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Abstract: The introduction of non-native species and human-altered habitats are currently the
main threats to freshwater ecosystems. Due to predation and competition, biological invaders can
cause extinctions and imperil the status of native species, and this phenomenon is enhanced by
habitat alteration, for example, dam construction. In addition to river fragmentation caused by dam
construction, the impact of non-native species migrating from reservoirs on native assemblages in
their tributaries should be considered from a long-term perspective. The present study focused on asp
(Leuciscus aspius), an artificially introduced piscivorous cyprinid that became established in the Lipno
Reservoir (Czech Republic). Asp regularly occur in a tributary, the Vltava River, where twenty-five
individuals were captured, radio-tagged, and tracked for five consecutive years. Asp occurrence in
the tributary was highest during spring due to the upstream migration of spawning fish, and this
was interconnected with a movement activity peak in March when the temperature reached 6 ◦C. The
fish migrated a maximum distance of 31 km, and the probability of asp occurrence in the tributary
was sex-dependent, with more females than males. Some individuals occupied the Vltava River not
only for spawning but remained until the temperatures dropped below 10 ◦C. This study shows how
non-native predators use reservoirs for wintering but feed and spawn in tributaries.

Keywords: fish; non-native species; biological invasion; radio telemetry; migration;
sex-dependent; homing

1. Introduction

The introduction of non-native species (NNS) often ensues as a result of anthropogenic disturbance
and is one of the main threats to the biodiversity of freshwater ecosystems [1–3]. Biological invaders can
cause extinctions and imperil native species due to predation, competition for resources, hybridization,
disease transmission, and habitat degradation and alteration [4–6]. Overall, the rate of introductions
and the patterns and threats associated with biotic invaders reflect the patterns of human activities, all
of which have increased substantially in recent decades. Human population growth and movement,
global trade, and environmental alteration have together created great opportunities for unintentional
introductions [7,8]. Moreover, anthropogenic non-native fish introductions are often driven by
economic benefits and often occur alongside the globalization of fish culture based on introduced
species [5,9].
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Trans- and intracontinental fish introductions have a long history and are driven by several
motivations, including aquaculture enhancement, improvement of wild stocks, ornamental purposes,
biomanipulation, and sport fishing [2]. Simply stated, an NNS is a species that is introduced
intentionally or accidentally or acts as an independent invader that must disperse across barriers
naturally or via indirect human action. The term “invasive species” was coined later and can be defined
as an NNS with significant risk attached to its introduction [5,10].

The escape of aquaculture species and their establishment in wild local ecosystems may become a
significant issue, especially in freshwater ecosystems with relatively high endemism [11–13]. Fish NNS
have been introduced as aquaculture species in more than 85 countries worldwide and are known to
have adverse ecological impacts [11]. However, aquaculture alone is not responsible for the spread
of NNS globally; for example, Gambusia sp., which was introduced in more than 40 countries for the
biocontrol of mosquito larvae, altered native fish assemblages [14,15], and this fish has had a negative
impact on a wide range of invertebrates, amphibians, and other fish species [16]. In addition, wels
catfish (Silurus glanis) (Linnaeus, 1758) was introduced throughout Europe as a valued game fish via
intentional releases for angling purposes, aquaculture, and fisheries resources [17] and seemed to exert
low pressure on well-established assemblages [18]. Regardless, there is a potential impact on native
species that might be enhanced by anthropogenic disturbances and natural conditions. For particular
environments (e.g., lakes), biological invaders have been recognized as one of the greatest threats to
native species [17,19]. A wide adaptability range and a predisposition for successful invasion may
be well illustrated, for example, by catfish using man-made fish passages as feeding sites during the
spawning migrations of salmonids [20].

In addition, altered seasonal regimes (e.g., temperature and precipitation) caused by global
climate change drive migrations of organisms to extended distribution as well as shifts in home
ranges [18,21–23]. Moreover, species abundance is affected by many factors that are often associated with
the loss of spawning grounds, lateral obstacles, and changes in temperature and flow regimes [24–26].
Human-made reservoirs are locations where these factors collectively affect fish assemblage (i.e.,
cause a reduction in species abundance [25,27] and an increase in the proportion of alien species [28]).
In addition, man-made dams alter assemblage compositions, even in tributaries. For example,
species that are originally riverine (e.g., asp (Leuciscus aspius) (Linnaeus, 1758) [29] and roach
(Rutilus rutilus) (Linnaeus, 1758) [30]) influence the assemblages above reservoirs through their
upstream migrations [31,32]. These migrations are well documented among cyprinid species, which
generally migrate upstream and return after spawning [33–35]. This pattern has been observed in both
rivers [34,36,37] and reservoirs [31,38]. The spawning migration occurs in spring, and movements in
summer and autumn are driven by dispersal and/or refuge seeking [26].

