.0; Fig.
2). The maximum speed reached by a scalpel-PIT tagged
individual was 15.9 BL* s!, while the maximum swim-
ming velocity recorded for untagged fish was 15.3 BL*s..

DISCUSSION

Italian riffle dace tagged with 12 mm PIT tags dis-
played high survival and tag retention rates. There was no
significant difference between implantation methods, but
implantation by incision showed no mortality or tag loss;

a few fish tagged with the injection gun lost their tag or
died. PIT tagged fish showed a lower prolonged swim-
ming performance compared to the control, while no dif-
ference was detected in maximum swimming speeds.
The tag-to-fish length ratio ranged from 8.6 to 20.0%
(mean=15.3%) and was higher than 17.5%, a threshold
recommended for salmonids based on survival and
growth effects (Vollset et al., 2020), in 6.9% of tagged
fish. The tag-to-fish weight ratio ranged from 0.4 to 3.7
% (mean=1.8%), also, in this case, placing it slightly
above the often-cited threshold of 2% (Winter, 1983) for
36.2% of tagged fish. In both instances, none of the fish
that exceeded the thresholds died or lost their tag during
the study period, supporting claims of certain flexibility
regarding these thresholds (Brown et al., 1999).
Although generally low and not statistically different,
we did observe some mortality and tag loss among the
gun-tagged fish but not among the fish tagged with the
scalpel incision. The deaths were recorded in the days im-
mediately following the tagging procedure and perhaps
related to damage to internal organs compatible with the
over-insertion of the gun’s needle (Archdeacon et al.,
2009). This slightly lower survival rate obtained with the

Tab. 1. Biometric measures, survival and PIT tag retention, of Italian riffle dace (7elestes muticellus) in subsequent stages of rearing day.

Fork length, median, IQR (mm), n 79, 74-85 (58)

78, 73-82 (58) 77, 72-81 (58)

Body weight, median, IQR (g), n 5.8,4.8-7.8 (58)

5.6,4.7-6.7 (58) 5.6,4.5-6.7 (58)

Survival, % (n)

Day 0 100.0 (58) 100.0 (58) 100.0 (58)
Day 7 98.3 (57) 94.8 (55) 100.0 (58)
Day 35 98.3 (57) 94.8 (55) 100.0 (58)
Retention, % (n)
Day 35 n.a. 96.6 (56) 100.0 (58)

n.a., not applicable.

1000 |

800

D
[=1
o

Time-to-fatigue (s)
N
o
o
|

200 |

0

Control fish Scalpel-PIT tagged fish

Fig. 1. Box plots of time-to-fatigue (s) during swimming
performance tests. Control fish (n=19) and scalpel-PIT tagged
fish (n=22).
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Fig. 2. Box plots of maximum swimming speed (BL/s)
measured during a complete flume crossing. Control fish (n=17)
and scalpel-PIT tagged fish (n=18).
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gun injector was likely attributable to the small size of the
fish tested. A study on Oreochromis niloticus (Cichlidae)
showed higher survival rates of fish tagged with injectors
proportionally to fish size (Baras et al., 1999). Moreover,
the requirement of a larger hole entrance into the fish body
wall for the insertion of the gun’s needle may have led to
a higher expulsion rate of the PIT tags, resulting in a lower
PIT retention rate; two PIT tags were lost among fish
tagged with the injector gun while no tag was lost with
scalpel incision.

The PIT tagged fish showed a substantially lower pro-
longed swimming performance compared to the control
fish, constituting a warning that tagging is not without
cost for the tagged fish. Previous studies on salmonids
(Newby et al., 2007) and non-salmonid species (Ficke et
al., 2012; Clark, 2016; Swarr ef al., 2022) did not detect
any tagging effects on prolonged swimming performance.
No difference between tagged and control fish was also
observed among species of the Leuciscidae family, al-
though in fish with a relatively large size range and asso-
ciated increased variance in swimming performance
(Ficke et al., 2012). The partially different results of our
study might be due to interspecific differences (Brown et
al., 2006), perhaps in combination with study-specific ef-
fects (e.g., sample size, variability, test design). It is pos-
sible that longer recuperation after tagging would reduce
or even erase the difference between tagged and untagged
fish (Adams et al., 1998; Georgopoulou ef al., 2022). We
studied the swimming performance 22-23 days after tag-
ging, allowing a relatively short time for the fish to re-
cover. Finally, the effect is likely smaller in larger fish or
at lower tag-to-fish ratios, as found in radio-tagged Pacific
salmon (Adams et al., 1998). Future studies will need to
study the potential attenuation of tagging effects on pro-
longed swimming capacity over time and under a wider
range of tag-to-fish ratios.

