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The freshwater pearl mussel Margaritifera margaritifera (FPM) is an endangered bivalve species occurring in
oligotrophic rivers. FPMs can be found in the Upper Vltava River in the Sumava National Park (Czech Republic,
Central Europe), where suitable conditions exist for both adult and juvenile mussels. Non-consumptive human
leisure activities are known to negatively affect wildlife in fragile aquatic ecosystems, and in the Vltava River
boating tourism in particular may be a threat to local mussel populations. This study focused on an assessment of
interactions between river tourists and the FPM, using “pseudo-mussels” in both field and lab experiments. In the
field, fake concrete mussels were exposed at three rest sites for river tourists, and in the lab experiment glued
shells were placed at the water-sediment interface in an aquarium tested for mechanical impacts of paddles
(dislodgement and crushing). Interactions of river tourists with fake mussels were most frequent at low water
levels (10-20 cm), and within 2 m from the nearest river bank. Mussel visibility and the presence/absence of a
guide played an important role in peoples reactions, but site-specific effects were also found. Unintentional
interactions (60-69%) were mostly observed at less-attractive sites (with a limited area of shallow water where
people spent most time outside the river channel), whereas visual and manipulative interactions (76%) domi-
nated at a more-attractive site (the confluence of two rivers where people move across and inspect the river
channel). Crash tests revealed that 8.03 + 1.37 (mean+SD) and 7.88 + 1.13 (mean+SD) hits by paddles were
needed for dislodgment and crushing, respectively. Those findings indicate that the direct effects of recreational
boating might be less detrimental than those of accompanying activities (such as wading, bathing, and swim-
ming). The role of trampling (and handling) disturbances should be investigated in more detail to help conserve
FPM populations in protected areas.

1. Introduction

Aquatic ecosystems are one of the most endangered ecosystems
worldwide (Malmqvist and Rundle, 2002). The freshwater pearl mussel
Margaritifera margaritifera (Linnaeus, 1758) (FPM) is particularly
affected by anthropogenic negative influences due to its complex life
cycle (including host fish species) and habitat requirements (Bauer,
1988; Clements et al., 2018; Geist, 2010). FPMs require slightly acidic
river waters, which are often found in catchments where granite and
gneiss are predominant (Bauer, 1988; Geist, 2010; Hauer, 2015). In
Central Europe, these geological preconditions are mainly present in the
Bohemian Massif, which extends across the Czech Republic, Germany
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and Austria (Flodl and Hauer, 2019; Hauer, 2015). The greatest prob-
lems facing the FPM and its habitat include eutrophication, excessive
sediment input, and the absence of fish hosts (Bauer, 1988; Denic and
Geist, 2015; Flodl and Hauer, 2019; Geist, 2010; Geist and Auerswald,
2007; Hauer, 2015; Hoess and Geist, 2020). One issue that has received
less research attention is recreational inland navigation and boating.
Industrialized inland navigation poses a serious threat to aquatic eco-
systems due to the spread of invasive species (Boltovskoy et al., 2006;
Drake et al., 2007), the action of waves (Fleit et al., 2021; Gabel et al.,
2017), and chemical pollution (Dafforn et al., 2011; French McCay et al.,
2004). However, boating tourism has also been associated with envi-
ronmental problems in water bodies and their surroundings (Graham
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and Cooke, 2008; Krenova, 2018; Polat et al., 2016).

Outdoor leisure activities are common and widespread, and partic-
ipation in those activities has been growing (Knight and Gutzwiller,
1995; Miller et al., 2001). Non-consumptive types of recreation are
rapidly increasing, and hiking, mountain biking and recreational boat-
ing have all become popular forms of outdoor activities (Blanc et al.,
2006; Graham and Cooke, 2008; Taylor and Knight, 2003). Although
such “quiet” recreation can be considered an essential element of local
economies (Blanc et al., 2006) and even a benign use of natural areas
(Reed and Merenlender, 2008), interference with wildlife makes such
recreation a potential source of disturbance (Blanc et al., 2006).

Reserve networks around the world attempt to provide recreational
use while conserving wildlife (Hardiman and Burgin, 2011; Reed and
Merenlender, 2008). Most studies have focused on interactions between
non-consumptive leisure activities and both aquatic and terrestrial birds
or mammals (for recent review, see Dertien et al., 2021). Visitors of
protected areas with high-profile sites (such as national parks, which are
typically extremely popular; McGinlay et al., 2020) are unaware of the
majority of species and consequently of their current status of endan-
germent (Behrens et al., 2009), and difficult to observe and/or unknown
species may be much more threatened by visitors. Examples include the
endangered rock partridge Alectoris graeca saxatilis in the Alpine Hohe
Tauern National Park (Bednar-Friedl et al., 2012; Behrens et al., 2009),
and the capercaillie Tetrao urogallus in Central European national parks
(Sumava and Bavarian Forest National Parks; Rosner et al., 2014).

