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ABSTRACT
Understanding the ecology and behaviour of freshwater fish species is essential for effective management and conservation. 
Within the genus Barbus, small-sized mountain species remain understudied despite conservation concerns. In this study, we in-
vestigated the movement patterns, habitat use and flow preferences of the endangered species Barbus caninus in a Mediterranean 
mountain stream in northern Italy using passive integrated transponder telemetry. Over a 15-month period, 164 tagged fish were 
tracked between 2 and 30 times. Most individuals exhibited small home ranges, with a median linear range of 33.7 m, although 
a few fish moved over hundreds of metres. Fish size did not influence movement patterns. Movements were seasonally variable, 
with a significantly larger linear range observed during spring compared to other seasons. The barbel showed a weak prefer-
ence for fast-flowing mesohabitats, and this preference was pronounced during winter. Despite this, B. caninus predominantly 
utilised low-velocity confined zones within hydromorphological units, potentially indicating energetically efficient microhabitat 
use. These findings shed light on the habitat requirements and movement patterns of an endangered species that inhabits small 
mountain streams and is subject to numerous anthropogenic threats.

1   |   Introduction

Freshwater ecosystems are facing conservation challenges, with 
approximately one-quarter of freshwater fish species currently 
threatened (Sayer et  al.  2025). Freshwater fish populations 
are declining at an alarming rate, primarily due to human-
induced pressures (IPBES 2019) such as habitat alteration (van 
Puijenbroek et  al.  2019), flow regulation (Merciai et  al.  2018), 
pollution (Dudgeon 2019), invasive species (Britton 2023) and cli-
mate change (Barbarossa et al. 2021). Despite these concerning 

trends, many fish species remain understudied, outlining the 
urgent need for research on their habitat requirements and re-
sponses to stressors to support effective conservation efforts 
(Smialek et  al.  2019; Maasri et  al.  2022). Fish movement pat-
terns, behaviour and habitat use influence population dynam-
ics, persistence and productivity (Benitez et  al.  2015; Gardner 
et al. 2015). Consequently, understanding a species' movement 
ecology is fundamental for guiding effective management prac-
tices and developing targeted conservation actions and policy 
measures (Cooke et al. 2022; Allen and Singh 2016).
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Advances in electronic tagging and telemetry technologies 
have allowed revealing a remarkable diversity in fish move-
ment behaviours and habitat preferences (Cooke et al. 2022). 
Even among assumed non-migratory fishes, some species 
remain confined to small spatial areas, exhibiting limited 
home ranges and strong site fidelity (Schiavon et  al.  2025; 
Hicks and Servos  2017; Marnane  2000; Nakano et  al.  1990), 
while others travel long distances, demonstrating extensive 
movements (Chavez et al. 2024; Waldman and Quinn 2022). 
Understanding the extent and limits of these movement be-
haviours can directly advise conservation and management 
actions (Brooks et  al.  2017), for example informing habitat 
restoration (Watz et  al.  2019), protected areas management 
(Zolderdo et al. 2024) and connectivity bottlenecks (De Fries 
et al. 2023). However, despite its importance, movement ecol-
ogy remains an understudied field, particularly for smaller, 
less economically significant fish species (Booth et  al.  2013; 
Smialek et al. 2019; Vøllestad 2023).

The genus Barbus is a diverse group of freshwater cyprinid 
fishes, notable for its species richness in European waters 
(Machordom and Doadrio 2001; Levin et al. 2019). Research 
on movement behaviour and habitat use in the genus Barbus 
has predominantly focused on larger fluvio-lacustrine spe-
cies, such as common barbel, Barbus barbus. Studies on this 
species have documented partial potamodromous behaviour, 
with adults travelling distances of more than 20 km (Ovidio 
et al. 2007; De Leeuw and Winter 2008; Panchan et al. 2022) 
and exhibiting higher nocturnal movement activity (Eggers 
et al. 2025) and directed in-river spawning migrations (Britton 
and Pegg 2011). Barbels have also been described to pass fish-
ways at relatively high rates, even outperforming potamodro-
mous salmonids (Bravo-Córdoba et  al.  2018; Grimardias 
et al. 2022). In contrast, smaller rheophilic species within the 
genus Barbus have received very little research attention. In a 
mark–recapture study, Catalonian barbel (Barbus haasi) dis-
played very limited home ranges with most fish being resi-
dent within 20 m, and only a few fish moving over 100 m in a 
mountain stream (Aparicio and De Sostoa 1999). Differences 
in Barbus movement patterns reflect their ecological and be-
havioural diversity and highlight the need for broader taxo-
nomic scope of the spatial–ecological research.

The brook barbel (Barbus caninus Bonaparte, 1839) is a small 
rheophilic fish historically widespread in the river basins 
of northern Italy. This species primarily inhabits the upper 
reaches of rivers, favouring swift currents in moderately cold 
waters typical of hilly and sub-alpine streams (Kottelat and 
Freyhof 2007; Fortini 2016). Once abundant, B. caninus now 
exhibits a fragmented distribution (Tsigenopoulos et al. 2002; 
Bianco and Delmastro 2004). Like all the other native Italian 
Barbus species, it is listed as endangered on the IUCN Italia 
Red List (Rondinini et al. 2022). It is at risk due to multiple en-
vironmental pressures, including river fragmentation, water 
abstraction and habitat degradation (Bianco  2003; Bianco 
and Delmastro  2004; Fortini  2016; Skoulikidis et  al.  2017; 
Belletti et  al.  2020) that are challenging also many other 
Mediterranean Barbus species facing population declines 
(IUCN Red List  2025). Additionally, competition and hybri-
disation with introduced, non-native barbel species pose fur-
ther threats (Meraner et  al.  2013; Carosi et  al.  2017; Ferrari 

et  al.  2025). Despite its conservation status, little is known 
about the movement ecology and habitat use of B. caninus. 
Nevertheless, to develop effective conservation and manage-
ment strategies, it is essential to understand the ecology and 
behaviour of an endangered species, particularly its habitat 
preferences and movement patterns (Maasri et al. 2022).

This study aimed to investigate the movement patterns and 
habitat use of B. caninus across different temporal scales in 
a Mediterranean mountain stream. Using passive integrated 
transponder (PIT) telemetry, we tracked individual B. caninus 
across various stream habitats to quantify their linear range, 
net travelled distance, habitat use over long-term (462 days), 
seasonal and diurnal timescales. We also compared meso-
habitat flow characteristics with actual water velocities used 
by tagged individuals as well as diel and seasonal changes in 
activity.

2   |   Materials and Methods

2.1   |   Field Research Site

The study was carried out in Rio Morsone, a 5-km-long Apennine 
Mountain stream located in the Piedmont region, Italy. The Rio 
Morsone is a tributary to the Lemme River, within the Po basin 
(44°36′36.5′′N, 8°49′01.6′′E; Figure 1a). The fish assemblage is 
dominated by Italian riffle dace (Telestes muticellus), with brook 
barbel (B. caninus) as the second most abundant species. Italian 
chub (Squalius squalus) and introduced brown trout (Salmo 
trutta) occur only occasionally and in low numbers. No indi-
viduals of Italian barbel (Barbus plebejus) were detected within 
the study area, despite the species being present in the lower 
reaches of the Rio Morsone and Lemme River. Movements from 
the Lemme River into the Rio Morsone are obstructed by a se-
ries of unpassable weirs located downstream of the study reach. 
Its absence in the upper reach where this study was conducted 
reduces the likelihood of hybridisation events within the studied 
population (Ferrari et al. 2025).

The study reach covers a length of 850 m and is located at ele-
vations ranging from 395 to 421 m a.s.l., with an overall slope of 
4%. It averages 3.5 m in width, ranging from a few decimetres 
in narrow sections to 9 m in the widest pools, with an average 
water depth of 17.4 cm (SD = 8.4 cm) under average flow. Habitat 
mapping was conducted using the MesoHABSIM protocol 
(Parasiewicz 2007; Vezza et al. 2014), following ISO 748 (2021) 
standards. Discharge measurements were taken on three occa-
sions, representative of average-, low- and high-flow conditions, 
respectively: March 3, 2022 (17 L s−1), July 14, 2022 (5 L s−1) and 
January 30, 2023 (54 L s−1). The habitat composition consisted of 
riffles (38%), pools (32%), glides (19%) and rapids (11%) during 
average flow conditions. The stream morphology of the study 
reach remains unaltered by anthropogenic activities, and no 
artificial barriers impede fish movement. However, the lower 
section experiences intermittent flow during low-flow condi-
tions, which limits downstream movement both within the 
reach and beyond it (Schiavon et al. 2024). Water temperature 
and levels were continuously monitored throughout the study 
using a HOBO MX2001 sensor set to record at 20-min intervals 
(Figure 2).
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2.2   |   PIT Telemetry

In March and October 2022, a total of 200 B. caninus were cap-
tured by electrofishing across the entire study reach and tagged 

with passive integrated transponders (PIT tags; Oregon RFID, 
USA; 12 × 2.1 mm; 0.10 g). Healthy fish over 6 cm in length were 
selected for tagging. PIT-tagged B. caninus of this size have 
been shown not to differ from untagged individuals in survival 

FIGURE 1    |    (a) Location of the study area within the Po River watershed in northern Italy. (b, c) Photos of the study reach, taken in spring 2025. (d) 
Map of the study reach along the Rio Morsone. The study reach is shown in dark blue, with the day–night studied reaches marked by red-blue cross-
hatching. Dashed sections upstream and downstream of the studied reach represent occasionally monitored areas during the study period. Contour 
lines indicate elevation changes with an interval of 50 m. The yellow square indicates water-level and temperature logger location.