It is generally acknowledged that swimming per-
formance represents an important ecological trait, influ-
encing a wide range of behaviours (Tudorache et al.,
2008; Downie ef al., 2020). In the laboratory, it is often
tested using increasing or fixed velocity tests within pro-
longed swimming speeds, integrating aerobic and anaer-
obic swimming as well as physiology and behaviour
(Hammer, 1995; Katopodis and Gervais, 2012; Tudo-
rache et al., 2013). Under in situ conditions, however,
burst swimming speeds during shorter time intervals
might be as, if not more important, directly influencing
survival (Wardle, 1975), predator-prey interaction
(Domenici, 2010), and passage of high-velocity barriers
(Starrs et al., 2011; Katopodis and Gervais, 2012). To
evaluate tag effects on burst swimming performance, we
tracked the highest swimming speed by which the fish
traversed the flume. Although these values do not rep-
resent the maximum speeds achievable by each fish,

they constitute a good basis to compare a semi-volitional
performance between the treatments. We did not find
any significant difference in maximum swimming ve-
locities between tagged and untagged fish. The maxi-
mum swimming speeds found are in agreement with
swimming capacities reported for Leuciscidae species in
North America (Leavy and Bonner, 2009). No difference
in maximum swimming speed between PIT tagged fish
and control fish also corroborates the result from escape
response-based swimming tests in spined loaches
(Nyqvist et al., 2022), bullheads (Knaepkens et al.,
2007) and lampreys (Mueller et al., 2006).

Although not the main objective, this study also con-
stitutes the first published estimate of maximum and pro-
longed swimming performance in Telestes muticellus.
From an applied perspective, these traits are important for
predicting the fish’s capability to overcome high flow ve-
locity barriers in fishways and hence for fish passage de-
sign (Katopodis and Gervais, 2012). Although the need
for fish passage has been acknowledged for hundreds of
years (Montgomery, 2004), the functionality of fishway
is still highly variable and especially challenging for
small-sized fish (Bunt et al., 2012; Noonan et al., 2012;
Marsden and Stuart, 2019). Given the high number of
river barriers to movement, improved fish passage effi-
ciency is significant for future riverine fish conservation
(Silva et al., 2018; Belletti et al., 2020). Our results invite
further inquiry into the swimming performance of 7elestes
muticellus and other small-sized fish species.

CONCLUSIONS

Italian riffle dace tagged with 12 mm PIT tags dis-
played high survival and tag retention rates. The en-
durance under prolonged swimming was significantly
lower for PIT tagged fish compared to the control; the
maximum swimming speeds achieved by the PIT tagged
fish equalled those of the control fish. This leads us to
conclude that Italian riffle dace above 60 mm can be
tagged with 12 mm PIT-tags but not without costs for
tagged fish and with the potential to introduce biases in
the studied system. Although it is likely that for relatively
stationary small stream fish, the maximum swimming
speed achieved is at least of the same, if not higher, im-
portance as the capability of steady swimming for several
minutes (Domenici, 2010; Starrs ef al. 2011). It is also
likely that the tagging effect on prolonged swimming per-
formance will decline with time (Adams et al., 1998;
Georgopoulou et al., 2022). The importance of potential
reduced prolonged swimming capacity on the study re-
sults needs to be weighted on a study-by-study basis. Fu-
ture work should explore potential tagging effects over
longer periods of time, with a particular emphasis on the
behaviour in the natural environment.



A. Schiavon et al.

ACKNOWLEDGMENTS

This research work has been funded by the European
Union Horizon 2020 Research and Innovation Pro-
gramme under the Marie Sklodowska-Curie Actions,
Grant Agreement No. 86080 and part of the work per-
formed as part of LIFE21-NAT-IT-LIFE Minnow,
101074559 “Small fish, small streams, big challenges:
conservation of endangered species in tributaries of the
upper Po River”. We acknowledge Florian Eggers, Gloria
Mozzi and Armando Piccinini for technical assistance.

REFERENCES

Adams NS, Rondorf DW, Evans SD, Kelly JE, Perry RW
(1998). Effects of surgically and gastrically implanted radio
transmitters on swimming performance and predator avoid-
ance of juvenile chinook salmon (Oncorhynchus
tshawytscha). Can J Fish Aquat Sci 55:781-787.

Archdeacon TP, Remshardt WJ, Knecht TL (2009). Comparison
of two methods for implanting passive integrated transpon-
ders in Rio Grande Silvery Minnow. N Am J Fish Manag
29:346-351.