Several authors have been interested in the impacts of leisure ac-
tivities on aquatic ecosystems, as assessing their components in pro-
tected areas is critical for sustaining both ecosystem health and
recreation (Cao et al., 2016; Hardiman and Burgin, 2011; Sordello et al.,
2020). For instance, bathers in Penalara Lake (Natural Park of Penalara,
Spain) were found to cause resuspension of the sediment, changing
(micro-)habitat conditions (Toro and Granados, 2002). Deposited eggs
of fairy shrimps (Chirocephalus marchesonii and C. sibyllae) endemic to
the Pilato and Palazzo Borghese Lakes (Sibillini Mountains National
Park, Italy) are exposed to the pressure of trampling, pushing them
deeper into the sediments (Carosi et al., 2022, 2021). Endangered
benthic diatomic species have also been recorded in those
high-elevation aquatic habitats (Padula et al., 2021). In comparison,
running waters have been relatively neglected and only a few studies
have focused on recreational activities within river environments; e.g.,
the effects of boating on the filtration activity of mussels (Lorenz and
Pusch, 2012; Lorenz et al., 2013).

The Sumava National Park (Czech Republic, Central Europe) (SNP)
was established in 1991 to protect a forested mountain range with
various aquatic ecosystems (rivers, streams, springs, peatlands and
glacial lakes) over an area of 68.500 ha (Krenova, 2018; Krenova and
Kiener, 2012; Krenova and Kindlmann, 2015). The SNP together with
the adjacent Bavarian Forest National Park (24.300 ha) in Germany
form the largest wilderness area in the Central European cultural land-
scape (Krenova and Vrba, 2014). Public access in the core zone of the
SNP is restricted in order to promote species conservation, mainly those
sensitive to human-induced disturbance; e.g., the capercaillie Tetrao
urogallus, the Eurasian lynx Lynx lynx and the FPM (Krenova, 2018;
Krenova and Kiener, 2012; Krenova and Kindlmann, 2015). Although
the previously numerous FPM population in the Upper Vltava River has
been largely reduced due to water pollution and water reservoir con-
struction (Simon et al., 2015), suitable conditions for adult and juvenile
FPMs (e.g., water chemistry, oxygen saturation and food supply (detritus
from water macrophytes)) have been found there (Bily et al., 2021;
Cerna et al., 2018; Matasova et al., 2013; NCA CR, 2013).

Despite being situated within a restricted protected area, the SNP
mussel population is exposed to recreational boating tourism (Krenova,
2018; Krenova and Kindlmann, 2015; NCA CR, 2013). Boating in the
Upper Vltava River has been permitted since 1993, and it is the only way
to enter into the most protected areas of the SNP (Nykles, 2014). The
intensity of boating rapidly increased and resulted in damage to water
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macrophytes during low-flow conditions (Zelenkova, 2008). While the
risk of direct contact between humans and mussels was also likely high
(Lorenz et al., 2013; NCA CR, 2013), this was not investigated. However,
starting in 2004 boating became more regulated (allowed when a min-
imum water level is exceeded; Simon and Kladivova, 2006), and in 2009
additional rules were established; e.g., restrictions in the number of
boats and registration with a user fee required (Divis, 2009). Since 2012,
almost all boats must be accompanied by a guide. The level of boating
has thus gradually been reduced: whereas more than 12.000 boats were
recorded in 2005 and 2006, this was down to 4.000 boats in 2009. Since
then, it has ranged from 2.000 to 4.000 boats per year, mainly canoes
with two passengers (Krenova, 2018). While such severe reductions in
visitor numbers can lead to higher-quality tourism (Bednar-Friedl et al.,
2012), there is still a lack of knowledge on the direct effects of regulated
recreational boating on the FPM. Boating is assumed to be accompanied
by other activities, such as wading and river bed disturbance (Cole and
Landres, 1995). Studies have demonstrated the negative effects of
“trampling” on mussel beds (Calcagno et al., 2012) as well as handling of
individual mussels (Ohlman and Pegg, 2020), and FPM shells can be
susceptible to damage from mechanical impact (Bilek, 2013). However,
the responses of freshwater mussel populations to these anthropogenic
disturbances have been poorly studied (Ziuganov et al., 2000).