In this study, we observed periodic fish migration between a reservoir and a tributary. These
migrations were driven by reproduction and could be partly understood as trophic migration. Asp,
a large, piscivorous, benthopelagic, rheophilic, and potamodromous predator [36,39], displays both
stationary and migratory behavior during its lifetime. During spawning migrations, asp are able to
move up to 60 km per day [36], and these fish are also known to migrate from reservoirs to tributaries for
reproduction in spring. Their presence as a predator in tributaries may consequently affect the trophic
equilibrium of native assemblages [31,38]. Asp exhibit high individual variability in diel movement
within the area of their home ranges, and their activity differs seasonally [36,40]. Nonetheless, there
is a lack of detailed evidence regarding how far asp migrate, how long individuals remain in rivers,
and how or if the behaviors of males and females differ. Addressing these questions is important for
precisely predicting their impact on native assemblages.

In this study, 25 asp individuals were captured, radio-tagged, and studied over a 5-year period.
Their movement patterns within the Lipno Reservoir and its tributary, the Vltava River, were monitored
by radio telemetry tracking. Here, we provide evidence that asp, an NNS artificially introduced into
the Lipno Reservoir, have become successfully established and reproduce periodically in the main
tributary. The findings of this study contribute to the literature regarding the consequences of riverine
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system fragmentation (i.e., reservoir construction) on fish migratory behavior and raises questions
regarding the spread of fish to non-native ranges.

2. Materials and Methods

2.1. Study Area

This study was performed in the headwaters of the Vltava River, which flows into the Lipno
Reservoir, Šumava National Park, the Czech Republic (Figure 1). The primary study area included
approx. 30 km of the main free-flowing channel of the Vltava River and the first 15 km of the Lipno
Reservoir. The study area was delimited upstream by the occurrence of asp in the Vltava River and
downstream by the excessive depth of the reservoir. Regular attempts to track the fish outside the
primary study area were conducted; however, the success was very low due to the limited range of
the radio telemetry transmitters at depths greater than 5 m. The Vltava River headwaters consist of
mountainous (approx. 730–756 m above sea level) and oligotrophic streams with a predominantly
pristine morphology. The main channel gradient within the study area is low, where the river meets
the reservoir the gradient is only 0.4 %�. The Lipno Reservoir represents a typical heavily modified
waterbody (surface area 46.5 km2; length 42 km, maximum depth 25 m; maximum width 5 km) with
multifunctional uses, including hydropower, flood protection, flow augmentation, and recreational
activities, such as angling and sailing.

Figure 1. A map of the study area—the Lipno Reservoir and its tributary the Vltava River
(Czech Republic).

2.2. Fish Origin and Tagging

In total, the 25 L. aspius individuals that were caught by electrofishing (650 V, 4 A, pulsed D.C.) in
the Vltava River during two consecutive spring spawning seasons (2014–2015) were implanted with
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radio telemetry tags. The fish were anaesthetized with 2-phenoxy-ethanol (0.2 mL.L−1), measured
(standard length, LS; mean 517 mm, range 385–680 mm), and weighed (body size; mean 2217 g, range
1100–5620 g). Radio transmitters were implanted into the fish body cavities through a midventral
incision that was closed with three separate stitches using sterile braided absorbable sutures (Coated
Vicryl®, Ethicon Inc., Somerville, NJ, USA). The sex of each individual was determined during a surgical
procedure. The mass of the transmitter never exceeded 2% of the body mass of the fish [41]. Two types
of transmitters (Lotek Engineering, Inc., Newmarket, ON, Canada) were used in our study. Eleven
L. aspius were tagged with MCFT2-3FM transmitters equipped with temperature sensors (operational
life 1432 days), and fourteen L. aspius were tagged with MCFT-3L transmitters (operational life 1686
days). Prior to release in a location close to the site of capture, the fish were held in cages for approx.
30 min until they had recovered their body balance and showed spontaneous swimming activity.