Baras E, Westerloppe L, Mélard C, Philippart J-C, Bénech V
(1999). Evaluation of implantation procedures for
PIT-tagging juvenile Nile Tilapia. N Am J Aquacult 61:
246-251.

Belletti B, Garcia de Leaniz C, Jones J, Bizzi S, Borger L, Se-
gura G, et al. (2020). More than one million barriers frag-
ment Europe’s rivers. Nature 588:436-441.

Bjernevik M, Hansen H, Roth B, Foss A, Vikingstad E, Solberg
C, Imsland AK (2017). Effects of starvation, subsequent
feeding and photoperiod on flesh quality in farmed cod
(Gadus morhua). Aquacult Nutr 23:285-292.

Bolland JD, Cowx IG, Lucas MC (2009). Evaluation of VIE and
PIT tagging methods for juvenile cyprinid fishes. J Appl
Ichthyol 25:381-386.

Breen MJ, Ruetz CR, Thompson KJ, Kohler SL (2009). Move-
ments of mottled sculpins (Cottus bairdii) in a Michigan
stream: How restricted are they? Can J Fish Aquat Sci 66:31—
41.

Bronmark C, Skov C, Brodersen J, Nilsson PA, Hansson L-A
(2008). Seasonal migration determined by a trade-off be-
tween predator avoidance and growth. PLoS One 3:¢1957.

Brown RS, Cooke SJ, Anderson WG, McKinley RS (1999). Ev-
idence to challenge the “2% rule” for biotelemetry. N Am J
Fish Manage 19:867-871.

Brown RS, Eppard MB, Murchie KJ, Nielsen JL, Cooke SJ
(2011). An introduction to the practical and ethical perspec-
tives on the need to advance and standardize the intra-
coelomic surgical implantation of electronic tags in fish. Rev
Fish Biol Fish 21:1-9.

Buj I. Mar¢i¢ Z, CaletaM, Sanda R, Geiger MF, FreyhofJ, Ma-
chordom A, Vuki¢ J (2017). Ancient connections among the
European rivers and watersheds revealed from the evolu-
tionary history of the genus Telestes (Actinopterygii;
Cypriniformes). PLoS One 12:¢0187366.

Bunt CM, Castro-Santos T, Haro A (2012). Performance of fish

passage structures at upstream barriers to migration. River
Res Appl 28:457-478.

Carter KM, Woodley CM, Brown RS (2011). A review of tri-
caine methanesulfonate for anesthesia of fish. Rev Fish Biol
Fish 21:51-59.

Castro-Santos T, Haro A, Walk S (1996). A passive integrated
transponder (PIT) tag system for monitoring fishways. Fish
Res 28: 253-261.

Chen EY, Leonard JBK, Ueda H (2017). The behavioural hom-
ing response of adult chum salmon Oncorhynchus keta to
amino-acid profiles: Oncorhynchus keta amino-acid detec-
tion. J Fish Biol 90:1257-1264.

Clark SR (2016). Effects of passive integrated transponder tags
on the physiology and swimming performance of a small-
bodied stream fish. T Am Fish Soc 145:1179-1192.

Cooke SJ, Hinch SG, Wikelski M, Andrews RD, Kuchel LJ,
Wolcott TG, Butler PJ (2004). Biotelemetry: A mechanistic
approach to ecology. Trends Ecol Evol 19:334-343.

Crossin GT, Heupel MR, Holbrook CM, Hussey NE, Lowerre-
Barbieri SK, Nguyen VM, et al. (2017). Acoustic telemetry
and fisheries management. Ecol Appl 27:1031-1049.

Domenici P (2010). Escape responses in fish: Kinematics, per-
formance and behavior, p. 123-170. In: P Domenici (ed.),
Fish Locomotion: an eco-ethological perspective. Boca
Raton, CRC Press.

Domenici P, Blake RW (1997). The kinematics and performance
of fish fast-start swimming. J Exp Biol 200:1165-1178.
Downie AT, Illing B, Faria AM, Rummer JL (2020). Swimming
performance of marine fish larvae: Review of a universal
trait under ecological and environmental pressure. Rev Fish

Biol Fish 30:93-108.

Dudgeon D, Arthington AH, Gessner MO, Kawabata Z-I,
Knowler D J, Lévéque C, et al. (2006). Freshwater biodi-
versity: Importance, threats, status and conservation chal-
lenges. Biol Rev 81:163.

