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ORIGInAL ARTICLE

InTRODUCTIOn 
Movement is an essential component of freshwater fish ecol-

ogy, influencing a range of processes including habitat selection, 
population dynamics, prey-predator interactions, breeding suc-
cess, and community structure (Petty and Grossman, 2004; Cooke 
et al., 2022). Consequently, information on species movement pat-
terns is crucial from several perspectives, for example for predict-
ing the effects of environmental disturbances on a fish community 
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ABSTRACT 

Despite the considerable progress that has been made in the 
field of taxonomy and genetics of freshwater fish, there is still a 
paucity of knowledge regarding their ecology and behaviour. We 
used PIT-telemetry to study movement and habitat use of native 
and non-native benthic fish species in a spring fed irrigation 
stream, subject to seasonal macrophyte removal, in a rice field 
in North-Western Italy. This anthropogenically managed envi-
ronment constitutes a habitat of high conservation value for 
some important endemisms, while hosting several non-native 
species. Fish were tracked both using manual tracking and sta-
tionary PIT-antennas, and telemetry data was complemented 
with catch data from electrofishing. The native P. bonelli and 
the non-native M. anguillicaudatus were tracked in sufficient 
numbers to allow quantitative analysis. While successfully 
tracked in the study area, both species were mostly stationary, 
but some fish registered movements in the study area of several 
hundred meters. M. anguillicaudatus showed a tendency of 
greater movements. With time, most fish disappeared from the 
study area, but no direct migratory movement was detected. M. 
anguillicaudatus showed a clear preference for macrophyte-cov-
ered substrates while P. bonelli were frequently tracked both 
among macrophytes and on gravel substrates. Electrofishing data 
showed higher fish abundance in reaches subject to only partial 
macrophyte removal (fish friendly management) compared to 
those subject to standard removal. Overall, movement seems to 
be an integral part of the ecology of benthic fish in this system 
where vegetation appears to structure their spatial behavior.
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(Ovidio et al., 2009), assessing the effectiveness of habitat restora-
tions (Watz et al., 2019), or designing non-native species control 
practices (Bajer et al., 2011). 

Studies of freshwater fish movements have increased greatly 
in the last decades (Gerking, 1953; Gowan et al., 1994; Rodríguez, 
2002), but most of them focused on few families of game fish 
such as salmonids (Höjesjö et al., 2007; Frank et al., 2012) and 
centrarchids (Gatz Jr. and Adams, 1994; Klinard et al., 2018), 
while studies on non-game fish, particularly small benthic species 
are, with some exceptions, still scarce (Petty and Grossman, 2004; 
Ovidio et al., 2009; Mitsuo et al., 2013; Egger et al., 2021). Pre-
viously, stream fish, except for strictly migratory species, were 
considered to be sedentary, inhabiting relatively short reaches of 
the river (Gerking, 1953). Over time, this paradigm, defined as 
the Restricted Movement Paradigm (Gowan et al., 1994), has 
been challenged by studies highlighting the considerable move-
ments of salmonids (Gowan et al., 1994; Rodríguez, 2002). Ben-
thic species are considered poor swimmers compared to pelagic 
and migratory ones (Langerhans and Reznick, 2010), and are still 
deemed to be primarily sedentary, despite the lack of studies in-
vestigating their movement behaviour. 

Telemetry is a powerful and effective technology for study-
ing movements, migration, and habitat use of individual fish 
(Cooke et al., 2013; Thorstad et al., 2013). In particular, PIT-
telemetry has been demonstrated to be an effective method for 
studying small-sized fish, as it relies on the use of small elec-
tronic tags, Passive Integrated Transponder (PIT) tags. PIT-tags 
are glass-encapsulated microchips, typically 7-32 mm long, with 
a unique identification code that they transmit when activated 
by the electromagnetic field of a detection antenna. The absence 
of an internal battery has enabled a significant reduction in their 
size over time and makes them viable for long periods (Cooke 
et al., 2013; Thorstad et al., 2013). Tagged fish can be detected 
either by antennas installed at strategic sites, or with portable 
antennas, but in both cases the detection distance is relatively 
low (< 1m) (Thorstad et al., 2013). PIT-telemetry has been used, 
for example, to estimate survival (Keeler et al., 2007), migration 
(Schwinn et al., 2017; Schiavon et al., 2024), habitat use (Watz 
et al., 2019), predation (Skov et al., 2014), and behaviour 
(Závorka et al., 2016) of fish, as well as to evaluate and refine 
fish conservation measures (Castro-Santos et al., 1996; Watz et 
al., 2019), and to map the movement of invasive species (Thor-
lacius et al., 2015).  

