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Abstract Knowledge about the biology and ecology
of species is fundamental for their management and
conservation. Despite this, many fish species and life
stages are understudied, and there is a great need for
research efforts to understand their ecology. Italian
riffle dace (Telestes muticellus; order Cypriniformes)
is a small-sized (<15 cm) stream fish native to the
Italian peninsula. There is a scarcity of research on its
ecology and behaviour. In this study, we explored the
movement ecology of Telestes muticellus in a Medi-
terranean mountain stream in Northern Italy using
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passive integrated transponder (PIT) telemetry. Over
15 months, 267 fish were located 2—27 times. Most
fish remained stationary, while a few roamed over
several hundreds of meters. Fish covered a larger lin-
ear range during spring and autumn than during other
seasons. T. muticellus showed a strong preference for
pools, and this preference was strongest during sum-
mer. We observed no differences in habitat use and
movements between day and night, and fish size had
no major effect. Within pools, many 7. muticellus dis-
played remarkably small home ranges (median 8 m?).
Fish increased their linear ranges over a period of
flood events, indicating that high-flow events may be
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important for the downstream and upstream dispersal
of T. muticellus in small mountain streams.

Keywords Passive Integrated Transponders - Home
range - Linear range - Movement ecology - Flood -
Telemetry

Introduction

Freshwater ecosystems are home to approximately
half of the world’s fish species (Hughes 2021). This
biodiversity is declining at unprecedented rates
(IPBES 2019). Knowledge about the biology and
ecology of species is fundamental for their manage-
ment and conservation (Closs et al. 2016). Despite
this, many fish species are understudied and there is
a great need for research efforts to understand their
ecology, especially in relation to anthropogenic stress-
ors (Smialek et al. 2019; Maasri et al. 2022; Vgllestad
2023). Understanding how fish species respond to
these stressors entails detailed insights into their spa-
tial behaviour and habitat use as these are often key to
their survival and adaptation. Here, movement ecol-
ogy and telemetry techniques can play an important
role, in informing evidence-based river management
and conservation (Allen and Singh 2016; Crossin
et al. 2017). Animal movement patterns are adapted
to enhance fitness through increased survival, growth,
or reproductive efficacy (Milner-Gulland et al. 2011).
These patterns involve trade-offs, which balance ben-
efits such as access to quality food and optimal repro-
ductive conditions against costs, including net energy
intake and predation risks, in a context of ontoge-
netic and seasonal change (Lucas et al. 2001). As a
result, fish species have evolved diverse life history
strategies, reflecting the ecological challenges that
they face (Gross 1991; Lucas et al. 2001). A broad
spectrum of spatial movement patterns has evolved,
including residency, dispersal, nomadism, and migra-
tion, at scales from metres to hundreds of kilometres
(Gerking 1959; Brodersen et al. 2019; Herrera-R
et al. 2024). While some species demonstrate move-
ments within small spatial scales, maintaining limited
home ranges and high site fidelity (Hicks and Servos
2017; Marnane 2000), others exhibit extensive move-
ment ranges (Herrera-R et al. 2024; Waldman and
Quinn 2022). Additionally, movement patterns may
vary within a single species or population and are
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influenced both by prevailing environmental condi-
tions and individual responses to these (Elliott 1994;
Verhelst et al. 2022). Even in relatively resident fish
populations where most fish tend to remain within a
restricted area, some individuals may engage in rela-
tively large-scale movements (Brodersen et al. 2019;
Okland et al. 2005).

In a given fish population, movement and habitat
use are not uniform but shaped by life history, indi-
vidual differences, environmental conditions, and
their interactions (Riley et al. 1992; Cooke et al.
2022). Individual stream fish typically display vari-
able movement patterns, sometimes related to fish
size (Nakano et al. 1990), life stage (Morrissey and
Ferguson 2011), or behavioural type (Watz 2019;
Fraser et al. 2001). Further, correlations between the
characteristics of habitat used and movement range
have been reported for both cyprinids and salmonids
(Heggenes 1988a, b; Aparicio and De Sostoa 1999;
Harvey et al. 1999).

Movement patterns may also differ by season,
often with reduced activity during winter (Hilder-
brand and Kershner 2000; Mellina et al. 2005; Shuter
et al. 2012). Even for stream-dwelling fish, partial
reproductive, refuge, or feeding migration may cause
peaks in movement during particular seasons or for
specific phenotypes (De Leeuw and Winter 2008;
Nunn et al. 2010). Many fish species also display
diel changes in behaviour (Helfman 1986) that are
reflected in their movements (Hilderbrand and Kersh-
ner 2000; Muhlfeld et al. 2003; Nyqvist et al. 2022).
Both behaviour and habitat use are thus structured by
seasonal and diurnal dynamics, which are reflected
in movement patterns with often profound effects on
fitness (Morantz et al. 1987; Heggenes and Saltveit
1990; Holker et al. 2007; Nyqvist et al. 2022). Spatio-
temporal variability in movement ecology is, there-
fore, of high importance for understanding the ecol-
ogy of many species.