Ficke AD, Myrick CA, Kondratieff MC (2012). The effects of
PIT tagging on the swimming performance and survival of
three nonsalmonid freshwater fishes. Ecol Eng 48:86-91.

Fortini N (2016). Nuovo atlante dei pesci delle acque interne
italiane: Guida completa ai pesci, ciclostomi e crostacei de-
capodi di acque dolci e salmastre. Canterano, Aracne Ed.

Fullerton AH, Burnett KM, Steel EA, Flitcroft RL, Pess GR,
Feist BE, et al. (2010). Hydrological connectivity for river-
ine fish: Measurement challenges and research opportuni-
ties. Freshwater Biol 55:2215-2237.

Georgopoulou DG, Fanouraki E, Voskakis D, Mitrizakis N, Pa-
pandroulakis N (2022). European seabass show variable re-
sponses in their group swimming features after tag
implantation. Front Anim Sci 3:997948.

Gibbons JW, Andrews KM (2004). PIT tagging: Simple tech-
nology at its best. BioScience 54:447.

Hammer C (1995). Fatigue and exercise tests with fish. Comp
Biochem Physiol A 112:1-20.

Hughes K (2021). The world’s forgotten fishes. World Wide
Fund for Nature. Available from: https://www.world-
wildlife.org/publications/the-world-s-forgotten-fishes

Katopodis C, Gervais R (2012). Ecohydraulic analysis of fish
fatigue data. River Res Appl 28:444-456.

Keeler RA, Breton AR, Peterson DP, Cunjak RA (2007). Appar-
ent survival and detection estimates for PIT-tagged slimy



Survival and swimming performance of PIT-tagged Telestes muticellus

sculpin in five small new brunswick streams. T Am Fish Soc
136:281-292.

Kessel ST, Cooke SJ, Heupel MR, Hussey NE, Simpfendorfer
CA, Vagle S, Fisk AT (2014). A review of detection range
testing in aquatic passive acoustic telemetry studies. Rev
Fish Biol Fish 24:199-218.

Knaepkens G, Maerten E, Tudorache C, De Boeck G, Eens M
(2007). Evaluation of passive integrated transponder tags for
marking the bullhead (Cottus gobio), a small benthic fresh-
water fish: Effects on survival, growth and swimming ca-
pacity. Ecol Freshw Fish 16:404—409.

Leavy TR, Bonner TH (2009). Relationships among swimming
ability, current velocity association, and morphology for
freshwater lotic fishes. N Am J Fish Manag 29:72-83.

Maasri A, Jahnig SC, Adamescu MC, Adrian R, Baigun C, Baird
DJ, et al. (2022). A global agenda for advancing freshwater
biodiversity research. Ecol Lett 25:255-263.

Marchetto F, Zaccara S, Muenzel FM, Salzburger W (2010).
Phylogeography of the Italian vairone (7elestes muticellus,
Bonaparte 1837) inferred by microsatellite markers: evolu-
tionary history of a freshwater fish species with a restricted
and fragmented distribution. BMC Evol Biol 10:1-12.

Marsden T, Stuart I (2019). Fish passage developments for
small-bodied tropical fish: Field case-studies lead to tech-
nology improvements. J Ecohydraulics 4:14-26.

Montgomery DR (2004). King of fish: the thousand-year run of
salmon. Cambridge: Basic Books.

Mueller RP, Moursund RA, Bleich MD (2006). Tagging juvenile
Pacific lamprey with passive integrated transponders:
Methodology, short-term mortality, and influence on swim-
ming performance. N Am J Fish Manage 26:361-366.

Mulcahy DM (2003). Surgical implantation of transmitters into
fish. ILAR J 44:295-306.

Musselman WC, Worthington TA, Mouser J, Williams DM,
Brewer SK (2017). Passive Integrated transponder tags: re-
view of studies on warmwater fishes with notes on addi-
tional species. J Fish Wildlife Manage 8:353-364.

Negro G, Fenoglio S, Quaranta E, Comoglio C, Garzia I, Vezza
P (2021). Habitat preferences of Italian freshwater fifigsh:
a systematic review of data availability for applications of
the MesoHABSIM model. Front Environ Sci 9:634737.

Newby NC, Binder TR, Stevens ED (2007). Passive integrated
transponder (PIT) tagging did not negatively affect the short-
term feeding behavior or swimming performance of juvenile
rainbow trout. T Am Fish Soc 136:341-345.

Noonan MJ, Grant JWA, Jackson CD (2012). A quantitative as-
sessment of fish passage efficiency: effectiveness of fish
passage facilities. Fish Fisher 13:450-464.