In North-Western Italy, spring-fed streams have been man-
aged for irrigation purposes for hundreds of years, and have, with 
the draining of wetlands, become a biodiversity refuge harbouring 
a range of threatened species (Gomarasca, 2002). In fact, in the 
last two centuries, the agricultural landscape of the Po Valley has 
been subject to rapid change, with the banalisation of habitats, the 
mechanisation of cultivation practices and, especially, the pro-
gressive disappearance of natural wetlands. In this scenario, rice 
fields and their associate aquatic systems have assumed an in-
creasingly important role as surrogate environments, often repre-
senting the only habitat in which lowland aquatic species 
populations can survive. Man-made irrigation streams require reg-
ular harvesting of macrophytes to keep water flowing and have 
experienced widespread deterioration or decay with the industri-
alization of agriculture (Gomarasca, 2002). Ongoing restoration 
efforts highlight their value as fish habitat (Gomarasca, 2002; EU, 
2024), and the presence of several endangered fish endemisms, 

such as Italian golden loach (Sabanejewia larvata (De Filippi, 
1859)), Po brook lamprey (L. zanandreai (Vladykov, 1955)), and 
Italian spring goby (Orsinigobius punctatissimus (Canestrini, 
1864)), has been reported (Freyhof and Kottelat, 2007; Fortini, 
2016). Despite the potentially high conservation value of this 
ecosystem, its ichthyofauna remains poorly studied, as do the ef-
fects of restoration interventions. 

In addition to, and interacting with the loss of habitat, the in-
troduction of non-native species is a huge concern for the conser-
vation of freshwater fish (Dudgeon et al., 2006; Baruch et al., 
2024), with predation, competition, hybridization, bioturbation, 
and parasite dynamics constituting some of a range of effects on 
the local ecosystems (Cucherousset and Olden, 2011; Carosi et 
al., 2017; Zaccara et al., 2020). In Italy, 47 non-native freshwater 
fish species have been reported, representing almost half of the 
total number of freshwater fish species (Rondinini et al., 2022). 
These species are both new taxonomic arrivals, such as Wels cat-
fish (Silurus glanis (Linnaues, 1758)) and pond loach (Misgurnus 
anguillicaudatus (Cantor, 1842)), and closely related sister species 
from across the Alps (Abbà et al., 2024; Nyqvist et al., 2024b). 
Despite their potential ecological impact, behavioral studies re-
garding non-native species from the Italian peninsula are almost 
lacking (Nyqvist et al., 2022, 2024b).  

In this study, we used PIT-telemetry to investigate the move-
ment patterns of native and non-native small-sized benthic fish 
species in a spring-fed stream located within the rice fields of Ver-
celli, NW Italy. The objectives of our research were i) to quantify 
the movement of the benthic species in terms of linear range and 
movement rate, with a particular focus on comparing these pa-
rameters between native and non-native species; ii) to assess the 
habitat use of the species; and iii) to evaluate the effect of alter-
native management strategies (macrophyte removal) on the pres-
ence of the species. Our research focused on the most abundant 
benthic species in the study reach: the native Italian spined loach 
(Cobitis bilineata (Canestrini, 1866)) and Padanian goby (Pado-
gobius bonelli (Bonaparte, 1846)), and the non-native M. anguil-
licaudatus (Cantor, 1842)) and Danubian spined loach (Cobitis 
cf. elongatoides (Băcescu & Mayer, 1969)). 

 
 

METHODS 
Study system 

Roggia Marina (45.211999, 8.165367; WGS84) is a semi-nat-
ural spring fed stream located within the rice fields in the Vercelli 
Province, Italy (Fig. 1). The stream is used for irrigation of rice 
fields, and subject to removal of macrophytes and terrestrial veg-
etation once or twice per year. The substrate is composed mainly 
of gravel and silt with a large cover of aquatic macrophyte inter-
mixed with limited artificialized stretches characterized by the 
presence of concrete and/or brick on the part of the bottom and 
banks. The watercourse has a width of 2-3.5 m, and a relatively 
uniform depth ranging from 0.4-1 m. At the start of the study, the 
discharge was estimated to 322 l/s. Although relatively stable over 
the year, water levels and water temperatures are influenced by 
precipitation, water regulation, and diel as well as seasonal tem-
perature variation (Fig. 2).  