While movement behaviours have been exten-
sively researched for some fish species, especially
salmonids (e.g. Rikardsen et al. 2004; Schindler
et al. 2010; Jonsson and Jonsson 2011), many
other species remain largely unexplored (Booth
et al. 2013; Vgllestad 2023). The lack of ecologi-
cal knowledge, including movement behaviour, is
particularly notable for small-sized fish species
and species with little direct economic value (Smi-
alek et al. 2019; Negro et al. 2021). For example,
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Mediterranean Europe is considered a ‘biodiver-
sity hotspot’ for riverine fish (Reyjol et al. 2007),
hosting numerous endangered (Rondinini et al.
2022) and endemic species (Tierno De Figueroa
et al. 2013) that also face substantial environmen-
tal pressures, including those driven by climate
change and alterations in hydrological regimes
(Skoulikidis et al. 2017). While some studies on
riverine fish movement in Mediterranean contexts
exist (e.g. Aparicio and De Sostoa 1999; Pires et al.
2014; Aparicio et al. 2018), they remain scarce and
insufficient.

Native to the Italian peninsula, Italian riffle dace
(Telestes muticellus, Bonaparte 1837) is a small-
sized (<15 cm) cypriniform fish belonging to the
Leuciscidae family. Telestes muticellus inhabits riv-
ers and streams characterised by relatively cold and
clear water (Fortini 2016). It is an omnivore fish,
feeding primarily on aquatic invertebrates and epi-
lithic algae. It spawns in spring in areas with gravel
substrates and swift and shallow water flow and
reaches sexual maturity at the age of 2 or 3 years
(Fortini 2016). Despite various studies on the genet-
ics and biogeography of T. muticellus (Stefani et al.
2004; Marchetto et al. 2010; Dubut et al. 2012;
Buj et al. 2017), there is a scarcity of research on
its behavioural ecology. Recent studies, however,
have identified refuge migrations of this species
in response to stream bed drying (Schiavon et al.
2024) while overwintering and anecdotal spawning
migrations have been observed in other species of
the same genus (Wocher and Rosch 2006; Barbieri
et al. 2020).

In this study, we explore the movement ecology
of T. muticellus in a mountainous Mediterranean
stream in northern Italy. Using passive integrated
transponder (PIT) telemetry, we tracked individual
T. muticellus across diverse stream habitats. We
describe individual home range and habitat use of T.
muticellus Specifically, we quantify linear range and
habitat use over annual, seasonal, and diurnal time
scales. We expected that environmental factors, as
well as intrinsic factors (fish size), would influence
behaviour and habitat use. Therefore, we also tested
for the effect of fish size, season, and day-night pat-
terns on both movement and habitat use. In addition,
and to our knowledge, for the first time for a cyprini-
form fish, we quantify the 2D-home range of individ-
val T muticellus within pools.

Methods
Study system

Rio Morsone (UTM 485693E, 4939751N, zone 32 T)
is an Apennine stream in the Piedmont region, Italy,
with a length of approximately 5 km and a drainage
area of approximately 8.8 km. The river is a tributary
of the Lemme River, belonging to the Po drainage
basin (Fig. 1a). The stream has a pluvial discharge
regime characteristic of Apennine streams, with low
discharges in the summer and high discharges in
the autumn and spring (Forneris et al. 2007). In the
upper part of the catchment, crystalline siliceous
rocks dominate, while sandstone, limestone, and con-
glomerate rocks characterise the lower part (Piana
et al. 2017). The fish assemblage is typical of a small
northern Apennine stream, with 7. muticellus repre-
senting 73% of the relative abundance, followed by
brook barbel (Barbus caninus, Bonaparte 1839) with
26%. There is a relative abundance of less than 1%
of Italian chub (Squalius squalus, Bonaparte 1837)
and brown trout (Salmo trutta L.). Brown trout is the
only non-native species present, introduced for recre-
ational fishing purposes in recent years (A. Candiotto
pers. obs.).

Study reach

This study was conducted in an 850 m-long reach of
the stream (Fig. 1b), 3.5 km upstream from the con-
fluence with Lemme River. Fish movements from
the Lemme River to Rio Morsone are prevented by a
series of unpassable weirs located downstream of the
study reach. On average, the stream width is 3.5 m,
but it varies substantially, ranging from a few deci-
metres in the narrowest sections to as much as 9 m
in the widest (Fig. 1c). The study reach has a slope
of 4% (elevation of 395 to 421 m a.s.l). Habitat map-
ping, including discharge estimates in accordance
with the ISO 748 (2021) standards, was performed
utilising the MesoHABSIM protocol (Parasiewicz
2007, 2011; Vezza et al. 2014) on three occasions:
March 3, 2022, with a discharge of 17 Ls~! repre-
senting average flow conditions; July 14, 2022, at 5
Ls~! indicative of low-water conditions; and January
31, 2023, with a discharge of 54 Ls™! corresponding
to high-water flow conditions. The most prevalent
habitat types were riffles and pools, which comprised
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Fig.1 a Study area (red rectangle) within the Po Drainage
Basin (blue) in north Italy. b The study reaches fish capture/
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38% and 32% of the area, respectively, followed by
glides (19%) and rapid (11%) during average flow
conditions. Flow intermittence was observed in the
downstream 80 m section of the study reach during
low flow conditions, with the drying process occur-
ring in both spring and summer of 2022 and 2023
(Schiavon et al. 2024). Throughout the study period,
water temperature and water level were monitored at
20 min intervals using a temperature and water level
sensor (HOBO MX2001; Fig. 2). The water level-
temperature sensor was positioned 140m upstream of
the intermittent reach.