Nyqvist D, Schiavon A, Candiotto A, Mozzi G, Eggers F, Co-
moglio C (2022). PIT-tagging Italian spined loach (Cobitis
bilineata): Methodology, survival and behavioural effects.
J Fish Biol. Online ahead of print.

Nzau Matondo B, Séleck E, Dierckx A, Benitez J, Rollin X,
Ovidio M (2019). What happens to glass eels after restock-
ing in upland rivers? A long[Jterm study on their dispersal
and behavioural traits. Aquat Conserv 29:374-388.

Oldenburg EW, Colotelo AH, Brown RS, Eppard MB (2011).
Holding of juvenile salmonids for surgical implantation of
electronic tags: A review and recommendations. Rev Fish
Biol Fisher 21:35-42.

Peake SJ, Farrell AP (2006). Fatigue is a behavioural response
in respirometer-confined smallmouth bass. J Fish Biol
68:1742-1755.

Reid AJ, Carlson AK, Creed IF, Eliason EJ, Gell PA, Johnson
PTJ, et al. (2019). Emerging threats and persistent conser-

vation challenges for freshwater biodiversity. Biol Rev
94:849-873.

Silva AT, Lucas MC, Castro-Santos T, Katopodis C, Baumgart-
ner LJ, Thiem JD, et al. (2018). The future of fish passage
science, engineering, and practice. Fish Fish 19:340-362.

Smialek N, Pander J, Mueller M, van Treeck R, Wolter C, Geist
J (2019). Do we know enough to save European riverine
fish? - A systematic review on autecological requirements
during critical life stages of 10 rheophilic species at risk.
Sustainability 11:5011.

Starrs D, Ebner BC, Lintermans M, Fulton CJ (2011). Using
sprint swimming performance to predict upstream passage
of the endangered Macquarie perch in a highly regulated
river. Fisheries Manag Ecol 18:360-374.

Stefani F, Galli P, Zaccara S, Crosa G (2004). Genetic variability
and phylogeography of the cyprinid Telestes muticellus
within the Italian peninsula as revealed by mitochondrial
DNA. J Zool Syst Evol Res 42:323-331.

Swarr TR, Myrick CA, Fitzpatrick RM (2022). Tag retention in
and effects of passive integrated transponder tagging on sur-
vival and swimming performance of a small[lbodied darter.
J Fish Biol 100:705-714.

Thorstad EB, Rikardsen AH, Alp A, Okland F (2014). The use
of electronic tags in fish research an overview of fish teleme-
try methods. Turk J Fish Aquat Sci 13:881-896.

Tudorache C, Viaenen P, Blust R, De Boeck G (2007). Longer
flumes increase critical swimming speeds by increasing
burst-glide swimming duration in carp Cyprinus carpio, L.
J Fish Biol 71:1630-1638.

Tudorache C, Viaene P, Blust R, Vereecken H, De Boeck G
(2008). A comparison of swimming capacity and energy use
in seven European freshwater fish species. Ecol Freshw Fish
17:284-291.

Tudorache C, de Boeck G, Claireaux G (2013). Forced and pre-
ferred swimming speeds of fish: a methodological approach,
p- 81-108. In: AP Palstra, JV Planas (eds.), Swimming phys-
iology of fish. Berlin, Springer.

Videler JJ, Wardle CS (1991). Fish swimming stride by stride:
speed limits and endurance. Rev Fish Biol Fisher 1:23-40.

Vollset KW, Lennox RJ, Thorstad EB, Auer S, Bér K, Larsen
MH, et al. (2020). Systematic review and meta-analysis of
PIT tagging effects on mortality and growth of juvenile
salmonids. Rev Fish Biol Fisher 30:553-568.

Walter T, Couzin ID (2021). TRex, a fast multi-animal tracking
system with markerless identification, and 2D estimation of
posture and visual fields. ELife 10:e64000.

Wardle CS (1975). Limit of fish swimming speed. Nature
255:725-727.

Watz J, Calles O, Carlsson N, Collin T, Huusko A, Johnsson J,
et al. (2019). Wood addition in the hatchery and river envi-
ronments affects post-release performance of overwintering
brown trout. Freshwater Biol 64:71-80.

Winter J (1983). Underwater biotelemetry, pp. 371-395. In:
American Fisheries Society (ed.), Fisheries techniques.
Bethesda, American Fisheries Society.

Zavorka L, Aldvén D, Naslund J, Hojesjo J, Johnsson JI (2016).
Inactive trout come out at night: Behavioral variation, circa-
dian activity, and fitness in the wild. Ecology 97:2223-2231.