The spring fed streams in the study area host a high diversity 
of fish species, including both endangered endemic and several 
non-native fish species. Of particular interest are S. larvata and 
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Lampetra zanandreai, both of which are abundant in some 
reaches of the Roggia Marina. Other native species include 
P. bonelli, C. bilineata, Italian chub (Squalius squalus (Bona-
parte, 1837)), Italian riffle dace (Telestes muticellus (Bonaparte, 
1837)), common minnow (Phoxinus phoxinus (Linnaeus, 
1758)), North Italian roach (Leucos aula (Bonaparte, 1841)), 
and alborella (Alburnus arborella (Bonaparte, 1841)). Among 
the non-native species, M. anguillicaudatus is the most abundant 
but populations of C. cf. elongatoides, gudgeon (Gobio gobio 
(Linnaeus, 1758)), stone moroko (Pseudorasbora parva (Tem-
minck & Schlegel, 1846)), European bitterling (Rhodeus amarus 
(Bloch, 1782)), eastern mosquitofish (Gambusia holbrooki (Gi-
rard, 1859)), crucian carp (Carassius spp.), and common carp 
(Cyprinus carpio (Linnaeus, 1758)) are also present (A. Can-
diotto, personal observation). 

The macrophyte community in the study area is relatively rich 
and consists of both native and non-native species. The most 
abundant (area coverage) phanerogams are the invasive Elodea 
nuttallii (Planch., 1857) and Elodea canadensis (Michx., 1803) 
(Supplementary material, Tab. S2). 

On 20 May 2024, a drone (Autel EVO II RTK; 17m height) 
was used to map the macrophyte coverage in the study area, a 300 
m long rectilinear reach of Roggia Marina. Drone photos with a 

1 cm resolution were converted to an orthophoto using a Structure 
from Motion algorithm. The orthophoto was then used to estimate 
the percentage of macrophyte cover in QGIS. The total study area 
and area covered by macrophytes were quantified by manually 
outlining polygons over the full stream and over macrophyte 
patches in the drone imagery. 

The study area is part of a stream network subject to stream 
restoration efforts as part of the LIFE-Minnow project (European 
Commission, 2024). This includes the implementation of more 
fish friendly vegetation management as well as the active removal 
of non-native fish species; fish removal was not carried out in the 
study reach so as not to influence fish population dynamics. To 
quantify fish presence and movements in relation to the in-stream 
vegetation, a full and partial removal design was applied in the 
study reach towards the end of the study. The study reach was sys-
tematically divided into 12 sections of 25 m each to facilitate the 
management of the experiment and the vegetation removal design 
(Fig. 3). 

 
PIT-telemetry 

On 9 and 10 April 2024, the study reach was electrofished by 
wading upstream and fishing the entire stream width. Benthic fish 
captured were tagged with passive integrated transponders (PIT 

Fig. 1. Location of the study area in Northwest Italy, Piedmont Region, Vercelli Province. The study reach lies within the SAC (Special 
Area of Conservation) Palude di San Genuario (IT1120007). In light blue the Roggia Marina stream path, in yellow the study reach.



C. Ruffino et al.114

tags; Oregon RFID, USA; 12 × 2.1 mm; 0.10 g). Only healthy 
fish longer than 6 cm were tagged. Before tagging, fish were anes-
thetized (Aroma Labs, Kalamazoo, MI, USA; approximately 0.2 
mL clove oil / L water). A small incision (2 - 3 mm) was made 
anterior of the pelvic fins, on the ventral side of the fish, slightly 
offset from the centre. The tag was then inserted and pushed for-

ward into the body cavity of the fish (Nyqvist et al., 2023, 2024a). 
All fish were measured for length and weight, and when possible, 
sexed. Tagged fish were left to recover in buckets filled with 
stream water before being released into the same study section 
where they were caught. 