The present study was therefore focused on the following research
questions: (i) could interactions between river tourists and FPMs be
related to the abiotic conditions; e.g., water depth, substrate and flow
conditions; (ii) what is the typical behavior (and reasons) of tourists as a
result of interactions; and (iii) how many hits by paddles are needed for
a FPM to be mechanically disturbed/damaged? Our aim was to provide
data that could be used to improve management related to conservation
of the FPM in the SNP.

2. Study area

The Upper Vltava River flows through the SNP, and is a unique river
floodplain system in Central Europe (see Fig. 1). It is a mountain
meandering river with high water quality, a natural bed with dense
macrophyte cover and regular floods, and is surrounded by numerous
peatbogs, oxbow lakes, wet meadows and forest communities (Bily
et al., 2021; Cernd et al., 2018; Kfenova, 2018; NCA CR, 2013). The
Upper Vltava River is a part of several protected areas: the UNESCO
Biosphere Reserve “Sumava”, Ramsar Convention Site “Sumava peat-
lands”, and European Unions Natura 2000 Site “Sumava” (for the pro-
tection of endangered FPM and habitat type 3260 (Water courses of
plain to montane levels with the Ranunculion fluitantis and Calli-
tricho-Batrachion vegetation); Krenova, 2018; Krenova and Kindlmann,
2015). The floor of the river valley slopes gently from 760 to 720 m a. s.
1. over about 15 km distance, but with a much longer meandering river
channel (about 30 km), and the floodplain is relatively wide (about 1.5
km) (Cerna et al., 2018; Krenova, 2018).

The oligotrophic river with high-level water chemistry, oxygen-rich
river-bed substrate and presence of water macrophytes as a food source
(Bily et al., 2021; Cernd et al., 2018; NCA CR, 2013) provides suitable
habitats for sensitive mussel species, and FPMs have been confirmed
within a 30-km long river stretch (Lenora-Nova Pec) (Cerné et al., 2018;
NCA CR, 2013) although the population is sparse (Matasova et al., 2013;
NCA CR, 2013). The population size has been estimated at up to several
hundreds of adults and several tens of subadults (captive-bred in-
dividuals that were released in 1998) (Matasova et al., 2013; NCA CR,
2013; Simon et al., 2015), along with other single individuals that have
been recently observed (J. Horackova, pers. communication).

The studied stretch of the Vltava River is situated between S. Most
(48°54°27"N, 13°49°38"E; river km 389.8) and Pékna (48°51°7'N,
13°55°14"E; river km 373.5). The width of the river channel ranges from
6 to 15 m (in river meanders up to 30 m) during mean flow conditions
(Bily et al., 2021; Simon and Kladivova, 2006). Mean annual values of
water depth and flow at the gauging station “Chlum” (river km 377.6)
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Fig. 1. Location of the study area: (a) Czech Republic; (b) Sumava National Park; (c) Upper Vltava River (the river stretch with the most strict rules for boating;

entrance/exit site — white circle, rest site — grey square).

are 72 cm and 5.8 m3.s’1, respectively (CHMI, 2022). The river bed
composition varies from sand, gravel to stones (Bily et al., 2021). This
river stretch covers the main area with the occurrence of FPMs, and
therefore boating has been permitted only under very strict conditions.
Rules for boating include allowed days, times and types of boats (canoes
and kayaks), a minimum water level, a limited number of boats per hour,
and a guide mandatory for groups. A registration charge is also required
(Bilek, 2013) (500-600 CZK (20-24 EUR) per boat in 2022), with boat
registrations on the river controlled by park rangers. Rafts and larger
boats are no longer allowed (Krenova, 2018). According to the inter-
national scale of river difficulty in boating, the river stretch can be
classified as “Easy” (Class I) to “Novice” (Class II). There are three rest
sites where people are allowed to get out of their boats: “Dobra” (Site 1,
river km 383.2), “Chlum” (Site 2, river km 377.6), “Soutok” (Site 3, river
km 376.7) (see Fig. 1c; Bilek, 2013).