FIGURE 2    |    Monthly averages of water level and temperature were recorded throughout the study period (March 2022–July 2023) in the lower 
section of the study reach (Figure 1). Tracking event dates are indicated by black dots on the x-axis, whereas red dots represent paired day–night 
tracking events.
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or behaviour (Nyqvist et al. 2024) and likely overlaps with the 
lower size ranges for which sexual maturity occurs (Kottelat and 
Freyhof 2007; Fortini 2016).

Prior to tagging, fish were anaesthetised in a clove oil solution 
(0.2 mL L−1; Aroma Labs, Kalamazoo, MI, USA). A 2–3 mm ven-
tral incision, positioned just ahead of the pelvic fins and slightly 
off the ventral midline, allowed insertion of the transmitter 
into the body cavity (Schiavon et al. 2023; Nyqvist et al. 2024). 
Tagged individuals were then weighed and measured for fork 
length before being transferred to river-water recovery tanks. 
Following a 30-min recuperation period, all fish were returned 
to their original capture sites.

Between April 2022 and July 2023, fish were tracked during 
37 tracking events (Figure  2). Tracking methods followed 
the procedures detailed in Schiavon et  al.  (2024). We used 
a mobile backpack antenna (Mobile HDX Long Range PIT 
Tag Reader Kit; Oregon RFID) and a portable pole antenna 
to detect tagged fish throughout the study reach. We walked 
or waded upstream, scanning the full width of the channel 
(Schiavon et  al.  2025). For real-time visualisation of PIT 
codes, the reader was paired via Bluetooth to an Android 
smartphone running Serial Bluetooth Terminal (v. 1.42). 
To minimise behavioural disturbance to fish, surveyors re-
mained on the streambank whenever possible, entering the 
wetted channel only in wider reaches when necessary and 
avoiding wading in narrow sections. For each detection, we 
recorded the date, time and position in a hydromorphological-
unit coordinate system (using a handheld laser rangefinder, 
TruPulse 360R; Laser Technology), and any observed live fish 
activity or movements were recorded. Ten additional paired 
day–night tracking sessions were conducted in two subsec-
tions of the river (Figure 1d) to study movements over short 
distance and difference in habitat use between day and night. 
Day–night tracking included four events in spring 2022, three 
from late summer to early autumn 2022 and three during win-
ter 2023 (Figure 2). Additionally, areas approximately 150-m 
upstream and downstream of the main study reach were oc-
casionally tracked to capture dispersal beyond the study reach 
(Figure 1d).

2.3   |   Data Analysis

For this study, only B. caninus individuals confirmed as alive 
and with a minimum of two detections were included, follow-
ing the methodology outlined by Schiavon et al. (2025). An alive 
fish was defined by visual detection or upstream movements ne-
cessitating active swimming. For spatial analysis, fish positions 
recorded during field tracking were transformed into linear po-
sitions using the QGIS LRS plugin (LRS, version 1.2.3, retrieved 
from http://​blazek.​github.​io/​lrs/​). Linear positions were then 
used to calculate movement metrics, including linear range, 
calculated as the maximum distance between an individual's 
furthest upstream and furthest downstream detected positions 
over the studied period, and the net travelled distance, which 
represents the directional displacement between the first and 
last detections over the study period (Capra et al. 2018; Schiavon 
et al. 2025).

2.3.1   |   Movement Pattern and Habitat Use

The effects of fish length and season (spring: March 21–June 
20; summer: June 21–September 22; autumn: September 23–
December 20; winter: December 21–March 20) on the log-
transformed linear range were analysed using linear mixed 
models (LMMs). Individual fish identification codes (ID) were 
included as a random effect to account for repeated measures 
of the same fish. To control for potential biases due to the num-
ber of positions, seasonal detection counts were incorporated 
into the models. Habitat use was quantified as the proportion 
of average detections per fish in each mesohabitat category, 
whereas habitat preference focused on fast-flowing habitat 
(riffle and rapid proportions merged). Fast-flowing habitat 
availability was estimated through habitat mapping con-
ducted under high-, average- and low-flow conditions. Habitat 
availability per season was then obtained by weighing flow 
conditions during tracking sessions within respective sea-
sons. Fast flow habitat preference per season was tested using 
a Wilcoxon signed-rank test where observed fast-flowing hab-
itat use was compared with available fast-flowing habitat in 
the four seasons. A generalised linear mixed model (GLMM) 
with a binomial error distribution (fast-flowing habitats: yes/
no for each fish position) was used to assess the effects of fish 
size and linear range, both scaled on fast-flowing habitat use. 
Fish ID was included as a random effect to account for re-
peated measures, and continuous variables (fish size and lin-
ear range) were standardised prior to modelling.

2.3.2   |   Day–Night Movement

Day–night movement was quantified as the linear distance in 
metres between paired day and night positions recorded during 
the 10 tracking sessions. Summary statistics, including median, 
interquartile range (IQR), minimum and maximum values, 
were calculated for each season (spring, late summer and win-
ter) across observations. The influence of fish size (length) and 
season on log-transformed day–night movement was analysed 
using an LMM, with fish ID included as a random effect. The ef-
fect of day/night on habitat use, fast-flowing habitat use (binary: 
1/0) was analysed using a GLMM, with fish ID as a random 
effect. To capture seasonal differences in diel habitat use, the 
model included an interaction between day/night and season 
(spring, late summer and winter). To further investigate activ-
ity patterns, data on seen (active) and not-seen (sheltering/in-
active) fish were used to test for differences in activity between 
day and night. The effect of day/night and season on observed 
activity (seen yes/no) was analysed using a GLMM, with fish ID 
included as a random effect.

2.3.3   |   Flow Velocity Preference

During manual tracking events on July 5 and July 10, 2023 (low-
flow conditions), direct measurements of local flow velocities 
were carried out at locations where tagged B. caninus individu-
als were detected. Fish exhibited varied behavioural responses 
upon detection: some individuals actively moved in search of 
refuges, whereas others remained stationary, either frozen on the 
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substrate or continuing their foraging behaviour undisturbed. The 
first precise position where each fish was detected was then used 
to measure local flow velocities using an electromagnetic flow-
meter (Seba Hydrometrie FlowSens) at half the water depth. In 
shallow areas, near-bottom flow velocities were recorded. A total 
of 70 flow velocity measurements at precise fish locations were 
collected, covering 51 fish individuals. To avoid intra-individual 
correlation, the analyses were performed using only the first re-
corded flow velocity for each individual. A Mann–Whitney U test 
was conducted to compare the flow velocity at the precise fish 
location with the mean velocity at the specific habitat unit where 
the fish was detected (based on the values measured during hab-
itat mapping at low-flow conditions). As the pools contained pre-
dominantly zero velocity zones, the comparisons were performed 
on pool data and flowing habitats (glides and fast-flowing types) 
separately. The non-parametric approach was applied due to the 
data not meeting the assumptions for parametric testing. The 
relationship between flow velocity measure and fish length was 
tested using linear regression.

2.3.4   |   Software and Tools

Statistical analyses were conducted in RStudio (version 
2022.02.0; R Core Team 2022). Geospatial data processing 
was performed using QGIS (version 3.24.3-Tisler). Data analy-
ses utilised the lme4 package (Bates et al. 2015) and lmerTest 
(Kuznetsova et  al.  2017), whereas mixed-effects model valida-
tions were conducted using the DHARMa package (Hartig and 
Hartig 2017).

3   |   Results

3.1   |   Movement Pattern and Habitat Use

In total, 164 out of 200 tagged fish in Rio Morsone (Table 1 and 
Table S1) were tracked alive between 2 and 30 times during the 
study period, with a median of seven detections (IQR = 5–10), 
while 36 individuals were either never detected or detected 
only once. The interval between the first and last detections 
ranged from 15 to 462 days, with a median duration of 197 days 
(min–max = 15–462 days, IQR: 129–244 days). The tracked fish 
exhibited a median linear home range of 33.7 m (min–max = 0.5–
320.8 m, IQR: 18.5–76.5 m).