Tagged fish movements were monitored using stationary an-

Fig. 2. Roggia Marina stream hourly water levels (m; above) relative to the mean water level and water temperature values (°C; below) 
during the study period (April-July 2024).
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tennas and manual tracking. The stationary antenna network was 
active from 13 April to 10 July 2024 and consisted of two arrays 
(upstream and downstream), each composed of one reader 
(ORMR Multiple Antenna Reader, Oregon RFID) connected to 
four antennas (Fig. 3). Detection ranges of the stationary anten-
nas were approximately 30-40 cm. This resulted in full coverage 
of the cross-section of the antenna but could potentially allow 
undetected passage above the antenna. To avoid disturbance to 
fish, trampling and damage to the substrate, manual tracking was 
conducted proceeding downstream from a small plastic boat, 
using a mobile backpack antenna (Mobile HDX Long Range 
PIT Tag Reader Kit; Oregon RFID) over the study area and in 
the stretches immediately upstream and downstream to it. A typ-
ical tracking session lasted approximately 4 -5 h. During manual 
tracking, the position of each fish was recorded in a coordinate 
system based on the study section. The substrate type, corre-
sponding to the habitat use (macrophytes, gravel, sand, terrestrial 
vegetation, cement), was noted. Fish were manually tracked 6 
times: every two weeks from 23 April to 5 June, and then again 
on 10 July. For fish tracked at least two times, the fish positions 
were converted to river meters and linear range was quantified 
as the distance from the most downstream to the most upstream 
tracked position (Schiavon et al., 2024).  

Transitions between antennas was used to quantify move-
ment at a small scale (between single antennas, 6- 12 m) and at 
a large scale (between the two readers, 125 m). During the study 
period, fewer and fewer fish were detected by stationary anten-
nas and during manual tracking. The last detection for each in-
dividual was used as proxy for departure date, and the departure 
for each species plotted over time.  

Detection efficiency of the individual antennas was quanti-
fied using the formula ndetected /ntotal, where ndetected is the number 
of passages detected by the antenna and ntotal is the total number 
of passages deduced from detected transitions from one antenna 
to another. Here, successful detections are quantified by detected 
transition to a specific antenna (ndetected). The total number of 
known passages (ntotal) over the antenna is the sum of transitions 
to it and undetected crossings (detected movements between up-
stream and downstream antennas that were not detected by the 
focus antenna).  

Macrophyte removal and recapture 
On 6 July, removal of macrophytes and terrestrial riparian 

vegetation was carried out in the study area. In the study reach, 
two types of vegetation removal were applied alternately in the 
12 sections: i) total removal of macrophytes and riparian vegeta-
tion; ii) partial removal of macrophytes without removal of ripar-
ian vegetation (Fig 3). For total removal, two cuts were made 
within the riverbed with the use of a boom mulcher, leaving about 
0.5 m of macrophytes on the edges of the watercourse. For partial 
removal, only one cut with a boom mulcher was made within the 
riverbed, removing only about 0.5 m of macrophyte in the centre 
of the watercourse. This corresponds to approximately 50-71 % 
macrophyte removal area for the total removal reaches treatment, 
and 14-25 % for the partial removal reaches, depending on stream 
width. The riparian vegetation was removed to the edge of the 
bank for the total removal treatment, while it was left intact for 
about 0.5 m and 1.5 m from the edge of the two banks for the par-
tial removal treatment. The total removal corresponds to normal 
maintenance practice, while the partial removal constituted a po-
tentially fish friendly alternative. 

On 23 July, by the end of the study period, the study reach as 
well as a buffer reach (25 m upstream and downstream of the 
study reach) was electrofished. Recaptured tagged individuals 
were measured for length and weight. Non-tagged individuals of 
the four benthic fish species were counted. All fish were assigned 
to the study section of capture, and hence also to a macrophyte 
removal treatment (i.e., total/partial) (Reyjol et al., 2005).   

 
Statistical analysis 

Few individuals of the two spined loaches were detected 
during the study and were therefore excluded from quantitative 
comparisons. Differences in linear range, small and large scale 
movements, as well as detection probability, between M. anguil-
licaudatus and P. bonelli were compared using Wilcoxon Man 
Whitney tests. Habitat preference per species was tested by com-
paring the proportion of positions within macrophytes per indi-
vidual with the expected number (macrophyte coverage in the 
stream at the time of mapping) using a Wilcoxon-Mann-Whitney 
test. Difference in habitat use between the two species was com-