2.3. Monitoring Procedures

The fish were monitored over five consecutive years from May 2014 until December 2018. The
primary study area was tracked by boat once every 14 days on average. During the spring spawning
migrations from February to April [36], the fish’s longitudinal movements were fast (i.e., over 1 km per
day upstream), and they were tracked more frequently (i.e., weekly at a minimum); during winter,
the entire length of the study site was tracked at least once per month (fish were tracked by walking
in the harsh conditions of ice and snow cover, which prevented fast and efficient tracking). The
tracking equipment included a radio receiver (Lotek SRX_600; Lotek Engineering Inc., Newmarket,
ON, Canada) and a three-element Yagi antenna. The fish’s positions in the river network were recorded
and stored in a GPS (GPS map 76S, Garmin LTD., Olathe, KS, USA). The temperature data from the
sensor transmitters were stored automatically and subsequently downloaded from the receiver.

All of the experimental procedures complied with valid legislative regulations (Law no. 246/1992,
§19, art. 1, letter c).

2.4. Habitat Measurements

The water flow (mean 4.5 m3 s−1; range 1.163–46.8 m3 s−1) was automatically recorded daily at a
gauging station located within the study stretch above the reservoir. The water temperature (◦C) was
obtained from the sensor transmitters and was used to show the threshold when the asp entered and
left the Vltava River.

2.5. Data Analyses

The position of each fish was assigned a binary variable value for ‘occurrence in the Vltava River’,
where a value of ‘1′ indicated occurrence in the Vltava River, and a value of ‘0′ indicated occurrence
in the Lipno Reservoir. The distance (m) between the locations of a fish for two successive tracking
occasions was used as a proxy of ‘movement activity’. The fish position and movement data were
analyzed using Map Source version 5.3 (GPS map 76S, Garmin LTD., Olathe, KS, USA). The ‘number
of detections’ was expressed as the number of successful tracking occasions and was counted for every
individual fish. The temperature sensor transmitters (range from −6 to 34 ◦C; 50 stepwise temperature
values; i.e., accuracy to 0.8 ◦C) allowed individual L. aspius temperature data to be saved automatically
every 5 s. Every fish was assigned one mean temperature value for every tracking occasion.

2.6. Statistical Analysis

Statistical analyses were performed using the SAS software package (SAS Institute Inc., Cary, NC,
USA, version 9.4, www.sas.com). When needed, the data were log10 transformed to meet normality
requirements. The asp movement activity and number of detections were analyzed using mixed
models with random factors (PROC MIXED with a normal distribution for movement activity; PROC
GLIMMIX with a Poisson distribution for the number of positions). Mixed models are a generalization
of the standard models used (e.g., in the GLM procedure), with the generalization being that the data
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are permitted to exhibit correlation and nonconstant variability. This is an approach to cope with
repeated measures experiments using human or animals as subjects, whereby subjects are declared
random because they are selected from the larger population for which generalizations are sought [42].
Therefore, individual fish were used as random factors in the present study. More detailed information
about the mixed model can be found elsewhere [43,44].

The significance of each explanatory variable (i.e., month and sex) was assessed using the F
test, and least-squares means (LSM; henceforth referred to as ‘adjusted means’) were subsequently
computed. Differences between the class variables were tested with the t test. We used Tukey–Kramer
adjustment for multiple comparisons, and degrees of freedom were calculated using the Kenward–Roger
method [45].

The data regarding the binary variable ‘occurrence in the Vltava River‘ were subjected to the χ2

test using the generalized estimating equation (GEE) approach [46] with the GENMOD procedure with
binomial distributions. The GEE approach is an extension of generalized linear models and provides
a semi-parametric approach to longitudinal data analysis. In this study, the GENMOD procedure
was designed to estimate the probability of occurrence in the Vltava River (i.e., probability equal to 1)
versus occurrence in the Lipno Reservoir (i.e., probability equal to 0) in relation to the season and sex
of the tagged fish.

3. Results

Nine of the twenty-five tagged fish were never successfully detected after release. These fish
presumably migrated downstream to the reservoir after tagging, as was shown for the other tagged
fish, and their fate is unknown. The remaining sixteen fish that were used for the further analyses were
detected during, on average, 13 tracking occasions (range 1–46 detections per individual; Table 1), and
their mean movement activity was 2653 m (range 3–31,169 m) between two successive tracking intervals.

Table 1. Tagged asp individuals and their basic characteristics, including the number of detections and
number of returns to the Vltava River for spawning.