Most of the fish (37%) remained within a localised area of ±10 m, 
while 31% moved upstream and 32% moved downstream from 
first to last detection. The linear range distribution (Figure  3) 
exhibited strong leptokurtosis (kurtosis = 7.2) and pronounced 
positive skewness (skewness = 12.0). Among fish observed for 

over a year, a similar pattern was noted, with leptokurtosis (kur-
tosis = 3.5) and positive skewness (skewness = 1.3). The linear 
home range for this group averaged 34.7 m, with values ranging 
from 5.2 to 257.6 m (IQR: 25.2–91.5 m; n = 24) with a median of 
17.5 detections (IQR = 11.5–22.5).

Linear range was significantly higher in spring (Figure 4) com-
pared to the baseline season, autumn (LMM, estimate = 0.686, 
p < 0.001). No significant differences were observed between au-
tumn and summer (p = 0.243) or autumn and winter (p = 0.498). 
Additionally, the number of detections had a weak but signifi-
cant effect on the linear range, with more detections associated 
with a slightly larger range (estimate = 0.104, p = 0.008). Fish 
length did not have a significant effect on linear range (esti-
mate = 0.008, p = 0.083).

Fish were tracked across all four available habitat types: pools 
(mean proportion = 33.0%), glides (12.4%), riffles (41.8%) and 
rapids (12.8%). Observed use of fast-flowing habitats (riffles and 
rapids) was significantly higher than available habitats during 
winter (Wilcoxon, V = 14,988, p = 0.001, n = 123) but not during 
autumn, spring or summer (Wilcoxon, V = 11,058, p = 0.2581 for 
autumn; V = 18,563, p = 0.403 for spring and V = 5263, p = 0.190 
for summer). The GLMM revealed no significant effects of size 
or linear range as predictors for detections in fast-flowing hab-
itats (linear range: estimate = −0.017, p = 0.879; size (length): 
estimate = 0.102, p = 0.361). However, a positive intercept sug-
gested a slightly higher overall likelihood of being found in fast-
flowing water (estimate = 0.223, p = 0.041; Figure 5).

3.2   |   Day–Night Movement

The overall median of all paired day–night movement values 
across all observations was 1.9 m (min–max: 0–25.0 m; IQR: 
0.2–4.9 m, n = 86). In spring, the median day–night movement 
across observations was 3 m (IQR: 1–10.5 m, range: 0–25 m, n = 27). 
In late summer, the median was 2 m (IQR: 0.875–5.25 m, range: 
0–20.7 m, n = 16). In winter, the median was 0.9 m (IQR: 0–2 m, 
range: 0–22.4 m, n = 43). No significant effect of fish size (length) 
on the extent of day–night movements was observed (LMM; coef-
ficient estimate = −0.0079, p = 0.336, n = 84). However, the extent 
of day–night movement was significantly higher in spring com-
pared to winter (LMM; coefficient estimate = 0.616, p = 0.010), in-
dicating diminished movement activity during the colder season. 
A tendency for higher movement in late summer than winter was 
also seen (LMM; coefficient estimate = 0.522, p = 0.056). Fish were 
more active (likely to be visually observed) at night compared to 
day (GLMM; estimate = 2.068, p < 0.001), and in late summer (es-
timate = 3.013, p < 0.001) and spring (estimate = 2.709, p < 0.001) 
compared to winter.

TABLE 1    |    Summary of biometric measurements (fork length and wet mass) for the 164 individuals tagged in March and October 2022 and 
included in the analysis. The biometric measurements for two individuals tagged in March 2022 are missing.

Length (mm) Mass (g)

nMedian IQR Min Max Median IQR Min Max

March 76 72–95 60 129 5.3 4.2–10.1 2.6 29 73

October 77 70–88 60 133 5.0 3.7–7.4 2.5 25.6 91
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3.3   |   Flow Velocity Preference

In the analysis of water velocities at the detection points of in-
dividual B. caninus across all habitat types within the river 
section, the median flow velocity was 0.015 m/s (min–max: 

0.001–0.210 m/s; IQR: 0.004–0.030 m/s; n = 70), highlighting 
their positioning within slow-flow small-scale environmental 
conditions in every habitat type, even when the overall habitat 
exhibited higher average water velocities. A Mann–Whitney U 
test comparing flow velocity at fish locations with the mean 

FIGURE 3    |    Frequency distributions of movement metrics for 164 B. caninus individuals in the Rio Morsone. (a) Linear range distribution shows 
the restricted movement of the population, with a leptokurtic distribution. The x-axis represents the linear range (m), whereas the y-axis indicates the 
number of individuals. (b) Net travelled distance distribution illustrates upstream movements (positive values) and downstream movements (nega-
tive values), with the x-axis showing net travelled distance (m) and the y-axis indicating frequency.

FIGURE 4    |    Box plots illustrating seasonal variations in the linear range (m) of B. caninus. Each box represents the interquartile range (IQR) 
of linear ranges for each season, with whiskers extending to 1.5 times the IQR. The median values are shown as horizontal lines within each box.
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habitat velocities revealed a statistically significant difference 
in flowing water habitats (W = 200, p = 0.0045, n = 27), with fish 
occupying areas of lower water velocity compared to the hab-
itat's mean, while no significant difference was found in pool 
habitats (W = 291, p = 0.9575, n = 24). Linear regression analysis 
demonstrated that fish length did not affect the observed flow 
velocities at these positions (R2 = 0.010, p = 0.483, n = 51).

4   |   Discussion

Barbus caninus predominantly exhibited stationary behaviour 
with a median linear range of 33.7 m. Only a few individuals dis-
played a longer range of movement, reaching up to 321 m. This 
pattern of limited linear range was consistent for fish monitored 
over a long-term period of 1 year and was not just an artefact of 
short-term monitoring. Compared to the other seasons, the fish 
showed a greater range of movement in general and between 
day and night in spring. They preferred faster flowing water in 
winter, while their distribution across fast-flowing habitat types 
did not differ from that of the available habitat during the rest 
of the year. Fish size or time of day did not influence habitat 
use. Within the mesohabitat, fish used locations with flow ve-
locity lower than the average stream section flow. Within a site, 
fish were more active (as opposed to sheltering) at night than 
during the day, and in spring and late summer than in win-
ter. The predominantly stationary behaviour observed aligns 
with previous studies showing that populations are typically 

composed of a small mobile fraction and a larger resident frac-
tion (Rodríguez  2002; Knaepkens et  al.  2004; De Leeuw and 
Winter 2008; Radinger and Wolter 2014). Limited home ranges 
could be a result of high local habitat diversity in the stream, as 
fish are able to feed, overwinter, and reproduce within a limited 
stream reach (Nakano et al. 1990; De Leeuw and Winter 2008; 
Britton and Pegg  2011; Schiavon et  al.  2025). Residency may 
also provide benefits in terms of familiarity with shelters, feed-
ing opportunities, conspecifics and predation threats (Nakano 
et al. 1990). The mobile fish, although few, on the other hand 
enhance population connectivity, enabling resource acquisition, 
competition avoidance and resilience to environmental changes 
(Gowan 2007). Particularly, upstream movers are essential for 
maintaining population dynamics and reducing the risk of local 
extinction in the upper reaches of rivers as older individuals 
offset downstream drift of early life stages, ensuring popula-
tion stability and connectivity (Humphries and Ruxton  2002; 
Chavez et al. 2024). Among the movers in this study, an almost 
equal number of fish were observed moving upstream and 
downstream.

The restricted movement patterns found for B. caninus in 
this study align with similar movement behaviour of the 
Italian riffle dace in the same system (Schiavon et al. 2025). 
Concerning other barbel species, a mark-and-recapture study 
on the Catalonian barbel indicated a similar result (Aparicio 
and De Sostoa 1999), albeit with a much lower temporal res-
olution. These stream barbels were mostly recaptured within 

FIGURE 5    |    Bar plots of habitat use, availability and preference for fast-flowing habitats (riffles and rapids). Light blue bars show the mean pro-
portion of fish locations within each habitat type; dark blue bars show the proportion of each habitat type available. The dashed line with black circles 
plots the preference index (use/availability) normalised to a 0–1 scale (Bunt et al. 2021). To derive habitat availability, each manual tracking event 
together with its associated flow condition was weighted according to how frequently it occurred, the manual tracking events were distributed as 
follows: spring (n = 15), summer (n = 10), autumn (n = 5) and winter (n = 7).
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10 m of their release site. The results from Aparicio and De 
Sostoa (1999) and our study, however, contrast with studies on 
larger barbel in larger rivers. For example, the broader fluvio-
lacustrine home ranges observed in common barbel, B. barbus, 
in a larger river, are on the scale of kilometres (De Leeuw and 
Winter 2008; Capra et al. 2018). Just for spawning, these large 
barbels are known to travel distances of up to 40 km (Panchan 
et  al.  2022). Relatively short movement ranges (100s of me-
tres) have, however, been reported also for common barbel in 
larger rivers, at least during limited tracking periods (Eggers 
et al. 2025). Directed spawning migrations have been reported 
for B. barbus, and described also for B. caninus (Bianco 2003; 
Bianco and Delmastro  2004). We found no evidence of such 
extensive spawning migrations in this study. Instead, the 
modest increase in linear range observed in spring may have 
resulted from heightened activity associated with searching 
for suitable spawning sites. While brief movements, such as 
short-term return migrations lasting only a few days (Fredrich 
et al. 2003) may have escaped detection within our tracking 
interval, the lack of long-distance dispersal is likely attribut-
able to the stream's hydromorphological richness, which pro-
vides a diversity of easily accessible spawning habitats along 
the study reach (De Leeuw and Winter 2008).