Fig. 3. Conceptual drawing of the study area including fish capture and release sectors (1-12) and the reaches subject to full (sections 
3-4, 7-8 and 11-12) and partial (sections 1-2, 5-6 and 9-10) macrophyte removal. Macrophyte removal is displayed as white patches in 
the green stream. The two reader stations as well as the eight antennas are represented as boxes and dashed lines, respectively. Distances 
between antennas are averages. Flow direction is denoted with the thick arrow.
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pared using a binary mixed model with tracked in macrophytes 
(yes/no) as response dependent variable, species as independent 
variable, and individual included as a random effect. The differ-
ence in departure proportion was compared using a Chi2-test on 
the fish remaining in July vs fish having disappeared. The effect 
of different types of vegetation removal on the benthic species 
community was tested using a Poisson mixed model, with the 
number of captured individuals as response variable, vegetation 
removal type (full/partial) and species as fixed effects, and sec-
tion (1-12) as random effect. To test the effect of different types 
of vegetation removal on each species, four additional Poisson 
mixed models (one for each species) were employed, with the 
number of captured individuals used as response variable, the 
type of vegetation removal (full/partial) as fixed effect, and the 
section (1-12) as random effect. Overdispersion in the Poisson 
models was checked and not detected. Calculations and analyses 
were performed using R and Rstudio (R Core Team, 2024), and 
packages dplyr (Wickham and Francois, 2015), plyr (Wickham 
and Wickham, 2017), ggplot2 (Wickham, 2016), lme4 (Bates et 
al., 2015), car (Fox et al., 2007), and blmeco (Korner-Nievergelt 
et al., 2015).  

 
 

RESULTS 
In total, 204 M. anguillicaudatus, 141 P. bonelli, 15 C. bilin-

eata, 12 C. cf. elongatoides were tagged (Tab. 1). Macrophyte 
coverage was estimated to 67 % before removal. 

Linear range 
During the manual tracking, 21 M. anguillicaudatus (10 fe-

males, 11 males) and 33 P. bonelli (17 females, 10 males, 6 un-
sexed) were tracked more than once (2-4 times). The median 
linear range was 5 m (range = 0-417 m) for M. anguillicaudatus 
and 3 m (range 0-191 m) for P. bonelli. There was no difference 
between the two species (Wilcoxon Mann Whitney, p=0.20), or 
between males and females of the same species (p>0.42). Only 6 
C. bilineata and 4 C. cf. elongatoides were successfully tracked 
more than two times, displaying median linear ranges of 24 m (0-
198m) and 4.5 m (0-251 m) respectively. 

 
Habitat use 

All species were repeatedly detected among macrophytes. 
M. anguillicaudatus, C. bilineata and C. cf. elongatoides were 
primarily found among macrophytes while P. bonelli were also 
often found over gravel. Occasionally, fish were tracked over 
sand, mud, cement or in relation to terrestrial vegetation (Fig. 
4). M. anguillicaudatus showed a preference for macrophytes 
(Wilcoxon-Mann-Whitney, p=0.04), while P. bonelli were 
tracked less in the macrophytes than expected by chance 
(Wilcoxon-Mann-Whitney, p=0.001). M. anguillicaudatus were 
significantly more likely to be found among macrophytes com-
pared to P. bonelli (GLMM, Est =2.35, p=0.006). There was no 
difference in habitat use (likelihood to be tracked among macro-
phytes) between males and females in any of the two species 
(p>0.15). 

Tab 1. Total number, mean and standard deviation (±sd) of length (cm) and weight (g), and number of males and females (where sex 
was attributed) of tagged fish of each species. 

Species                                   n                                 Length                            Weight                          n males                        n females 
C. bilineata                                  15                                    71.6±4.8                                1.8±0.4                                     1                                         13 
C. cf. elongatoides                       12                                    74.2±9.1                                1.7±0.7                                     2                                         10 
P. bonelli                                     141                                   65.4±9.6                                3.9±1.9                                    58                                        56 
M. anguillicaudatus                    204                                 113.3±22.0                              7.2±5.1                                    83                                       121

Fig. 4. Habitat use for M. anguillicaudatus (n=21), P. bonelli (n=33), C. bilineata (n=6), and C. cf. elongatoides (n=4) based on individual 
means: macrophytes (blue), gravel (green) and other (red; sand, terrestrial vegetation, cement).
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Movement rate 
Overall, 75 M. anguillicaudatus (49 females, 26 males), 33 P. 

bonelli (15 females, 12 males, 6 unknown), 5 C. bilineata, and 3 
C. cf. elongatoides were detected making from 1 to 26 transitions 
between antennas (6-12 m; Fig. 5). Time between the first and last 
arrival at an antenna after the presence at another was 11h (range: 
1-87 h). There was no difference in number of transitions between 
M. anguillicaudatus and P. bonelli, nor between males and females 
in the respective species (Wilcoxon Mann Whitney; p>0.18).  