3. Material and methods
3.1. Field study

The interactions and impacts of river tourists on FPMs were inves-
tigated at the rest sites described above. Due to the fact that the FPM is a
critically endangered species in the Czech Republic (Simon et al., 2015),
fake mussels had to be used for that testing. These were made from
fine-grained grey concrete to mimic the actual shape of FPM shells, and
placed along the river bank, mostly in five groups (with 5-6 individuals
per group; see Fig. 2) to represent variable abiotic conditions (depth,
river-bed substrate, distance from the river bank and local flow

Fig. 2. A group of fake mussels during a field exposure.

conditions). It was assumed that mussels occurring in colonies would be
exposed to an increased susceptibility to disturbance (Blanc et al.,
2006). Based on pilot testing in June 2015, several parameters were
distinguished for groups of fake concrete mussels during the main
experiment period (June-September 2016) (see Table 1), adjusted to
site-specific conditions. Placement of the fake mussels simulated the real
conditions for FPMs based on mussel requirements (cf. Degerman et al.,
2009; Geist, 2010; Skinner et al., 2003) as well as local knowledge from
the Upper Vltava River.

Exposures of fake mussels were performed at each site from the
morning to the early evening on 19 separate days (3 in 2015, 16 in
2016). Two researchers were positioned on the river bank during testing
and recorded the behavior of passing people (“reactions™). No distinct
effect of the researchers presence on tourists’behavior was observed in
2015, thus the study conditions did not change in 2016. Three types of
reactions were distinguished: (1) unintentional (people stepped on
mussels and/or hit them by boats or paddles), (2) intentional visual
(people observed mussels and discussed them with each other or with
the guide), (3) intentional manipulative (people took mussels out of the
water and put them back, threw them away, brought them to the re-
searchers or even stole them). All reactions were noted for each
particular group of fake mussels (see Table 1).

3.2. Lab experiment

During pilot phase of the field study, it was confirmed that people did
hit the fake concrete mussels with paddles. Therefore, a supplementary
lab experiment was designed to isolate the effects of this human-induced
disturbance (see Ohlman and Pegg, 2020) and quantify that effect

Table 1

Basic characteristics for groups of fake mussels during a field exposure. (Depth
category: A 10-20 cm, B 20-50 cm, C 50-80 cm. The visibility assessment was
based on the effects of water depth, substrate, local flow conditions and
sunshine.).

Group 1 Group Group 3 Group 4 Group 5
2
Depth Low (A) Low Middle Middle High (C)
A (B) (B)
Substrate Sand Sand Gravel Gravel Stones
(Sand) (Gravel)
Visibility Very Good Very good ~ Good Bad
good
Distance from the ~ 0-2 0-2 2-4 2-4 4-6

bank (m)
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(“crash tests”). In August 2015, eight models were made from empty
FPM shells and cotton stuffing to simulate mussel tissue. Previous
studies have used similar “sham” mussels (shells filled with sand or agar
and bonded together with glue or a non-toxic silicone) to examine the
effects of freshwater mussels (specimens and their shells) on U.S. and
Australian stream benthic and fish communities (e.g., Hopper et al.,
2019; McCasker and Humphries, 2021; Spooner and Vaughn, 2006;
Spooner et al., 2013). In the present study, most cracks on the shell
surface were fixed with glue, and then all parts of the models joined
together (with some gaps left for the entry of water into the model body
to simulate live mussels) (see Fig. 3a). For the experiments, a 425-liter
aquarium with a substrate layer (wet-sieved sand with gravel, grain
size >0.2 mm, thickness ca 20 cm) and water column (tap water, height
ca 40 cm) was used. The risk of contact between a paddle and the
river-bed substrate had been observed in the field to increase with lower
water columns, with the highest level of disturbance at depths of
35-45 cm (boating in shallower sites is almost impossible). Mussel
models were deployed at the water-sediment interface according to
photos of real mussels living within the Upper Vltava River (see Fig. 3b).
The paddle motion used for crash-tests was simulated from video records
of real tourists during boating along the river (in July 2015).

The main direct effects of human disturbances on aquatic organisms
in heavily visited areas include the dislodgement and crushing of in-
dividuals (Brosnan and Crumrine, 1994). Therefore, the first part of
experiment was focused on knocking a FPM model out of the substrate.
Each FPM model was tested alone in the aquarium (with four replicate
series of paddling attempts). After that, actual crash tests with the same
models were performed. After each hit, it was necessary to return the
FPM model to the initial position (paddle hits were repeatedly aimed at
the upper part of the “emerged mussel”, but its orientation in the soft
substrate changed during the experiment). The experiment was ended
when at least one shell of each model was partially broken.