Barbus caninus exploits a variety of habitats, including pools, 
riffles and rapids. Interestingly, a slight habitat shift was ob-
served during the winter season, with a higher frequency of 
detections in riffle and rapid habitats compared to other sea-
sons. This shift coincided with increased water flow levels, 
likely expanding the availability of these fast-flowing habi-
tats. However, even after accounting for the increased habitat 
availability in winter, the higher detection rates in fast-flowing 
water suggest a slight behavioural preference. In summer, the 
fish tended to increase their occupancy of pools (the inverse 
of fast-flowing habitat use). This behaviour is likely driven 
by the reduced availability of fast-flowing, shallow habitats 
during this period, triggering the fish to move into deeper, 
more stable and permanent river sections. Additionally, 
deeper sections may provide cooler, thermally stable refuges 
(Frechette et  al.  2018). These combined factors, the limited 
shallow fast-flowing habitat availability, the need for ther-
mal refuge and the necessity to escape intermittent reaches 
(Aparicio and De Sostoa 1999; Pires et al. 2014) likely contrib-
ute to this observation. However, further studies are needed to 
determine the primary driver of this behaviour. Inter-specific 
interactions can also influence the movement and habitat use, 
particularly when mediated through aggressive interactions 
(Chapman  1962; Nakano  1995). Aggressive behaviour is not 
considered a significant factor in B. caninus behaviour. In 
fact, no such interactions were noted in this study, nor have 
they been documented in prior laboratory studies (Nyqvist 
et  al.  2024). The fact that size did not influence movement 
or habitat use could indicate the limited importance of inter-
specific interactions and it also suggests that, within the size 
range studied (> 6 cm), no important ontogenetic habitat re-
quirements occur (Gowan and Fausch 2002).

The analysis of day–night movement patterns in B. caninus 
revealed minimal movement and no difference in habitat 
use between day and night. The maximum recorded diel net 
movement was limited to 25 m. The consistent use of habitats 

throughout the diel cycle suggests that B. caninus predomi-
nantly occupied stable positions offering readily available re-
sources and refuges. This behaviour contrasts with findings 
in other species, such as substantial diel movements reported 
in Catostomus species by Booth et  al.  (2013) and shifts from 
slow to fast-flowing water in cutthroat trout (Hilderbrand 
and Kershner  2004). Similar, as for the seasonal movement 
patterns, the limited range of movement observed during the 
10-paired day and night tracking sessions in B. caninus may 
again be explained by the heterogeneity of its habitats, which 
provide sufficient feeding opportunities and refuges within 
short distances. This localised habitat availability likely re-
duces the requirement for extensive nocturnal movements. 
The fish did, however, display increased activity during night 
while exhibiting a higher tendency to shelter during the day. A 
similar behaviour has been reported for bull trout (Salvelinus 
confluentus) that emerged to feed in shallow areas during the 
night while remaining concealed during the day, presumably 
as a predation avoidance strategy (Muhlfeld et al. 2003). Also, 
other salmonids (Heggenes et al. 1993; Kambestad et al. 2022) 
and sculpins (Greenberg and Holtzman  1987) have been re-
ported to remain sheltered during the day and emerged to feed 
at night. This is also in line with increased movement activ-
ity at night for other barbel across various life stages (Copp 
et  al.  2002; Eggers et  al.  2025). Iberian barbel, for example, 
show a preference to migrate at night (Santos et al. 2005). Over 
the year, the tagged fish were also less active and more likely 
to shelter in winter compared to autumn and spring. This is 
in line with literature documenting decreased winter activity 
in the Barbus genus (Baras 1995; Lucas and Batley 1996), and 
in many other fish species. In winter, reduced metabolic rates 
reduce the energy requirement while lower swimming perfor-
mance increases the predation risk (Shuter et al. 2012), espe-
cially in relation to warm-blooded predators such as birds and 
mammals (Watz and Piccolo  2011; Watz et  al.  2016). Higher 
water levels, associated with more difficulties to observe fish, 
might, however, also have contributed to the lower activity lev-
els observed in winter.

Interestingly, B. caninus demonstrated a clear preference for 
areas with lower flow velocities relative to the mean flow ve-
locity of the habitat types where it was observed; the species 
selectively occupied micro-scale areas with reduced water ve-
locity. This behaviour likely represents an adaptation to balance 
energy expenditure with resource acquisition in high-flow en-
vironments (Piccolo et al. 2008). Small-bodied fish like B. cani-
nus can easily exploit localised low-velocity zones compared to 
larger fish (Knapp et al. 2019). As a benthic species, B. caninus 
likely uses even slower boundary layers near the substrate, fur-
ther reducing flow velocity and energy expenditure compared to 
the velocity being measured at mid-water depth. It is important 
to note that this analysis was conducted during the summer of 
2023, a period characterised by reduced water velocities in the 
studied river section due to low-flow conditions. These findings 
provide first insights into the flow preferences of B. caninus and 
warrant further investigation; in particular, research across all 
seasons is needed to fully understand the energetic advantages 
and habitat preferences of B. caninus under varying flow condi-
tions. The fact that the actual hydrodynamic used differs from 
that assigned to the fish based on mesohabitat features can have 
implications for both habitat models (Parasiewicz 2007; Vezza 
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et al. 2014; Negro et al. 2021) and individual-based behavioural 
modelling (Mawer et al. 2023) as average conditions do not al-
ways correspond to conditions experienced by the fish.

5   |   Conclusion

The study revealed that B. caninus predominantly exhibited sta-
tionary behaviour, and most individuals displayed strong site fi-
delity, relying on localised habitats that are likely to offer diverse 
and accessible resources. Movement patterns were highly re-
stricted, with diel shifts limited to a few metres. Seasonal varia-
tions showed slightly increased activity in spring, but movements 
remained confined to localised areas without evidence of exten-
sive spawning migrations. A small mobile fraction of B. caninus 
likely plays a crucial role in maintaining population connec-
tivity, genetic flow and recolonisation of habitats (Humphries 
and Ruxton  2002). These mobile individuals contribute to the 
species' resilience against environmental changes, emphasising 
the importance of longitudinal connectivity in both upstream 
and downstream directions, even in a predominantly resident 
fish population (De Fries et al. 2022). To safeguard B. caninus, 
conservation efforts must focus on preserving habitat hetero-
geneity and ensuring longitudinal connectivity. Such measures 
will support both sedentary and mobile individuals, facilitating 
dispersal, recolonisation and long-term population stability. By 
implementing these strategies, the conservation of endangered 
B. caninus in its ecosystem can be effectively improved.

Author Contributions

Conceptualization: A.C., A.S., C.C., D.N., J.W. Data collection: A.C., 
A.S., D.N., M.S. Data analysis: A.S., D.N., J.W. Manuscript drafting: 
A.S., D.N. Manuscript review and editing: A.S., A.C., D.N., C.C., F.H., 
M.S., J.W. Funding acquisition: C.C., F.H.

Acknowledgements

This research project has received funding from the European Union 
Horizon 2020 Research and Innovation Programme under the Marie 
Sklodowska-Curie Actions, Grant Agreement No. 860800. We wish 
to acknowledge Muhammad Usama Ashraf, Alessandro Balestrieri, 
Alfredo Facciuolo, Marco De Stefano, Alessandra Di Bonito, Zeno 
Porro, Luigi D. Schiavon and Fabio Tarena for the precious technical 
support provided during the field data collection. Open Access funding 
enabled and organized by Projekt DEAL.

Ethics Statement

We conducted this study in accordance with the Ufficio Tecnico 
Faunistico e Ittiofauna of the Provincia di Alessandria (authorisation 
numbers 65493 and DDAP2-939, dated November 11, 2021), as defined 
in Article 2 of Decree no. 26/2014 (implementation of Directive 2010/63/
EU), and with Aree Protette Appennino Piemontese's agreement (au-
thorisation number: 1072, dated February 15, 2022).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The dataset is generated for this study. The data that support the find-
ings of this study are available from the corresponding author.