In total, 48 M. anguillicaudatus (30 females, 18 males), 3 P. 
bonelli (2 females, 1 male), 4 C. bilineata, and 2 C. cf. elonga-
toides were detected making between 1 and 4 transitions between 
the two readers (125 m) (Fig. 6). M. anguillicaudatus performed 
substantially more movements between the upstream and down-
stream reader than P. bonelli (p<0.001). There was no difference 
between sexes (Wilcoxon Mann Whitney, p=1). 

 
Departure 

The majority of tagged fish from all species disappeared from 
the study area. The proportion of fish remaining in July (the final 
10 days of the study) was higher in P. bonelli than in M. anguilli-
caudatus (Chi2, p<0.001). For P. bonelli, out of 113 fish detected 
by stationary antennas or manual tracking during the study period, 
40 were found in July. This corresponds to 35%. Corresponding 
numbers for M. anguillicaudatus were 4 out of 149, or 3%. No 
tagged Cobitis was detected in July (Fig. 7). Among fish disap-
pearing (no detections in July), the last detections were registered 
both on the upstream and downstream reader. Last detection on 
the upstream reader was more common both for P. bonelli (73%, 

n=23) and M. anguillicaudatus (63%, n=04) but not for C. bilin-
eata (29%, n=7) or C. cf. elongatoides (33%, n=3). 

 
Detection efficiencies 

Stationary antennas were in continuous use during the study 
period. Detection efficiency on the stationary antennas was rela-
tively low and varied by antenna (22-89%) and species. P. bonelli 
showed an overall detection efficiency of 89% (71-96%), while 
M. anguillicaudatus displayed a detection efficiency of 42% (10-
81%). The two Cobitis species had too few antenna passages to 
make detailed efficiency estimates meaningful but displayed over-
all detection efficiencies of 38-42%. 

 
Electrofishing post-study 

The electrofishing following the study period resulted in 13 
recaptured tagged fish, 12 P. bonelli and one M. anguillicaudatus. 
Of these, eight fish had been detected by stationary antennas or 
during the manual tracking in July, while four P. bonelli had not 
been observed since April-June. 

In total, 140 C. bilineata, 1107 P. bonelli, 1419 M. anguilli-
caudatus, and 34 C. cf. elongatoides were caught during the 
electrofishing campaign after the removal of vegetation 
(Fig. 8). The probability of locating benthic fish was signifi-
cantly higher in sections where partial removal was applied 
compared to those where total removal was carried out (GLMM, 
Est = 0.53, 95% CI [0.27, 0.80], p=0.00002). Looking at the 
four species separately, this was true for P. bonelli (GLMM, 
Est = 0.49, 95% CI [0.14, 0.84], p=0.003) and M. anguillicau-
datus (GLMM, Est = 0.60, 95% CI [0.26, 0.95], p=0.0002). 

Fig. 5. Number of transitions detected between antennas for females (red), males (blue) and unsexed (yellow) detected at least once of 
the four species.
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Fig. 6. Number of transitions detected between readers for females (red), males (blue) and unsexed (yellow) detected at least one antenna 
for the four species.

Fig. 7. Proportion of fish remaining in the study area over time for fish detected at least once by the stationary antennas or during the 
manual tracking. Departure is defined as the last detection either by stationary antennas or manual tracking. Fish detected in July 
(crosses) are included as censored observations, assuming that they remained in the system.
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C. bilineata showed a non-significant tendency of preferen-
tially inhabiting the sections where not all macrophytes were 
removed (GLMM, Est = 0.49, 95% CI [-0.09, 1.06], p=0.072). 
C. cf. elongatoides did not show any difference in capture 
probability between the two habitat types (GLMM, Est = -1.02, 
95% CI [-3.20, 0.78], p=0.21) and was also captured at lower 
numbers than the other species. 

 
 

DISCUSSIOn 
This study was the first, to our knowledge, to use PIT-tag tech-

nology to monitor the movement and habitat preferences of native 
and non-native small benthic fish species within a spring-fed 
stream, focusing on an invasive (M. anguillicaudatus) and a native 

(P. bonelli) species. While still in the study reach, the majority of 
the fish of both species displayed a very limited movement range 
with a few individuals making longer distance movements. M. 
anguillicaudatus transitioned significantly more than P. bonelli 
within the study area but no difference in linear range was ob-
served. While many P. bonelli and most M. anguillicaudatus dis-
appeared from the study area, no direct migratory movement was 
detected. M. anguillicaudatus were mainly tracked in the macro-
phytes whereas P. bonelli were commonly found also over gravel 
substrate. After the removal of macrophytes, the benthic fish were 
more likely to be found in the reaches partly spared from removal, 
underlining the importance of macrophytes as a habitat. 