Fish ID Sex Standard
Length (mm) Body Size (g) Number of

Detections
Number of

Returns

3 male 480 1635 4 2
6 female 680 5620 8 0
7 male 560 2570 0 0
8 male 650 3990 4 1
11 male 510 1975 4 2
12 male 610 3340 8 0
13 male 660 4630 0 0
16 male 540 2240 0 0
23 female 460 1745 0 0
24 male 575 2675 6 2
32 female 455 1255 13 2
36 male 480 1930 0 0
37 male 450 1100 24 2
39 male 450 1350 18 4
57 female 580 2800 46 4
59 female 470 1565 26 3
60 male 385 1205 18 4
63 female 465 1360 24 2

140 male 530 2255 1 0
141 male 465 1540 0 0
142 male 530 2160 0 0
146 male 470 1535 0 0
150 male 465 1470 1 0
151 male 480 1540 1 0
152 male 520 1935 0 0
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The occurrence of asp in the Vltava River was primarily related to spawning. This finding was
supported by the fact that the probability of occurrence in the Vltava River was highest during spring
(χ2 = 83.93, d.f. = 3, p < 0.0001; Figure 2) and that the peak of movement activity occurred in March
(F6,81.6 = 3.62, p < 0.0031; Figure 3). In general, asp entered the Vltava River during the second half
of March when the temperatures exceeded 6 ◦C and remained there for several weeks for spawning.
During this time, large shoals of asp containing hundreds of individuals were visually observed and
concentrated at the spawning sites within 4 km of the Vltava River. Homing of tagged individuals
to these spawning sites during consecutive years was detected to within 1 m of the position in the
previous year (mean 919 m, range 1–2600 m).

Figure 2. Probability of asp occurrence in the Vltava River across seasons. The values are the means ±
the standard error (S.E.).

Figure 3. Asp movement activity in the Vltava River across months. The values are the means ± the
standard error (S.E.).
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The return of tagged individuals from the Lipno Reservoir to the Vltava River was detected,
on average, during two spring spawning seasons (range from 0 to 4 returns). The probability that
fish would return to the Vltava River was higher for females than for males (χ2 = 6.49, d.f. = 1,
p < 0.0109; Figure 4A). Females were also detected more often than were males (F1,16.24 = 5.81, p < 0.0281;
Figure 4B), suggesting that the females generally stayed in the shallower sections of the reservoir that
were closer to the tributary where they could be easily detected. The individuals that remained in the
Vltava River during summer and early autumn stayed in the downstream sections near the intake into
the reservoir. All tagged fish returned to the reservoir for wintering when the temperatures in the river
dropped below 10 ◦C.

Figure 4. Sexually determined differences in the probability of asp occurrence in the Vltava River
(A) and the number of detections (B). The values are the means ± the standard error (S.E.).
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4. Discussion

This study shows that asp are regularly found in the Vltava River, a tributary of the Lipno Reservoir,
during their upstream migrations, as driven by spawning and foraging habitat requirements. We
tracked asp individuals for four consecutive spawning seasons and detected their seasonal movements.
Asp, which are obligatory tributary spawners, reproduce once per year [31], and their migratory
behavior peaks twice (i.e., in spring due to spawning and in autumn due to wintering migrations) [40].
In early spring, asp begin the overall spawning migration period as they migrate upstream and are
followed by other cyprinid species. After spawning, asp return quickly to the reservoir, and not
even juveniles remain in the river for a long time [31]. However, according to our results, some
individuals do not return immediately and may compete for resources with native species in the
tributary. Because the presence of predators in a river affects communities in both positive and negative
ways [4], we suggest a possible effect of asp presence. The negative impact of non-native predators on
fish assemblage compositions can be illustrated by decreases in species abundance [47] (e.g., the decline
in haplochromines in African lakes caused predominantly by Nile perch (Lates niloticus) (Linnaeus,
1758) introduction) [48]). Asp is known to coexist with species such as pikeperch (Sander lucioperca)
(Linnaeus, 1758), with reduced negative competitive interactions and utilization of different prey
resources [49]. Regardless, there are no studies of the impact of asp as a trophic competitor or predator
on native species when assigning food resources in an invaded river (e.g., on native salmonids).