References

Allen, A. M., and N. J. Singh. 2016. “Linking Movement Ecology With 
Wildlife Management and Conservation.” Frontiers in Ecology and 
Evolution 3: 155. https://​doi.​org/​10.​3389/​fevo.​2015.​00155​.

Aparicio, E., and A. De Sostoa. 1999. “Pattern of Movements of Adult 
Barbus haasi in a Small Mediterranean Stream.” Journal of Fish Biology 
55: 1086–1095. https://​doi.​org/​10.​1111/j.​1095-​8649.​1999.​tb007​43.​x.

Baras, E. 1995. “Seasonal Activities of Barbus barbus: Effect of 
Temperature on Time-Budgeting.” Journal of Fish Biology 46: 806–818. 
https://​doi.​org/​10.​1111/J.​1095-​8649.​1995.​TB016​03.​X.

Barbarossa, V., J. Bosmans, N. Wanders, et al. 2021. “Threats of Global 
Warming to the World's Freshwater Fishes.” Nature Communications 
12: 1701. https://​doi.​org/​10.​1038/​s4146​7-​021-​21655​-​w.

Bates, D., M. Mächler, B. Bolker, and S. Walker. 2015. “Fitting Linear 
Mixed-Effects Models Using lme4.” Journal of Statistical Software 67, 
no. 1: 1–48. https://​doi.​org/​10.​18637/​​jss.​v067.​i01.

Belletti, B., C. Garcia de Leaniz, J. Jones, et al. 2020. “More Than One 
Million Barriers Fragment Europe's Rivers.” Nature 588: 436–441. 
https://​doi.​org/​10.​1038/​s4158​6-​020-​3005-​2.

Benitez, J. P., B. Nzau Matondo, A. Dierckx, and M. Ovidio. 2015. “An 
Overview of Potamodromous Fish Upstream Movements in Medium-
Sized Rivers, by Means of Fish Passes Monitoring.” Aquatic Ecology 49: 
481–497. https://​doi.​org/​10.​1007/​s1045​2-​015-​9541-​4.

Bianco, P. G. 2003. “Barbus caninus Bonaparte, 1839.” In The Freshwater 
Fishes of Europe, Vol. 5/II, Cyprinidae 2, Part II: Barbus, edited by P. M. 
Bănărescu and N. G. Bogutskaya, 129–146. AULA Verlag.

Bianco, P. G., and G. Delmastro. 2004. “Threatened Fishes of the World: 
Barbus caninus Bonaparte, 1839 (Cyprinidae).” Environmental Biology 
of Fishes 71, no. 4: 352. https://​doi.​org/​10.​1007/​s1064​1-​004-​1033-​7.

Booth, M. T., N. G. Hairston, and A. S. Flecker. 2013. “How Mobile 
Are Fish Populations? Diel Movement, Population Turnover, and Site 
Fidelity in Suckers.” Canadian Journal of Fisheries and Aquatic Sciences 
70, no. 5: 666–677. https://​doi.​org/​10.​1139/​cjfas​-​2012-​0334.

Bravo-Córdoba, F. J., F. J. Sanz-Ronda, J. Ruiz-Legazpi, J. Valbuena-
Castro, and S. Makrakis. 2018. “Vertical Slot Versus Submerged Notch 
With Bottom Orifice: Looking for the Best Technical Fishway Type for 
Mediterranean Barbels.” Ecological Engineering 122: 120–125. https://​
doi.​org/​10.​1016/j.​ecole​ng.​2018.​07.​019.

Britton, J. R. 2023. “Contemporary Perspectives on the Ecological 
Impacts of Invasive Freshwater Fishes.” Journal of Fish Biology 103, no. 
4: 752–764. https://​doi.​org/​10.​1111/​jfb.​15240​.

Britton, J. R., and J. Pegg. 2011. “Ecology of European Barbel Barbus 
Barbus: Implications for River, Fishery, and Conservation Management.” 
Reviews in Fisheries Science 19, no. 4: 321–330. https://​doi.​org/​10.​1080/​
10641​262.​2011.​599886.

Brooks, J. L., C. Boston, S. Doka, et  al. 2017. “Use of Fish Telemetry 
in Rehabilitation Planning, Management, and Monitoring in Areas of 
Concern in the Laurentian Great Lakes.” Environmental Management 
60, no. 6: 1139–1154. https://​doi.​org/​10.​1007/​s0026​7-​017-​0937-​x.

Bunt, C. M., B. Jacobson, T. Fernandes, L. Ridgway, and B. McMeans. 
2021. “Site Fidelity and Seasonal Habitat Preferences of Largemouth 
Bass (Micropterus salmoides) in a Temperate Regulated Reservoir.” 
Hydrobiologia 848: 2595–2609. https://​doi.​org/​10.​1007/​s1075​0-​021-​
04582​-​1.

Capra, H., H. Pella, and M. Ovidio. 2018. “Individual Movements, 
Home Ranges and Habitat Use by Native Rheophilic Cyprinids and 
Non-Native Catfish in a Large Regulated River.” Fisheries Management 
and Ecology 25, no. 2: 136–149. https://​doi.​org/​10.​1111/​fme.​12272​.

Carosi, A., L. Ghetti, G. La Porta, and M. Lorenzoni. 2017. “Ecological 
Effects of the European Barbel Barbus barbus (L., 1758) (Cyprinidae) 
Invasion on Native Barbel Populations in the Tiber River Basin (Italy).” 

 16000633, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eff.70017 by C

ochraneItalia, W
iley O

nline L
ibrary on [19/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fevo.2015.00155
https://doi.org/10.1111/j.1095-8649.1999.tb00743.x
https://doi.org/10.1111/J.1095-8649.1995.TB01603.X
https://doi.org/10.1038/s41467-021-21655-w
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/s41586-020-3005-2
https://doi.org/10.1007/s10452-015-9541-4
https://doi.org/10.1007/s10641-004-1033-7
https://doi.org/10.1139/cjfas-2012-0334
https://doi.org/10.1016/j.ecoleng.2018.07.019
https://doi.org/10.1016/j.ecoleng.2018.07.019
https://doi.org/10.1111/jfb.15240
https://doi.org/10.1080/10641262.2011.599886
https://doi.org/10.1080/10641262.2011.599886
https://doi.org/10.1007/s00267-017-0937-x
https://doi.org/10.1007/s10750-021-04582-1
https://doi.org/10.1007/s10750-021-04582-1
https://doi.org/10.1111/fme.12272


10 of 12 Ecology of Freshwater Fish, 2025

European Zoological Journal 84, no. 1: 420–435. https://​doi.​org/​10.​1080/​
24750​263.​2017.​1341959.

Chapman, D. W. 1962. “Aggressive Behavior in Juvenile Coho Salmon 
as a Cause of Emigration.” Journal of the Fisheries Research Board of 
Canada 19, no. 6: 1047–1080. https://​doi.​org/​10.​1139/​f62-​069.

Chavez, M. J., P. Budy, and C. A. Pennock. 2024. “Movement Patterns 
of a Small-Bodied Minnow Suggest Nomadism in a Fragmented, Desert 
River.” Movement Ecology 12: 52. https://​doi.​org/​10.​1186/​s4046​2-​024-​
00490​-​w.

Cooke, S. J., J. N. Bergman, W. M. Twardek, et al. 2022. “The Movement 
Ecology of Fishes.” Journal of Fish Biology 101, no. 4: 756–779. https://​
doi.​org/​10.​1111/​jfb.​15153​.

Copp, G. H., H. Faulkner, S. Doherty, M. S. Watkins, and J. Majecki. 
2002. “Diel Drift Behaviour of Fish Eggs and Larvae, in Particular 
Barbel, Barbus barbus (L.), in an English Chalk Stream.” Fisheries 
Management and Ecology 9, no. 2: 95–103. https://​doi.​org/​10.​1046/j.​
1365-​2400.​2002.​00286.​x.

De Fries, L., M. Camana, M. Guimarães, and F. G. Becker. 2023. “Road 
Crossings Hinder the Movement of a Small Non-Migratory Stream 
Fish.” Environmental Biology of Fishes 106, no. 6: 1295–1311. https://​doi.​
org/​10.​1007/​s1064​1-​023-​01416​-​y.

De Fries, L., M. Camana, S. M. Hartz, and F. G. Becker. 2022. 
“Heterogeneous Movement by a Small Non-Migratory Stream Fish.” 
Environmental Biology of Fishes 105: 1873–1885. https://​doi.​org/​10.​
1007/​s1064​1-​021-​01194​-​5.