PIT tagging

In March and October 2022, a total of 360 7. muti-
cellus were caught with electrofishing and tagged
(Table 1) with passive integrated transponders (PIT
tags; Oregon, USA; 12X 2.1 mm; 0.10 g) in the upper,
middle, and lower section of the study reach (Fig. 1b).
These sections, spanning a length ranging from 102
to 132 m, were characterized by diverse and compa-
rable hydromorphological unit patterns and physical
characteristics. Healthy fish exceeding 6 cm in length
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the study reach were occasionally monitored during the study
period. ¢ A photo representative of the monitored section of
Rio Morsone (summer 2022)

were selected for tagging. This threshold value corre-
sponds to the length of Italian riffle dace successfully
tagged previously (Schiavon et al. 2023) and is the
approximate minimum length for sexual maturity in
the species (gravid females of this size were observed
in the study stream). Fish were anaesthetised (Aroma
Labs, Kalamazoo, MI, USA; approximately 0.2 mL
clove oil/LL water) before 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, and the
tag was inserted and pushed forward into the body
cavity of the fish (see Nyqvist et al. 2024; Schiavon
et al. 2023). Following tagging, each fish was meas-
ured for fork length and body mass before being
placed in tanks filled with river water for recovery.
After a brief recovery (= 30 min), fish were released
back into the river at the same location where they
were captured.

Fish tracking
The tagged fish were tracked using mobile back-

pack antennas (Mobile HDX Long Range PIT Tag
Reader Kit; Oregon RFID). During the tracking,
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sor was deployed in the lower section (Fig. 1b), located 140
m upstream of the intermittent reach. Water level data is not
available from 1 to 14 October 2022 due to technical problems

Table 1 The number of

C . Length (mm) Weight (g)

individuals tagged in March

and October 2022 in each Median IQR Min Max Median IQR Min Max n
study section with fork

length and weight data. March Lower 76 19 60 140 5.7 5 2.6 36.7 201
In October, one fish was Middle 90 20 68 132 103 79 41 36.5

caught slightly upstream of Upper 88 14 65 133 91 53 25 346

the lower section, released

at the captured location October Lower 78 20 61 145 53 4.6 2.6 349 159
but assigned to the lower Middle 77 17 61 97 54 3.5 2.6 11.1

section Upper 82 22 63 151 6.5 5.3 2.3 42.1

the entire study reach was thoroughly scanned by
wading upstream. Serial Bluetooth and Terminal,
version 1.42, was used to display individual fish
identification codes on an Android device. In a
hydromorphological unit-based coordinate system,
each fish was recorded with the date, time, depth,
and position (+0.75 m), aided by a handheld range-
finder (Trupulse 360R Laser Technology). A visual
observation of the fish or any movement that indi-
cates a live fish was noted (Schiavon et al. 2024).
A total of 37 tracking events were carried out

between April 2022 and July 2023. In addition, 10
paired day-night tracking sessions were conducted
to assess differences in diel behaviour in two sub-
sections (lower section and upper section; Fig. 1b)
of the study area: in spring 2022 (4 events), in late
summer to early autumn 2022 (3 events), and in
winter 2023 (3 events; Fig. 2). To assess the poten-
tial dispersal from the study reach, the reaches
(= 150 m) upstream and downstream of the study
reach were occasionally tracked (Fig. 1b).
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Data analysis

Only fish assessed as alive at the time of detection
were used in the analysis. This was deduced based on
visual observations of the fish or movements against
the current direction indicative of an alive specimen:
small upstream distance movements (> 1 m) observed
within a tracking session or larger (>2 m) upstream
movements between tracking occasions were con-
sidered as proof of a living fish. The alive status was
then applied retrospectively, that is, if a fish is alive
today it means it was alive since its tagging. Only fish
with>2 alive positions were included in the analy-
sis. Fish from the three tagging sections were ana-
lysed together. Fish positions collected in the field
were transformed into a linear reference system using
the QGIS LRS plugin (LRS, version 1.2.3, retrieved
from: http://blazek.github.io/lrs/). Two fish lack-
ing length data from tagging were excluded from all
analyses on the effects of length. Data on the sex of
individuals were not collected, and therefore, poten-
tial sex-based differences could not be assessed.