Our data demonstrate significant differences in movement activity during the year. The Lipno
Reservoir asp regularly migrate upstream to the Vltava River. Our results suggest that the peak of
activity is connected to the spawning migration and that movement activity is stable during the rest of
the year. After the peak in April, the activity of the fish decreased as a consequence of the stable size
of the home range; after expending large amounts of energy for spawning, asp spent the oncoming
months recovering, foraging, and finally migrating for wintering. Fredrich [36] distinguished two
summer and winter habitats that were occupied by asp in the Elbe River; in our study, the Lipno
Reservoir serves as a counterpart to the winter habitat. The activity of fish in the Elbe River is similar
to the results of our study, as asp occupied their home range to forage and grow for most of the
year and returned periodically to their spawning sites. Asp occurrence in the tributary appeared to
be temperature limited. Although some individuals stayed in the river for a prolonged period of
time, all fish returned to the reservoir for wintering (i.e., asp entered the river when the temperature
exceeded 6 ◦C and returned to the reservoir when the temperature finally dropped below 10 ◦C). These
results (i.e., temperature-limited migrations) are consistent with those of previous studies [31,36,40,50];
moreover, Brodersen et al. [50] suggested that temperature, partial migrations, and trophic dynamics
are closely interconnected. The partial migration of asp (i.e., not all individuals returned to the
reservoir after spawning [31]) might be a stimulus for the subsequent chain reaction. Most of the
partial migrations of cyprinids that have been studied have focused on wintering migrations [50,51],
revealing that this migration is driven by a trade-off between predation risk and growth potential (i.e.,
foraging efficiency) [52–55]. Apparently, migrations are tightly linked to trophic dynamics, beginning
at lower trophic levels (i.e., phyto- and zooplankton and consumer abundance [50]), and culminating
at the other end of the food chain (i.e., fish predators). The asp partial migration (i.e., occurrence in the
river after spawning for a prolonged period of time) may encroach on native assemblages in tributaries.
These migrations might directly affect prey species (e.g., roach (Rutilus rutilus) [56]), compete with other
species (e.g., non-native salmonids largely replaced indigenous galaxiid fishes in New Zealand [57]),
or could alter subsidies and affect distant food webs as a cascading reaction (e.g., the introduction of
rainbow trout (Oncorhynchus mykiss) (Walbaum, 1792) gradually depressed riparian spider abundance
in Japan [58]).

Reproductive homing is a well-studied phenomenon that is known to confer advantages with
regard to reproductive success [59] and is well documented in salmonid [60] and cyprinid [30,37,61,62]
species. Our results suggest that asp exhibited strong fidelity to spawning sites concentrated within
4 km of the Vltava River, and differences with respect to sex were observed. The probability of
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occurrence of females was higher in the tributary, and females were detected more often than were
males. These results may be interpreted as a difference in preferred habitats based on sex. Detection is
dependent on the section of the reservoir that an individual inhabits; in the upper, shallower part of the
reservoir, fish are likely to be detected, whereas in deeper parts, they are not. Another sex-dependent
phenomenon was previously observed in asp, as the amount of time spent at spawning sites differed
between the sexes (i.e., males arrived at the spawning grounds earlier and departed later than did
females) [31,38]. According to our results, female asp returned to the spawning grounds more often
and were observed to retrace their migration more regularly than were males. Even in disturbed
environments (e.g., near dams or weirs), the traditional upstream spawning migration behavior may
continue; namely, fish populations may possibly utilize historical spawning sites (i.e., reproductive
homing) or establish new spots to reproduce [63,64]. However, not all species are able to adapt, and
for some, dam construction may be lethal (e.g., the extinction of Coreius heterodon (Bleeker, 1864) and
Rhinogobius typus (Bleeker, 1871) in the upper parts of the dammed Hanjiang River in China [63]).

In conclusion, this study shows that anthropomorphically altered habitats, particularly dams,
impose threats onto native communities, as illustrated by the spread of non-native species. The
introduced fish predator, asp, utilized the reservoir as a wintering refuge and the tributary for a
significant part of the year as a spawning habitat and foraging site, where allocated food resources
may affect native species due to trophic competition or predation.

5. Conclusions

One of the threats to freshwater biodiversity is the introduction of non-native species in
anthropologically altered habitats [2]. Such examples are dams that interrupt stream continuity,
affect the structure of fish assemblages [27], and introduce species with a natural occurrence that does
not match the location of the dam. The evidence from this study suggests that the species established
in the dam undertake upstream migration to tributaries for spawning and consequently create a
competitive environment for indigenous species in terms of predation or trophic competition. This
phenomenon was illustrated by the predatory fish asp, which exploit tributary resources from spring
to summer and utilize the dam as a wintering habitat. Because asp exhibit apparent site fidelity and
regular migration between dams and tributaries, it is appropriate to consider the influence of these
migrating fish as a significant manifestation of biological invasion.
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