The relatively stationary behaviour of the majority of tagged 
fish during the beginning of the study, with only a minority dis-
playing more long distance movements, is in line with what has 

Fig. 8. Number of individuals of each species captured in sections where standard (full) and partial (partial) vegetation removal was 
applied. The red dot indicates the sample mean.
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been reported for other fish species in both small (Stickler et al., 
2008; Schiavon et al., 2024) and large (De Leeuw and Winter, 
2008) rivers. Among benthic fish, a norm of high residency with 
a few more mobile individuals has been reported for both sculpins 
(Breen et al., 2009) and gudgeons (Stott, 1967), as well as for a 
Japanese loach (Lefua echigonia) (Mitsuo et al., 2013). The indi-
vidual difference could correspond to different dispersal strategies, 
and be of relevance for connectivity between populations (Gowan, 
2007) and the colonization of new areas (Radinger and Wolter, 
2014). The difference in movement behaviour might also reflect 
different behavioural types (Fraser et al., 2001) and have rele-
vance for invasion success of non-native species (Rehage and Sih, 
2004; Hirsch et al., 2017). From this perspective, it is interesting, 
although maybe not surprising, to note that the invasive M. an-
guillicaudatus displayed higher movement activity in the study 
area compared to the native and territorial P. bonelli (Lugli et al., 
1992).  

A relatively low proportion of tagged fish were subsequently 
detected. Detection efficiencies are known to vary with species 
and environments (Cucherousset et al., 2010; Kelly et al., 2017; 
Saboret et al., 2021), and the thick macrophyte beds in our study 
likely made manual tracking relatively inefficient. Although this 
is the first time these taxa have been tracked in nature, the suit-
ability of PIT-tagging has been evaluated for three of the four 
species in the laboratory environment. The effects of PIT-tagging 
on growth, survival and tag retention have been evaluated on M. 
anguillicaudatus (Kano et al., 2013). The same effects, as well as 
those on activity and maximum swimming speed, were evaluated 
on C. bilineata and P. bonelli (Nyqvist et al., 2023, 2024a). All 
three studies conclude that PIT tagging is a suitable method to 
track individuals of these species. C. elongatoides and C. bilineata 
have a very similar morphology and ecology (Delmastro et al., 
2021; Bovero et al., 2022) and very likely respond similarly to 
tagging. Although tagging effects and tag retention may differ be-
tween the laboratory and the natural environment (Jepsen et al., 
2015; Šmejkal et al., 2019), it is deemed unlikely that tag loss or 
tagging mortality have contributed substantially to the low detec-
tion proportion. That a substantial part of tagged fish were not de-
tected again is not uncommon in PIT-tagging studies, particularly 
for small sized fish (Cookingham and Ruetz Iii, 2008; Nzau Ma-
tondo et al., 2019; Saboret et al., 2021), and is typically handled 
by focusing the study on the fish successfully tracked.  

The manual tracking, antenna detection data, and the elec-
trofishing data all showed that, with time, the tagged fish disap-
peared from the study area. The mechanisms behind the mass 
departure of fish are unknown and no directed movement was de-
tected. The disappearance may hence be due to movement out of 
the study area without systematic detections by the stationary an-
tennas or predation or exit from within the study area. Avian pred-
ators are known to be able to remove tagged fish from study areas 
(Cucherousset et al., 2007; Jepsen et al., 2018). Bird predators 
such as Grey Heron (Ardea cinerea (Linnaeus, 1758)), the Great 
Cormorant (Phalacrocorax carbo (Linnaeus, 1758)), and Sacred 
Ibis (Threskiornis aethiopicus (Latham, 1790)) are present and in-
creasing in the area (Delmastro et al., 2015). Nevertheless, an ex-
tremely high predation removal of tagged fish is not likely, 
particularly in light of the high number of untagged fish present 
in the study reach at the end of the study. Detection efficiencies 
were relatively low and variable, making missed detection quite 
frequent. Previous studies conducted in streams show varying de-