Overall seasonal movement and habitat use

Linear range represents the distance between the
most upstream and downstream positions observed
for each fish during the tracking sessions and this
metric is commonly used to describe home ranges
in stream environments (Capra et al. 2018; Schiavon
et al. 2024), Fish showed a widespread preference for
pools that, therefore, became the focus of the habitat
analysis. Pool use was quantified using a pool-score,
the proportion of positions in pool habitat among all
positions for the individual fish. Effects of fish length,
pool score, and season (spring, 21 Mar—20 Jun; sum-
mer, 21 Jun-22 Sep; autumn, 23 Sep—20 Dec; win-
ter, 21 Dec—20 Mar) on linear range were tested using
linear mixed models with identification code (ID) as
a random effect to account for repeated measures on
the same fish. The number of detections (in respective
seasons) was included in the model to consider poten-
tial effects on tracking time. Linear range and fish
length were log-transformed to achieve a distribution
suitable for the test. In the analysis, linear ranges cal-
culated for the summer of 2023 were omitted due to
the low number (2) of tracking sessions.

A preference for pools was tested by comparing
pool scores (observed proportion) for each fish with
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the proportional area coverage of pools compared to
the total area of the study reach (expected proportion
if habitat distribution would be random). The habi-
tat mapping in March 2022, representing an average
flow condition, was used to estimate average habitat
availability. To control for the effect of variable habi-
tat availability under different flow conditions, the
same test was performed per flow condition (as per
the three habitat mappings) and period-specific habi-
tat use and is presented in the Supplementary Mate-
rial (Fig. S1). A Wilcoxon signed-rank test was used
due to violations of the assumptions of normality
and homogeneity of variance in the data. The effect
of season and fish length on the habitat selection
(pool yes/no) was tested using a generalised linear
mixed model (GLMM) with ID as a random effect to
account for repeated measures on the same fish.

Diurnal and nocturnal movement patterns, habitat
use, and seasonal variability

Linear distance between day and night positions for the
coupled tracking sessions was used to quantify the day-
night range. We employed linear mixed models to ana-
lyse the influence of season and size on the day-night
range, incorporating ID as a random effect to accom-
modate multiple measurements on individual fish.
Paired day-night tracking session data was also used to
test for diel patterns in habitat use. The effect of day/
night on the habitat selection (pool yes/no) was tested
using a generalised linear mixed model (GLMM) with
ID as a random effect. Season (spring, late summer,
and winter) and the interaction between the day-night
and season were included in the model to test for sea-
sonal differences in diel habitat use patterns.

Within pool movements

To evaluate within pool movements, minimum con-
vex polygons (MCP) were estimated for fish with a
minimum of ten valid detections within the same
pool, excluding positions outside the residency pool.
MCP is a common and straightforward method for
estimating an organism’s home range (Mohr 1947)
and was calculated using adehabitatHR package in
R (Calenge 2006) for each fish based on its posi-
tional coordinates. Extreme positions were excluded
from the home range estimation by removing the
10% of relocations farthest away from the centroid to
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calculate 90% MCP (Calenge 2006). Our spatial esti-
mates were refined by clipping the polygons derived
from the MCP analysis to the contours of the known
habitat pool, providing an actual spatial extent con-
sidering physical borders and barriers. We tested the
effect of fish length and the number of detections on
estimated home ranges using a linear mixed-effects
model. The model included ‘length’ and ‘number of
detections’ as fixed effects, with ‘pool ID’ as a ran-
dom effect to account for repeated measures in the
same pools. Models including pool area did not ful-
fil the model assumptions; instead, the relationship
between pool area and home range was tested sepa-
rately using Kendall’s tau-b correlation analysis.

Growth and apparent survival

In July 2023, fish were recaptured using electrofish-
ing and measured for fork length. Growth was quan-
tified for the fish tagged in spring and autumn 2022
separately. Similarly, recapture in July 2023 was
taken as a proxy for apparent survival and quantified
for the two groups separately. Effects of fish length,
linear range, and pool score on growth and apparent
survival were tested using linear and logistic regres-
sion, respectively.

Fish movement patterns in response to flood events

The study period lacked significant high-flow events.
However, a significant flood occurred in the study area
on 2-3 November, 2023, 4 months after the conclusion
of the last tracking event conducted in July 2023. To
take advantage of this event and to evaluate the poten-
tial movement response of 7. muticellus to high-flow
events, two additional not previously planned manual
tracking sessions were carried out after the flood-
ing across the entire study section and up to ~ 150 m
upstream and downstream of the study reach. Linear
ranges for fish between June and November 2023,
which included the period of the flood event, were then
quantified and subsequently compared with the lin-
ear ranges of the same fish IDs throughout the entire
study period from spring/autumn 2022 to summer
2023. Since the normality assumption was violated, we
applied a non-parametric Wilcoxon signed-rank test for
paired samples with a continuity correction to evaluate
potential differences in the linear range.

Software

Statistical analyses were performed in RStudio (ver-
sion 2022.02.2 ‘Prairie Trillium’ Release), and geo-
spatial data processing was done in QGIS (version
3.24.3-Tisler). Data analysis was performed using
the packages Ime4 (Bates et al. 2015) and lmerTest
(Kuznetsova et al. 2017), while model validations
were carried out using the DHARMa package (Hartig
and Hartig 2017).