De Leeuw, J. J., and H. V. Winter. 2008. “Migration of Rheophilic Fish 
in the Large Lowland Rivers Meuse and Rhine, the Netherlands.” 
Fisheries Management and Ecology 15, no. 5–6: 409–415. https://​doi.​
org/​10.​1111/j.​1365-​2400.​2008.​00626.​x.

Dudgeon, D. 2019. “Multiple Threats Imperil Freshwater Biodiversity in 
the Anthropocene.” Current Biology 29, no. 19: R960–R967. https://​doi.​
org/​10.​1016/j.​cub.​2019.​08.​002.

Eggers, F., A. Schiavon, O. Calles, et  al. 2025. “Fish Behaviour in 
a Vertical Slot Fishway: Multi-Species Upstream Passage Success, 
Size Selectivity and Diel Passage Patterns in a Large Italian River.” 
River Research and Applications 41: 849–863. https://​doi.​org/​10.​1002/​
rra.​4409.

Ferrari, C., F. Piccoli, A. Voccia, et  al. 2025. “Conservation Genetics 
of Barbel Species (Teleostei, Cyprinidae) Facing Hybridization and 
Introgression Along an Elevational Gradient in Protected Areas of 
Northern Italy.” Zoologica Scripta 54: 1–16. https://​doi.​org/​10.​1111/​zsc.​
12691​.

Fortini, N. 2016. Nuovo atlante dei pesci delle acque interne italiane: 
guida completa ai pesci, ciclostomi e crostacei decapodi di acque dolci e 
salmastre. Aracne editrice.

Frechette, D. M., S. J. Dugdale, J. J. Dodson, and N. E. Bergeron. 2018. 
“Understanding Summertime Thermal Refuge Use by Adult Atlantic 
Salmon Using Remote Sensing, River Temperature Monitoring, and 
Acoustic Telemetry.” Canadian Journal of Fisheries and Aquatic 
Sciences 75, no. 11: 1999–2010. https://​doi.​org/​10.​1139/​cjfas​-​2017-​0422.

Fredrich, F., S. Ohmann, B. Curio, and F. Kirschbaum. 2003. “Spawning 
Migrations of the Chub in the River Spree, Germany.” Journal of Fish 
Biology 63: 710–723. https://​doi.​org/​10.​1046/j.​1095-​8649.​2003.​00184.​x.

Gardner, C. J., D. C. Deeming, and P. E. Eady. 2015. “Seasonal Water 
Level Manipulation for Flood Risk Management Influences Home-
Range Size of Common Bream Abramis brama L. in a Lowland River.” 
River Research and Applications 31: 165–172. https://​doi.​org/​10.​1002/​
rra.​2727.

Gowan, C. 2007. “Short-Term Cues Used by Foraging Trout in a 
California Stream.” Environmental Biology of Fishes 78: 317–331. https://​
doi.​org/​10.​1007/​s1064​1-​006-​9099-​z.

Gowan, C., and K. D. Fausch. 2002. “Why Do Foraging Stream 
Salmonids Move During Summer?” Environmental Biology of Fishes 64, 
no. 1–3: 139–153. https://​doi.​org/​10.​1023/A:​10160​10723609.

Greenberg, L. A., and D. A. Holtzman. 1987. “Microhabitat Utilization, 
Feeding Periodicity, Home Range and Population Size of the Banded 
Sculpin, Cottus carolinae.” Copeia 1987: 19–25.

Grimardias, D., C. Chasserieau, M. Beaufils, and F. Cattanéo. 2022. 
“Ecological Connectivity of the Upper Rhône River: Upstream Fish 
Passage at Two Successive Large Hydroelectric Dams for Partially 
Migratory Species.” Ecological Engineering 178: 106545. https://​doi.​org/​
10.​1016/j.​ecole​ng.​2022.​106545.

Hartig, F., and M. F. Hartig. 2017. “Package ‘DHARMa’.” R Development 
Core Team.

Heggenes, J., O. M. W. Krog, O. R. Lindås, and J. G. Dokk. 1993. 
“Homeostatic Behavioural Responses in a Changing Environment: 
Brown Trout (Salmo trutta) Become Nocturnal During Winter.” Journal 
of Animal Ecology 62: 295–308. https://​doi.​org/​10.​2307/​5361.

Hicks, K. A., and M. R. Servos. 2017. “Site Fidelity and Movement of a 
Small-Bodied Fish Species, the Rainbow Darter (Etheostoma caeruleum): 
Implications for Environmental Effects Assessment.” River Research and 
Applications 33, no. 7: 1016–1025. https://​doi.​org/​10.​1002/​rra.​3161.

Hilderbrand, R. H., and J. L. Kershner. 2004. “Are There Differences in 
Growth and Condition Between Mobile and Resident Cutthroat Trout?” 
Transactions of the American Fisheries Society 133: 1042–1046. https://​
doi.​org/​10.​1577/​T03-​015.​1.

Humphries, S., and G. D. Ruxton. 2002. “Is There Really a Drift 
Paradox?” Journal of Animal Ecology 71, no. 1: 151–154. https://​doi.​org/​
10.​1046/j.​0021-​8790.​2001.​00579.​x.

IPBES. 2019. “Global Assessment Report on Biodiversity and 
Ecosystem Services of the Intergovernmental Science-Policy Platform 
on Biodiversity and Ecosystem Services.” Edited by E. S. Brondizio, J. 
Settele, S. Díaz, and H. T. Ngo. IPBES Secretariat. https://​doi.​org/​10.​
5281/​zenodo.​3831673.

ISO 748. 2021. “Hydrometry. Measurement of Liquid Flow in Open 
Channels. Velocity Area Methods Using Point Velocity Measurements.” 
https://​www.​iso.​org/​obp/​ui/​en/#​iso:​std:​72754:​en.

IUCN. 2025. “The IUCN Red List of Threatened Species (Version 2025-
1).” https://​www.​iucnr​edlist.​org.

Kambestad, M., B. A. Hellen, K. Jensen, and H. Sægrov. 2022. 
“Improving Salmonid Monitoring by Nocturnal Counting in Rivers.” 
North American Journal of Fisheries Management 42: 1185–1195. https://​
doi.​org/​10.​1002/​nafm.​10811​.

Knaepkens, G., L. Bruyndoncx, and M. Eens. 2004. “Assessment of 
Residency and Movement of the Endangered Bullhead (Cottus gobio) in 
Two Flemish Rivers.” Ecology of Freshwater Fish 13: 317–322. https://​
doi.​org/​10.​1111/j.​1600-​0633.​2004.​00065.​x.

Knapp, M., J. Montgomery, C. Whittaker, P. Franklin, C. Baker, and 
H. Friedrich. 2019. “Fish Passage Hydrodynamics: Insights Into 
Overcoming Migration Challenges for Small-Bodied Fish.” Journal of 
Ecohydraulics 4, no. 1: 43–55. https://​doi.​org/​10.​1080/​24705​357.​2019.​
1604091.

Kottelat, M., and J. Freyhof. 2007. Handbook of European Freshwater 
Fishes. Publications Kottelat.

Kuznetsova, A., P. B. Brockhoff, and R. H. B. Christensen. 2017. “lmerT-
est Package: Tests in Linear Mixed Effects Models.” Journal of Statistical 
Software 82, no. 13: 1–26. https://​doi.​org/​10.​18637/​​jss.​v082.​i13.

Levin, B. A., A. A. Gandlin, E. S. Simonov, et  al. 2019. “Phylogeny, 
Phylogeography and Hybridization of Caucasian Barbels of the Genus 
Barbus (Actinopterygii, Cyprinidae).” Molecular Phylogenetics and 
Evolution 135: 31–44. https://​doi.​org/​10.​1016/j.​ympev.​2019.​02.​025.