3.3. Statistical analysis

Numbers of interactions between people and fake concrete mussels
(yes-no) among categories of abiotic conditions (depth, substrate and
visibility) were compared using Pearson’s chi-squared test after check-
ing the test requirements (i.e., expected frequencies higher than five).
The same test was used for comparisons of numbers of unintentional and
intentional reactions among sites (with visual and manipulative types
joined together to meet the aforementioned requirements). Mean
numbers of hits by paddles for dislodgement and crushing of each
mussel model (crash-tests) were compared using a paired t-test after
checking the test requirements (i.e., normality of data (by Shapiro-Wilk
test)). All analyses were performed in R version 3.6.0 (R Core Team,
2020).
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4. Results
4.1. Field study

During 19 observation days, 1079 people getting out of boats and
165 reactions to exposed fake concrete mussels were recorded at three
rest sites between S. Most and Pékna in the Upper Vltava River. Most
people stopped at Site 1 (the first rest site in the studied river stretch),
but almost 60% of all reactions were found at Site 3 (a more-attractive
site at the confluence of the Studend and Tepla Vltava Rivers; see
Table 2).

4.1.1. Abiotic conditions

Interactions of tourists with fake mussels were most frequent for
those mussels exposed at the shallowest depth (A; 11.6% of potential
interactions). For groups installed at the intermediate depth, the inter-
action rate decreased (B: 6.5%), and was lowest for groups at the highest
depth (C: 0.6 %,; see Fig. 4a). Differences in interactions among depth
categories were found to be significant (p < 0.001).

Based on the prevalent river-bed grain size at experimental sites
(according to the local investigation), tourists had the highest level of
interaction with fake mussels placed in sandy and stony bottoms (both
6.1 % of potential interactions). When mussels were placed in gravel, the
interaction rate dropped by half (3.3 %; see Fig. 4b). However, differ-
ences in interactions among substrate types were non-significant
(p > 0.05).

According to the visibility of fake mussels, interactions of tourists
were most numerous when mussel visibility was very good (13.7 % of
potential interactions). Frequencies of interactions when visibility was
poorer decreased, but was similar for both “good” and “bad” visibility
(6.2 % and 5.8 %, respectively; see Fig. 4c). Differences in interactions
among categories of visibility were found to be significant (p < 0.001).

4.1.2. Site-specific reaction types

The most frequent tourist reactions to fake mussels were uninten-
tional (60 %) at Site 1, where people mostly stepped into mussel groups.
Intentional visual reactions were less numerous (33 %; people mostly
observed mussels and discussed them with each other). Manipulative
reactions were the least frequent (7 %; see Fig. 5a); however, two

Table 2
Number of observation days, people getting out of boats and their reactions to
fake mussels at three rest sites in the Upper Vltava River (river stretch S. Most-
Pékna).

Site 1 Site 2 Site 3 SUM
Days 8 (42.1 %) 5 (26.3 %) 6 (31.6 %) 19
People 481 (44.6 %) 161 (14.9 %) 437 (40.5 %) 1079
Reactions 57 (34.5 %) 13 (7.9 %) 95 (57.6 %) 165

(b)

Fig. 3. (a) Mussel model (close-up), and (b) deployment in the aquarium for the lab experiment.
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Fig. 4. Interactions of river tourists and FPMs (yes — black, no — white): (a) Effect of water depth (“A™: N = 862, “B”: N = 949, “C”: N = 530), (b) river-bed substrate
(sandy: N = 587, gravel: N = 544, stony: N = 621), and (c) visibility (very good: N = 445, good: N = 801, bad: N = 928) during the field study with fake mussels.

Reactions: SITE 1
(N =57)

7% 31%

Reactions: SITE 2
(N = 13)

Reactions: SITE 3
(N =95)

21%

24%

Fig. 5. Site-specific types of reactions (unintentional — white, intentional visual — dotted, intentional manipulative — black) during the field study with fake mussels.

tourists stole a few fake mussels despite a guide being present. Although
not many reactions were observed at Site 2, their distribution was
similar to at Site 1, being dominantly unintentional (almost 70 %; people
impacted fake mussels by trampling or with paddles) and visual re-
actions (people only observed mussels) reaching 30 % frequency (see
Fig. 5b). No manipulative interactions were recorded. The most frequent
tourist reactions were observed at Site 3. Visual reactions represent the
most common type (55 %), and people mostly spoke about their findings
with each other or with a guide. Unintentional reactions were less
frequent (24 %, with the same characteristics as at Site 2). As for
manipulative reactions (21 %; see Fig. 5¢), people usually took mussels
out of the water and then put them back. But one unique event was
recorded in July 2016 when a large guided group of tourists found the
fake concrete mussels. Assuming that the mussels were alive, people
brought them to the researchers and wanted to open them for pearls!
Differences in reactions among the experimental sites were found to be
significant (p < 0.001).