Results
Overall and seasonal movement and habitat use

In total, 267 fish were tracked alive between 2 and
27 times (median=7, IQR=4-11) during the study
period. The time interval between the first and last
detections typically spanned over six months, with a
median of 185 days (min-max=7-462 days; IQR,
104-265 days). T. muticellus displayed a median lin-
ear home range of 16.4 m (min—-max=0.5-431.7 m;
IQR, 6.6-49.8 m; Fig. 3a). Most of the fish (60%)
remained within a localised area (+10 m), whereas
27% of them moved upstream and 12% moved down-
stream (Fig. 3b). The distribution of linear ranges
showed leptokurtosis (kurtosis=10.4) and positive
skewness (skewness =3.0). For fish observed for over a
year (n=48), similar distribution patterns with positive
kurtosis (kurtosis=1.5) and skewness (skewness=1.6)
were found, indicating consistent distribution trends in
linear home ranges across extended monitoring peri-
ods. Linear range was slightly but significantly higher
in spring and autumn compared to summer and win-
ter (Fig. 4; Table 2). Linear range tended to increase
slightly with a decrease in pool preference but with a
very small effect size (Table 2). The number of detec-
tions also influenced the estimated linear range; more
detections were associated with a larger linear range.
Fish length did not influence the linear range (Table 2).

Fish were tracked in pools, rapids, riffles, and
glides but showed a strong preference for pool habi-
tat (Fig. 5). Observed pool scores (median=_82.6%,
IQR=33-100%; mean=65.8%, SE=2.3%; Fig. 5)
were much higher than the proportion of average pool
habitat availability in the study system under aver-
age flow condition as determined by habitat mapping
conducted in March 2022 (Wilcoxon, V=32992,
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Fig. 3 Frequency distributions of movement metrics for 267 T.
muticellus individuals in the Rio Morsone. a Linear range dis-
tribution demonstrates the limited movement of the sampled
population, showcasing a leptokurtic distribution with the

p<0.001, n=238). Although fish were mostly tracked
in pools throughout the year, the pool preference was
stronger in summer compared to autumn (GLMM; esti-
mate= — 1.06489, p<0.001, n=265), spring (GLMM,;
estimate= —1.23439, p<0.001), and winter (GLMM,;
estimate= —1.58916, p<0.001). No effect of fish
length on pool use was detected (GLMM; p=0.230).

Diurnal and nocturnal movement patterns, habitat
use, and seasonal variability

Fish displayed small linear positional change between
the paired day-night tracking sessions with a median
day-night range of 1.5 m (min-max=0-25.0 m; IQR,
0.5-3.9 m; n=132). There was no effect of fish size
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x-axis representing the linear range in m, and the y-axis indi-
cating the count of fish. b Net travelled distance distribution,
with positive values denoting upstream movement and negative
values representing downstream movement

on the extent of day-night movements (LMM; coef-
ficient estimate =0.03, p>0.15, n = 130), but the day-
night range was higher in spring than in late summer
(LMM; coefficient estimate= —0.2072, p=0.005).
There was no difference between spring and winter
(LMM; coefficient estimate= —0.11, p=0.11). No
effect of time of day (day-night; GLMM; p=0.36,
n=175) or the interaction between time of day and
season (GLMM, p=0.19) on habitat choice (pool
use) was detected. As for the general tracking data,
the paired night-day data showed a stronger pref-
erence for pools in summer compared to spring
(GLMM; coefficient estimate= —2.9685, p=0.01)
and winter (GLMM; coefficient estimate = —4.4339,
p<0.01).
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Table 2 Summary of linear mixed model testing for effects on
the linear range (logged transformed) of season, length (log-
transformed), pool score, and the total number of detections.
For the season, spring is the baseline category

Variable Estimate SD t-value p

Intercept —-1436 1926 -0.750 0.460
Autumn -0.145 0.210 -0.690 0.490
Summer —-0.722 0.188 -3.840 <0.001
Winter -0.671 0.181 -3.700 <0.001
Length 0.727 0.432 1.680 0.090
Number of detections 0.261 0.043 6.010 <0.001
Pool score -0.011 0.002 -4.970 <0.001

Within pool movements

The minimum convex polygon (MCP) was calcu-
lated for 54 fish in 11 different pools. The median
number of detections per fish in the respective
pool was 15 (IQR=13-20, min-max=10-27),
and the median monitoring period was 413 days
(IQR=225-439, min-max=284-462). On average,
these fish were detected 1.3 times outside their focal
pool (median=0, IQR=0-1). The estimated 90%
MCP home range was small, with a median value
of 8.1 m*> IQR=2.9-13.1, min-max=0.1-29.8 m?;
see Fig. 6 and Supplementary Material Fig. S2). No
effect of length or number of detections was detected

(LMM; p=0.31). The average pool area was 27.8
m? (range=5.2-83.4 m?), and the individual home
ranges covered 1.2-58.0% (median=17.6%) of the
pool area. There was a statistically significant positive
correlation (Kendall’s tau=0.381, p <0.001) between
pool area and home range. For fish with at least one
other tagged fish present in a pool, individual home
ranges overlapped with a median of 8 other tagged
fish home ranges (range 1-16). The proportion of the
home range that overlapped with one or more fish
was on average 65.7% (median, range 16-100%). In
all pools, non-tagged fish were also present, likely
increasing both the number and the proportion of
home-range overlap.