 16000633, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eff.70017 by C

ochraneItalia, W
iley O

nline L
ibrary on [19/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1080/24750263.2017.1341959
https://doi.org/10.1080/24750263.2017.1341959
https://doi.org/10.1139/f62-069
https://doi.org/10.1186/s40462-024-00490-w
https://doi.org/10.1186/s40462-024-00490-w
https://doi.org/10.1111/jfb.15153
https://doi.org/10.1111/jfb.15153
https://doi.org/10.1046/j.1365-2400.2002.00286.x
https://doi.org/10.1046/j.1365-2400.2002.00286.x
https://doi.org/10.1007/s10641-023-01416-y
https://doi.org/10.1007/s10641-023-01416-y
https://doi.org/10.1007/s10641-021-01194-5
https://doi.org/10.1007/s10641-021-01194-5
https://doi.org/10.1111/j.1365-2400.2008.00626.x
https://doi.org/10.1111/j.1365-2400.2008.00626.x
https://doi.org/10.1016/j.cub.2019.08.002
https://doi.org/10.1016/j.cub.2019.08.002
https://doi.org/10.1002/rra.4409
https://doi.org/10.1002/rra.4409
https://doi.org/10.1111/zsc.12691
https://doi.org/10.1111/zsc.12691
https://doi.org/10.1139/cjfas-2017-0422
https://doi.org/10.1046/j.1095-8649.2003.00184.x
https://doi.org/10.1002/rra.2727
https://doi.org/10.1002/rra.2727
https://doi.org/10.1007/s10641-006-9099-z
https://doi.org/10.1007/s10641-006-9099-z
https://doi.org/10.1023/A:1016010723609
https://doi.org/10.1016/j.ecoleng.2022.106545
https://doi.org/10.1016/j.ecoleng.2022.106545
https://doi.org/10.2307/5361
https://doi.org/10.1002/rra.3161
https://doi.org/10.1577/T03-015.1
https://doi.org/10.1577/T03-015.1
https://doi.org/10.1046/j.0021-8790.2001.00579.x
https://doi.org/10.1046/j.0021-8790.2001.00579.x
https://doi.org/10.5281/zenodo.3831673
https://doi.org/10.5281/zenodo.3831673
https://www.iso.org/obp/ui/en/#iso:std:72754:en
https://www.iucnredlist.org
https://doi.org/10.1002/nafm.10811
https://doi.org/10.1002/nafm.10811
https://doi.org/10.1111/j.1600-0633.2004.00065.x
https://doi.org/10.1111/j.1600-0633.2004.00065.x
https://doi.org/10.1080/24705357.2019.1604091
https://doi.org/10.1080/24705357.2019.1604091
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/j.ympev.2019.02.025


11 of 12

Lucas, M., and E. Batley. 1996. “Seasonal Movements and Behaviour of 
Adult Barbel (Barbus barbus), a Riverine Cyprinid Fish: Implications 
for River Management.” Journal of Applied Ecology 33: 1345–1358. 
https://​doi.​org/​10.​2307/​2404775.

Maasri, A., S. C. Jähnig, M. C. Adamescu, et al. 2022. “A Global Agenda 
for Advancing Freshwater Biodiversity Research.” Ecology Letters 25, 
no. 2: 255–263. https://​doi.​org/​10.​1111/​ele.​13931​.

Machordom, A., and I. Doadrio. 2001. “Evolutionary History and 
Speciation Modes in the Cyprinid Genus Barbus.” Proceedings of the 
Royal Society of London Series B: Biological Sciences 268, no. 1473: 1297–
1306. https://​doi.​org/​10.​1098/​rspb.​2001.​1654.

Marnane, M. J. 2000. “Site Fidelity and Homing Behaviour in Coral Reef 
Cardinalfishes.” Journal of Fish Biology 57, no. 6: 1590–1600. https://​doi.​
org/​10.​1111/j.​1095-​8649.​2000.​tb022​34.​x.

Mawer, R., I. S. Pauwels, S. P. Bruneel, et al. 2023. “Individual Based 
Models for the Simulation of Fish Movement Near Barriers: Current 
Work and Future Directions.” Journal of Environmental Management 
335: 117538. https://​doi.​org/​10.​1016/j.​jenvm​an.​2023.​117538.

Meraner, A., A. Venturi, G. F. Ficetola, S. Rossi, A. Candiotto, and 
A. Gandolfi. 2013. “Massive Invasion of Exotic Barbus barbus and 
Introgressive Hybridization With Endemic Barbus plebejus in Northern 
Italy: Where, How and Why?” Molecular Ecology 22, no. 21: 5295–5312. 
https://​doi.​org/​10.​1111/​mec.​12470​.

Merciai, R., L. L. Bailey, K. R. Bestgen, et  al. 2018. “Water Diversion 
Reduces Abundance and Survival of Two Mediterranean Cyprinids.” 
Ecology of Freshwater Fish 27: 481–491. https://​doi.​org/​10.​1111/​eff.​
12363​.

Muhlfeld, C. C., S. Glutting, R. Hunt, D. Daniels, and B. Marotz. 2003. 
“Winter Diel Habitat Use and Movement by Subadult Bull Trout in 
the Upper Flathead River, Montana.” North American Journal of 
Fisheries Management 23, no. 1: 163–171. https://​doi.​org/​10.​1577/​1548-​
8675(2003)​023<​0163:​WDHUA​M>​2.0.​CO;​2.

Nakano, S. 1995. “Individual Differences in Resource Use, Growth and 
Emigration Under the Influence of a Dominance Hierarchy in Fluvial 
Red-Spotted Masu Salmon in a Natural Habitat.” Journal of Animal 
Ecology 64: 75–84. https://​doi.​org/​10.​2307/​5828.

Nakano, S., T. Kachi, and M. Nagoshi. 1990. “Restricted Movement of 
the Fluvial Form of Red-Spotted Masu Salmon, Oncorhynchus masou 
Rhodurus, in a Mountain Stream, Central Japan.” Japanese Journal of 
Ichthyology 37: 158–163. https://​doi.​org/​10.​11369/​​jji19​50.​37.​158.

Negro, G., S. Fenoglio, E. Quaranta, C. Comoglio, I. Garzia, and P. Vezza. 
2021. “Habitat Preferences of Italian Freshwater Fish: A Systematic 
Review of Data Availability for Applications of the MesoHABSIM 
Model.” Frontiers in Environmental Science 9: 634737. https://​doi.​org/​
10.​3389/​fenvs.​2021.​634737.

Nyqvist, D., A. Schiavon, A. Candiotto, F. Tarena, and C. Comoglio. 2024. 
“Survival and Swimming Performance in Small-Sized South European 
Cypriniformes Tagged With Passive Integrated Transponders.” Journal 
of Ecohydraulics 9, no. 2: 248–258. https://​doi.​org/​10.​1080/​24705​357.​
2024.​2306419.

Ovidio, M., D. Parkinson, J. C. Philippart, and E. Baras. 2007. 
“Multiyear Homing and Fidelity to Residence Areas by Individual 
Barbel (Barbus barbus).” Belgian Journal of Zoology 137, no. 2: 
183–190.

Panchan, R., K. Pinter, S. Schmutz, and G. Unfer. 2022. “Seasonal 
Migration and Habitat Use of Adult Barbel (Barbus barbus) and Nase 
(Chondrostoma nasus) Along a River Stretch of the Austrian Danube 
River.” Environmental Biology of Fishes 105, no. 11: 1601–1616. https://​
doi.​org/​10.​1007/​s1064​1-​022-​01352​-​3.

Parasiewicz, P. 2007. “The MesoHABSIM Model Revisited.” River 
Research and Applications 23: 893–903. https://​doi.​org/​10.​1002/​
rra.​1045.

Piccolo, J. J., N. F. Hughes, and M. D. Bryant. 2008. “Development of 
Net Energy Intake Models for Drift-Feeding Juvenile Coho Salmon and 
Steelhead.” Environmental Biology of Fishes 83: 259–267. https://​doi.​
org/​10.​1007/​s1064​1-​008-​9330-​1.

Pires, D. F., P. Beja, and M. F. Magalhães. 2014. “Out of Pools: Movement 
Patterns of Mediterranean Stream Fish in Relation to Dry Season 
Refugia.” River Research and Applications 30: 1269–1280. https://​doi.​
org/​10.​1002/​rra.​2776.

Radinger, J., and C. Wolter. 2014. “Patterns and Predictors of Fish 
Dispersal in Rivers.” Fish and Fisheries 15: 456–473. https://​doi.​org/​10.​
1111/​faf.​12028​.

R Core Team. 2022. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing. https://​www.R-​
proje​ct.​org.

Rodríguez, M. A. 2002. “Restricted Movement in Stream Fish: The 
Paradigm Is Incomplete, Not Lost.” Ecology 83, no. 1: 1–13. https://​doi.​
org/​10.​1890/​00129​658(2002)​083[0001:​RMISFT]​2.0.​CO;​2.

Rondinini, C., A. Battistoni, and C. Teofili. 2022. Lista Rossa IUCN dei 
vertebrati italiani 2022. Comitato Italiano IUCN e Ministero dell'Ambi-
ente e della Sicurezza Energetica.

Santos, J. M., M. T. Ferreira, F. N. Godinho, and J. Bochechas. 2005. 
“Efficacy of a Nature-Like Bypass Channel in a Portuguese Lowland 
River.” Journal of Applied Ichthyology 21, no. 5: 381–388. https://​doi.​org/​
10.​1111/j.​1439-​0426.​2005.​00616.​x.

Sayer, C. A., E. Fernando, R. R. Jimenez, et al. 2025. “One-Quarter of 
Freshwater Fauna Threatened With Extinction.” Nature 638: 138–145. 
https://​doi.​org/​10.​1038/​s4158​6-​024-​08375​-​z.