tection rates depending on factors like water depth and substrate 
composition (Zentner et al., 2021). Rising levels during operations 
to distribute water to surrounding rice fields may have favored 
fish passage over the antennas, this allowing fish to leave stream 
reaches without detection as well as being present without being 
detected (Kelly et al., 2017). Increased water levels could also 
connect the stream with lateral channels, allowing lateral fish 
movements (Fujimoto et al., 2008), and the combination of tem-
porary low or high flows in the stream might also have caused a 
flushing of fish from the system (Schmutz et al., 2015). For fish 
still present, electrofishing can compensate for low detection ef-
ficiencies (Sloat et al., 2011) but in our study it did not change 
the general pattern of very few tagged fish remaining in the study 
area. All in all, lateral or longitudinal emigration seems the most 
likely reason for the exodus of the tagged fish, indicating rela-
tively high mobility in the studied species in this system over time. 
Interestingly, during an independent tracking session conducted 
in April 2025, ten months after the study ended, 22 P. bonelli and 
5 M. anguillicaudatus - previously thought to have left the study 
area - were again tracked within it. This suggests a potential return 
movement into the stream, possibly accompanied with improved 
manual tracking efficiencies due to the less dense macrophyte 
beds in spring compared to the summer 2024 campaign (Supple-
mentary Material, Section S1).  

The array of stationary antennas constitutes an innovative way 
to study small and medium scale movements in small streams. It 
is well known that fish behaviour, habitat, and environmental con-
ditions influence detection efficiencies (Cucherousset et al., 2010; 
Weber et al., 2016; Kelly et al., 2017; Saboret et al., 2021). In our 
study, detection efficiency varied substantially between both 
species and antennas. The antennas were designed to cover fish 
passing within a few decimetres from the riverbed or within the 
sediment. Fish passing higher up the water column were, however, 
likely to be missed by the antennas. The much higher detection 
efficiencies in P. bonelli compared to the other species could in-
dicate differences in swimming behaviour. While P. bonelli likely 
move on the bottom, the others could, to a higher extent, have uti-
lized the water column (Shi et al., 2017), or been moving within 
the mud substrate (Park et al., 2018), and therefore less often de-
tected by the antennas.  

While P. bonelli were tracked both over gravel and among 
macrophytes, the loaches were tracked predominantly in macro-
phyte habitat. The importance of macrophytes for the studied fish 
is further evident by the preference for the macrophyte reaches 
among the fish capture after the macrophyte removal operation. 
This is in line with result for another species of weather loach 
(Misgurnus fossilis (Linneus, 1758)) and spined loach (Cobitis 
paludica (De Buen, 1930)), for which a substantial use of macro-
phyte habitat has been reported (Meyer and Hinrichs, 2000; Elvira 
et al., 2022). Macrophytes are important habitat components for 
many different fish species, offering shelter from both predation 
and the water current as well as substrate for food resources 
(Savino and Stein, 1982; Sand-Jensen and Mebus, 1996; Dibble 
et al., 1997; Miranda et al., 2000). Indeed, macrophytes have been 
reported to be associated with higher abundance and diversity of 
fish compared to more barren habitat (Ritterbusch et al., 2022), 
something supported also by the present study. Our study also in-
dicates that limiting macrophyte removal to just part of stream 
can maintain necessary water flow for agricultural purposes while 
also leave important fish habitat. While based on a rather limited 
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dataset, this encourages further work on fish friendly management 
of spring fed-streams in the agricultural landscape.  

 
 

COnCLUSIOnS 
Our study provides the first data about movement behaviour 

of the studied fish species, showing limited movements in the 
short term, and potentially important large-scale displacements 
over time. Future studies need to account for the larger scale 
movements in the system, shedding light on the unexpected dis-
appearance of the bulk of the species observed in our study. Fur-
ther in-depth analysis is required to understand how different 
factors - such as habitat type, stream characteristics, food avail-
ability, or interspecific competition - drive the movement of small 
benthic fish species. This is particularly interesting regarding the 
potential ecological effects and dispersal ability of highly invasive 
species such as M. anguillicaudatus, and the native and non-native 
sister species (C. bilineata and C. cf. elongatoides). Spring-fed 
agricultural streams are emerging as a biodiversity hotspot in a 
heavily impacted area. Our study shows encouraging early results 
regarding the partial preservation of macrophytes as a fish friendly 
management method.  
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