Growth and apparent survival

Forty-four fish tagged in spring 2022 were recap-
tured 478 days later, in July 2023. These fish had
grown 11.6+7.8% in length during this period. For
fish tagged in autumn 2022, the length increases
until July 2023 (258 days) was 7.9 +5.0% (n=69).
These length increases correspond to average
daily growth rates of (meanz+SD) 0.03+0.01%
and 0.03 £0.02% for the two periods respectively.
Smaller fish grew relatively faster than larger fish in
both groups (Table 3). No effect on growth of linear
range or pool score was detected (Table 3a) for the
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Fig. 5 Habitat use and availability. The left bar (habitat use)
shows the percentage of positions within rapids, riffles, glides,
and pools based on individual means. The right bar (habitat

spring-tagged fish. However, a very small but statis-
tically significant effect of pool score was detected
for autumn-tagged fish (Table 3b).

Recapture in July 2023 was taken as a proxy for
apparent survival. From the fish with at least two
detections, 30% (45 of 148) tagged in spring 2022
(478 days) and 58% (69 of 119) tagged in fall 2023
(258 days) were recaptured. This corresponds to
an apparent survival rate of 99.8% per day for both
groups of fish. There was no effect of pool score,
linear range, or fish length on recapture probability
for any of the two tagging groups (logistic regres-
sion, p>0.08; n=147 and n=119).

Fish movement patterns in response to flood events

A total of 36 alive fish were detected during the two
tracking sessions after the flood events in November
2023. For these fish, the median linear range was
36.4 m during the summer-autumn period (overlap-
ping with the high flow event) compared to 17.6 m
during the whole study period. This difference was
statistically significant (Wilcoxon, V=510, p<0.01,
Fig. 7). From July to November, 33% of fish exhib-
ited downstream movement, 22% displayed minimal
mobility (less than 10 m displacement), and 44% of
the observed fish showcased upstream movements.
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Habitat availability

availability) shows the percentage of available habitat area for
the same habitat types according to the habitat mapping under
average flow conditions in March 2022

Discussion

In this study, T. muticellus was tracked for over
15 months in a small mountain stream. Most fish
remained relatively stationary, while a few roamed
over several hundreds of metres. 7. muticellus,
although relatively resident the whole year, covered
a larger linear range during spring and autumn com-
pared to the other seasons. The fish showed a strong
preference for pools, and this preference was more
pronounced in summer compared to spring, autumn,
and winter. They remained stationary with no differ-
ence in habitat use between day and night. Fish size
did not influence movement range or habitat use.
Within pools, many T. muticellus displayed remark-
ably small home ranges.

Half of the tracked fish displayed a linear range
of less than 17 m, while a minority embarked on
movements of up to 400 m. Similar studies have
been carried out on, for example, Brown trout
(Salmo trutta) (Watz et al. 2016), Atlantic salmon
(Salmo salar) (Stickler et al. 2008), European eel
(Anguilla anguilla) (Nzau Matondo et al. 2019),
and mottled sculpins (Cottus bairdii) (Breen et al.
2009). In these studies, as in ours, the tracked fish
can be categorised into stationary (the majority) and
more mobile (the minority) fish. Similar patterns
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vex polygon home ranges, based on the cumulative observa-
tions of 8 T. muticellus individuals within a single pool (Pool
22; blue) in the Rio Morsone. Fork length (mm), number of
detections, and the duration (days) from the first to last detec-

Table 3 Effect of linear range, pool score, and fish length
(mm) on growth until July 2023 for fish tagged in a) spring
2022 (478 days, n=45) and b) autumn 2022 (258 days, n=69)

a) Growth from spring 2022 to summer 2023

Variable Estimate SD t-value p
Intercept 0.598 0.554  1.081 0.286
Linear range —0.001 0.001 —-1.231 0.226
Pool score —0.002 0.003 —-0.824 0415
Length —0.030 0.006 —-5.251 <0.001
b) Growth from autumn 2022 to summer 2023