Schiavon, A., C. Comoglio, A. Candiotto, F. Hölker, M. U. Ashraf, and D. 
Nyqvist. 2023. “Survival and Swimming Performance of a Small-Sized 
Cypriniformes (Telestes muticellus) Tagged With Passive Integrated 
Transponders.” Journal of Limnology 82, no. 1. https://​doi.​org/​10.​4081/​
jlimn​ol.​2023.​2129.

Schiavon, A., C. Comoglio, A. Candiotto, et al. 2024. “Navigating the 
Drought: Upstream Migration of a Small-Sized Cypriniformes (Telestes 
muticellus) in Response to Drying in a Partially Intermittent Mountain 
Stream.” Knowledge and Management of Aquatic Ecosystems 425: 6. 
https://​doi.​org/​10.​1051/​kmae/​2024003.

Schiavon, A., C. Comoglio, A. Candiotto, et  al. 2025. “Individual 
Movement Behaviour and Habitat Use of a Small-Sized Cypriniform 
(Telestes muticellus) in a Mountain Stream.” Environmental Biology of 
Fishes 108: 241–258. https://​doi.​org/​10.​1007/​s1064​1-​024-​01661​-​9.

Shuter, B. J., A. G. Finstad, I. P. Helland, I. Zweimüller, and F. Hölker. 
2012. “The Role of Winter Phenology in Shaping the Ecology of 
Freshwater Fish and Their Sensitivities to Climate Change.” Aquatic 
Sciences 74: 637–657. https://​doi.​org/​10.​1007/​s0002​7-​012-​0274-​3.

Skoulikidis, N. T., S. Sabater, T. Datry, et  al. 2017. “Non-Perennial 
Mediterranean Rivers in Europe: Status, Pressures, and Challenges for 
Research and Management.” Science of the Total Environment 577: 1–18. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​10.​147.

Smialek, N., J. Pander, M. Mueller, R. van Treeck, C. Wolter, and J. 
Geist. 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, no. 18: 5011. 
https://​doi.​org/​10.​3390/​su111​85011​.

Tsigenopoulos, C. S., P. Berrebi, J. D. Durand, D. Crosetti, and A. Snoj. 
2002. “Genetic Structure and Phylogeography of Barbus caninus, 
an Endangered Fish Inhabiting Southern European Water Basins.” 
Molecular Ecology 11: 2173–2186. https://​doi.​org/​10.​1006/​mpev.​
1999.​0702.

van Puijenbroek, P. J. T. M., A. D. Buijse, M. H. S. Kraak, and P. F. 
M. Verdonschot. 2019. “Species and River Specific Effects of River 

 16000633, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eff.70017 by C

ochraneItalia, W
iley O

nline L
ibrary on [19/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.2307/2404775
https://doi.org/10.1111/ele.13931
https://doi.org/10.1098/rspb.2001.1654
https://doi.org/10.1111/j.1095-8649.2000.tb02234.x
https://doi.org/10.1111/j.1095-8649.2000.tb02234.x
https://doi.org/10.1016/j.jenvman.2023.117538
https://doi.org/10.1111/mec.12470
https://doi.org/10.1111/eff.12363
https://doi.org/10.1111/eff.12363
https://doi.org/10.1577/1548-8675(2003)023%3C0163:WDHUAM%3E2.0.CO;2
https://doi.org/10.1577/1548-8675(2003)023%3C0163:WDHUAM%3E2.0.CO;2
https://doi.org/10.2307/5828
https://doi.org/10.11369/jji1950.37.158
https://doi.org/10.3389/fenvs.2021.634737
https://doi.org/10.3389/fenvs.2021.634737
https://doi.org/10.1080/24705357.2024.2306419
https://doi.org/10.1080/24705357.2024.2306419
https://doi.org/10.1007/s10641-022-01352-3
https://doi.org/10.1007/s10641-022-01352-3
https://doi.org/10.1002/rra.1045
https://doi.org/10.1002/rra.1045
https://doi.org/10.1007/s10641-008-9330-1
https://doi.org/10.1007/s10641-008-9330-1
https://doi.org/10.1002/rra.2776
https://doi.org/10.1002/rra.2776
https://doi.org/10.1111/faf.12028
https://doi.org/10.1111/faf.12028
https://www.r-project.org
https://www.r-project.org
https://doi.org/10.1890/00129658(2002)083%5B0001:RMISFT%5D2.0.CO;2
https://doi.org/10.1890/00129658(2002)083%5B0001:RMISFT%5D2.0.CO;2
https://doi.org/10.1111/j.1439-0426.2005.00616.x
https://doi.org/10.1111/j.1439-0426.2005.00616.x
https://doi.org/10.1038/s41586-024-08375-z
https://doi.org/10.4081/jlimnol.2023.2129
https://doi.org/10.4081/jlimnol.2023.2129
https://doi.org/10.1051/kmae/2024003
https://doi.org/10.1007/s10641-024-01661-9
https://doi.org/10.1007/s00027-012-0274-3
https://doi.org/10.1016/j.scitotenv.2016.10.147
https://doi.org/10.3390/su11185011
https://doi.org/10.1006/mpev.1999.0702
https://doi.org/10.1006/mpev.1999.0702


12 of 12 Ecology of Freshwater Fish, 2025

Fragmentation on European Anadromous Fish Species.” River Research 
and Applications 35: 68–77. https://​doi.​org/​10.​1002/​rra.​3386.

Vezza, P., P. Parasiewicz, O. Calles, and M. Spairani. 2014. “Habitat 
Modeling in High-Gradient Streams: The Mesoscale Approach and 
Application.” Ecology 95, no. 5: 1206–1218. https://​doi.​org/​10.​1890/​11-​
2066.​1.

Vøllestad, L. A. 2023. “A Paradoxical Bias in Knowledge About 
Norwegian Freshwater Fishes: Research Efforts During 1980-2020.” 
Fauna Norvegica 42: 6–30. https://​doi.​org/​10.​5324/​fn.​v42i0.​4965.

Waldman, J. R., and T. P. Quinn. 2022. “North American Diadromous 
Fishes: Drivers of Decline and Potential for Recovery in the 
Anthropocene.” Science Advances 8, no. 4: eabl5486. https://​doi.​org/​10.​
1126/​sciadv.​abl5486.

Watz, J., E. Bergman, J. J. Piccolo, and L. Greenberg. 2016. “Ice Cover 
Affects the Growth of a Stream-Dwelling Fish.” Oecologia 182, no. 3: 
651–659. https://​doi.​org/​10.​1007/​s0044​2-​016-​3555-​z.

Watz, J., O. Calles, N. Carlsson, et  al. 2019. “Wood Addition in the 
Hatchery and River Environments Affects Post-Release Performance 
of Overwintering Brown Trout.” Freshwater Biology 64, no. 1: 71–80. 
https://​doi.​org/​10.​1111/​fwb.​13195​.

Watz, J., and J. J. Piccolo. 2011. “The Role of Temperature in the Prey 
Capture Probability of Drift-Feeding Juvenile Brown Trout (Salmo 
trutta).” Ecology of Freshwater Fish 20, no. 3: 393–399. https://​doi.​org/​
10.​1111/j.​1600-​0633.​2010.​00470.​x.

Zolderdo, A. J., J. W. Brownscombe, A. E. I. Abrams, C. D. Suski, and 
S. J. Cooke. 2024. “Space Use and Residency Patterns of Largemouth 
Bass Relative to a Freshwater Protected Area.” Aquatic Sciences 86: 23. 
https://​doi.​org/​10.​21203/​​rs.3.​rs-​25244​14/​v1.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.  

 16000633, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eff.70017 by C

ochraneItalia, W
iley O

nline L
ibrary on [19/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/rra.3386
https://doi.org/10.1890/11-2066.1
https://doi.org/10.1890/11-2066.1
https://doi.org/10.5324/fn.v42i0.4965
https://doi.org/10.1126/sciadv.abl5486
https://doi.org/10.1126/sciadv.abl5486
https://doi.org/10.1007/s00442-016-3555-z
https://doi.org/10.1111/fwb.13195
https://doi.org/10.1111/j.1600-0633.2010.00470.x
https://doi.org/10.1111/j.1600-0633.2010.00470.x
https://doi.org/10.21203/rs.3.rs-2524414/v1

	Movement Pattern and Habitat Use of the Endangered Brook Barbel (Barbus caninus) in a Mediterranean Stream
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Field Research Site
	2.2   |   PIT Telemetry
	2.3   |   Data Analysis
	2.3.1   |   Movement Pattern and Habitat Use
	2.3.2   |   Day–Night Movement
	2.3.3   |   Flow Velocity Preference
	2.3.4   |   Software and Tools


	3   |   Results
	3.1   |   Movement Pattern and Habitat Use
	3.2   |   Day–Night Movement
	3.3   |   Flow Velocity Preference

	4   |   Discussion
	5   |   Conclusion
	Author Contributions
	Acknowledgements
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