Variable Estimate  SD t-value )/
Intercept —0.605 0.13 —-4.78 <0.001
Linear range ~ 0.000 0.004 0.010 0.990
Pool score —0.002 0.001 —-2.570  0.010
Length -0.013 0.002 —8.390 <0.001
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tion are given for each fish within the plot. The black arrow
indicates the direction of stream flow, and the compass arrow
is the direction of the geographical north. The corresponding
figure for all 54 fish, spread over 11 pools, is available in Sup-
plementary Material (Fig. S2)
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are also reported for cyprinids in larger river sys-
tems (De Leeuw and Winter 2008) and from mark-
recapture studies on gudgeon (Gobio gobio) (Stott
1967) and bullhead (Cottus gobio) (Knaepkens
et al. 2004), as well as several salmonid species
(Heggenes 1988a, b; Nakano et al. 1990; Heggenes
et al. 1991). Although close access to suitable habi-
tat through the stream likely reduces the need to
move long distances for our tagged fish, the pattern
of movers and stayers is, in fact, present in a wide
range of fish. At the population level, the minority
of movers can be crucial for inter-population con-
nectivity (Gowan et al. 1994) and play a decisive
role in dispersal, colonisation, and recolonisation
processes (Radinger and Wolter 2014). At the indi-
vidual level, mobility may be a way to avoid (or a
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Fig. 7 Boxplot comparisons of the overall study period linear
ranges versus the linear ranges from June 2023 to November
2023, for individual T. muticellus (n= 36). The plots highlight

consequence of) competition (Hesthagen 1988) or
to search for resources (Gowan 2007). What makes
a fish stationary or resident has been attributed
to personality, with stream movements correlat-
ing with other behavioural characteristics (Fraser
et al. 2001). Sometimes, distance moved has been
reported to correlate with size (Woolnough et al.
2009; Burbank et al. 2023), potentially related to
aggressive interactions (Hilderbrand and Kershner
2004). We did not find any effect of fish size on the
interindividual difference in movement, and future
studies may further explore personality differences
in these stream fish.

Albeit most T. muticellus were relatively station-
ary throughout the year, somewhat larger move-
ment ranges were revealed during spring and autumn
compared to the other seasons. In addition to lower
activity in the cold winter water, accompanied by
low prey densities (Shuter et al. 2012; Speers-Roesch
et al. 2018) and restricted movement due to lower
water levels in the summer (Pires et al. 2014), sev-
eral factors may contribute to this result. Following
the winter season, fish may become more active in
anticipation of and during the spawning season. As
this season approaches, the need to find appropri-
ate spawning sites for reproduction may drive their
movements. There is anecdotal evidence of other
Telestes species partaking in spawning migrations to
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interquartile ranges (IQR) with boxes, whiskers with 1.5 IQR,
and median values with horizontal lines; the points represent
outliers

gravel substrate spawning sites (Barbieri et al. 2020).
Although we did not observe any directed spawn-
ing migration, perhaps due to the high occurrence of
spatially dispersed suitable spawning habitats in the
stream, longitudinally undirected small-scale move-
ments to find suitable spawning habitats are likely
to occur. In addition, a subsection of the stream was
also drying out during both spring seasons, causing
fish present to migrate upstream to permanently wet
areas resulting in higher movement ranges for these
individual fish compared to neighbouring fish from
perennially wetted reaches (Schiavon et al. 2024).
Importantly, however, excluding these fish from our
analysis does not change the results indicating that
any movement triggered by lower water levels is a
stream-wide phenomenon and not driven by the fish
that were inhabiting the intermittent reach. In autumn,
on the other hand, fish might move more to adjust to
higher water levels after a dry summer, or in anticipa-
tion of overwintering (Heggenes and Saltveit 1990).
Fish habitat choice is typically the result of a
trade-off between food availability, energetics, and
predation risk and can be modulated by intraspecific
interactions (Allouche and Gaudin 2001; Holker
et al. 2007; Piccolo et al. 2008; Naman et al. 2019).
The tagged T. muticellus, despite its common name
(Italian riffle dace), showed a strong preference for
pools compared to other hydro-morphological habitat
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types. T. muticellus is considered an omnivore (For-
tini 2016). During the study, fish were observed to
feed from the bottom and along the water column, as
well as swiftly striking at falling invertebrates at the
surface and even jumping to feed on insects outside of
the water. Consequently, food availability in pools can
be assumed to be sufficient (Gustafsson et al. 2013),
and prey is easier to catch than in more fast-flowing
water (Piccolo et al. 2008). In addition, the low water
velocity in the pools should reduce the cost of swim-
ming for the fish, further adding to the benefits of
pool residency (Videler 1993). Finally, fish may be
less susceptible to predation in pools, especially in
the deeper parts with access to refuges, compared to
other shallower and more fast-flowing waters (Harvey
and Stewart 1991). Juvenile coho salmon, for exam-
ple, have been seen retreating to pools when preda-
tors are detected (Mason and Chapman 1965). Also,
except for a few brown trout individuals, the stream
was deprived of piscivorous predators, likely contrib-
uting to low predation risk in pools (Schlosser 1987).
The even stronger preference for pools in summer is
likely due to slight reductions in water levels, making
other habitats even less suitable.

Interestingly, we observed an inverse correlation
between pool preference and linear range; fish that
displayed large moving ranges were also found in
non-pool habitats such as riffle and glides to a rela-
tively higher degree. The pattern that pool dwellers
move less than fish that prefer shallow habitats has
also been found for stream Catalonian barbel (Apa-
ricio and De Sostoa 1999), cutthroat trout, and brown
trout (Heggenes 1988a, b; Heggenes et al. 1991).
In salmonids, however, these dynamics have been
related to aggressive interactions and dominance
hierarchies, with weaker competitors moving more
(Nakano et al. 1990) and often residing in suboptimal
habitats (Heggenes 1988a, b). Aggressive interac-
tions, however, are not considered to play a major role
in T. muticellus repertoire (not observed nor in this
study or in laboratory studies; Schiavon et al. 2023;
Tarena et al. 2023). Instead, the correlation between
pool use and movement could be part of alternative
strategies for finding and exploiting resources (Logan
and Brooker 1983). Future studies are needed to
explore these dynamics.

Within pools, numerous 7. muticellus exhib-
ited remarkable residency, with half of the home
ranges being less than 8 m% Although home range

correlated with pool area, most of the fish occupied
only a small portion (median 18% of the total avail-
able pool space). To the best of our knowledge, this
is the first time that such a restricted range has been
recorded for a cypriniform fish. In salmonids, small
home ranges are often related to territoriality and
aggressive interactions (Watz et al. 2015), leading
to dominance-related access to preferable feeding
habitats (Nakano et al. 1990). Many other fish spe-
cies defend territories during spawning (Tinbergen
1952; Bisazza and Marconato 1988). For T. muti-
cellus, however, as mentioned above, no aggressive
interactions have been observed, and the pattern is
consistent for extended periods of time. The limited
home range is even more surprising given that this
species often displays an apparent roaming behaviour,
intuitively conductive for movements over the whole
pool. Even in environments with relatively uniform
habitat quality, there can, however, be advantages of
a restricted home range. By being in a familiar envi-
ronment, fish are able to find shelters faster or more
efficiently (Aronson 1971; Markel 1994). Learning
about their immediate surroundings could also help
fish exploit the hydrodynamic environment or food
resources more efficiently (Brown and Schluessel
2023; Tarena et al. 2023). There is also the possibility
that the limited home range within the pool has been
partially caused by the tracking methodology, as fish
return to shelters in response to the tracking distur-
bance. In any case, this behaviour indicates an affinity
with specific subsections of the pool. Future studies,
perhaps utilising an array of fixed stationary PIT-
antennas (Whoriskey et al. 2019) or advanced video
tracking (Zhang et al. 2022), should further explore
the site fidelity of 7. muticellus within pools.
Although we tracked a large subset of the popula-
tion of T. muticellus in the study section of the Rio
Morsone, our results say nothing about the movement
of fish smaller than 6 cm. As for many species, the
movement and displacement dynamics of fry and
young fish remain unexplored (Lechner et al. 2016).
Also, our tracking interval could have potentially
missed movements of short intervals. For example,
we observed only a modest increase in linear range
during spring, the spawning season, and no clear
directed movement. This, however, does not exclude
limited return movements at a time scale shorter than
our tracking interval, for example, a few days, as
observed in other cypriniforms (Fredrich et al. 2003).
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Additionally, the T. muticellus also inhabits larger riv-
ers and streams, with stronger currents, deeper water,
and less structure (Fortini 2016), and studying their
movement behaviour in this different type of habitat
is necessary for a more complete description of the
species movement ecology.

The study period was characterized by the absence
of significant high-flow events during the main study
period. Interestingly, heavy rains in the autumn fol-
lowing the end of the study allowed us to track, during
two extra surveys, tagged fish remaining in the sys-
tem. This tracking revealed larger linear ranges dur-
ing the 3—4 months from the end of the study to the
post-flood tracking than during the full study period.
By chance, 20 fish from our study were positioned in
a separate pool study (unpublished) a few days before
the high flow events on 25 October, showing that fish
remained relatively close to their summer positions
(range + 12 m). This observation supports the idea that
the fish were largely stationary during months without
monitoring and that the autumn floods subsequently
triggered longer movements in both directions within
the system. Dispersal during high-flow events has
been seen in a range of species (Schlosser 1987) and
suggested to be a mechanism to access spawning or
feeding habitat or to locate refuge from the flood itself
(Albanese et al. 2004). Our results suggest that high-
flow events are of high importance for the dispersal
of T. muticellus, and may contribute to both up- and
downstream movements in small mountain streams.

To our knowledge, together with a complemen-
tary study (Schiavon et al. 2024), this is the first time
individual fish have been tracked over a prolonged
period in a small Mediterranean stream. 7. muticel-
lus showed a strong preference for pools, and while
most fish remained relatively stationary, a minority
displayed linear ranges of several hundreds of meters.
Our study provides valuable first insights into the
movement ecology of an understudied endemic spe-
cies. For practical purposes, despite the relatively
high residency displayed by the studied fish, river
management efforts need to ensure longitudinal con-
nectivity for dispersal movements, refuge migration
in relation to low water levels (Schiavon et al. 2024),
and for the fish to cope with high flow events. In gen-
eral, expanding the knowledge of understudied fresh-
water fish species, such as T. muticellus, is a critical
priority for promoting coordinated efforts in the sus-
tainable management and conservation of freshwater
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ecosystems (Negro et al. 2021; Maasri et al. 2022;
Vgllestad 2023).
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