4.2. Lab experiment

The lab experiment using FPM models revealed that mussels were
knocked out of the sediment after 8.03 + 1.37 (mean+SD) paddle hits.
Actual crash tests showed that mussel shell damage (see Fig. 6a, b) was
caused by 7.88 + 1.13 (mean+SD) hits (see Fig. 6¢). Differences in hit
frequencies for mussel disturbance among both tests were found to be
non-significant (p > 0.05).

5. Discussion

Within the SNP area in the Czech Republic, navigating the Upper
Vltava River in a small boat (canoe and kayak) is an important and
popular tourist attraction. However, recreational boating can have
negative impacts on the aquatic ecosystem. This study focused on a field
assessment of interactions between river tourists and fake FPMs under
variable abiotic and site-specific conditions. Moreover, the effects of
mechanical impacts on FPMs were investigated in a lab experiment
using mussel shells.

5.1. Visitor pressure and the role of abiotic conditions

The effects of recreational boating on FPMs in the SNP area were
characterized by the placement of fake mussels in both shallow and deep
sites along the river banks. River tourists mostly affected fake mussels in
very shallow locations with depths of 10-20 cm. Several authors have
stated that the FPM shows a habitat preference for “shallow” running
waters (e.g., Degerman et al., 2009; Moorkens and Killeen, 2014; Out-
eiro et al., 2008); however, the term shallow is not precisely defined. An
average depth of 15-18 cm was found in an Irish river with sustainable
FPM recruitment (Moorkens and Killeen, 2014). River tourists in the
Upper Vltava River were observed to move across shallow locations
(<0.5 m) at rest sites to get out of their boats and spend a short period of
time (a few minutes) in the river channel. Thus, both adult and younger
specimens may be threatened by recreational boating and
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Fig. 6. A mussel model (a) before and (b) after a crash test; (c) number of paddle hits needed for a mechanical effect to be seen on mussel models (knocked out of the

sediment/shell damaged).

accompanying activities. Nevertheless, FPMs have also been found in
deeper locations across Europe (e.g., Hastie et al., 2000; Ostrovsky and
Popov, 2011; Varandas et al., 2013), and Degerman et al. (2009) stated
that Scandinavian mussel populations occurred at various depths up to
5-6 m. Visitors often use only areas for bathing where the depth does not
exceed 2 m (Escarpinati et al., 2011), but wading is more widespread in
the SNP area. In the present study, the interaction rate between river
tourists and FPMs decreased with increasing water level, therefore
mussels occurring at deeper sites (>0.5 m) should be less likely to be
disturbed.

At the rest sites along the Upper Vltava River investigated here, the
water depth increased with distance from the river banks. The most
affected fake mussels were located in the 2-m wide strip close to the edge
of the river where people stopped and their boats accumulated. Thus,
locations with the most numerous interactions between river tourists
and FPMs could be described not only by shallow water but also by
closeness to the riparian zone. FPMs are generally found within 4 m of
the nearest bank, as confirmed by several mussel surveys (e.g., Hastie
et al., 2000; Outeiro et al., 2008; Sousa et al., 2015), which makes
mussels vulnerable to visitor disturbance. Few FPMs were observed in
the middle of the river channels in Portugal (Sousa et al., 2015, 2013),
although those in large populations can spread out across the river bed
and colonize open areas (Varandas et al., 2013). Interactions of wading
tourists with mussels in small rivers and streams with narrow channels
could be much more frequent; however, it can be assumed that such
watercourses are not generally used for boating. Nevertheless, habitat
quality for the FPM depends strongly on river bottom characteristics
(Geist and Auerswald, 2007).

Results from the field study indicate that river tourists mostly
affected fake mussels located in both sandy and stony substrates. The
FPM requires a stable river-bed substrate, usually made from sand,
gravel and small stones (Degerman et al., 2009; Moorkens and Killeen,
2014; Ostrovsky and Popov, 2011; Outeiro et al., 2008) where adults
and juveniles can burrow. Mussels were found to be lacking in large

areas of sandy sediments in the Waldaist River (Austria) (Jung et al.,
2013), but large FPM populations in Russia can inhabit those habitats
due to the slow current velocity and specific river morphology reducing
flood forces (Ostrovsky and Popov, 2011). In the SNP area, sand was the
preferred type of river-bed substrate for people to get out of their boats,
explaining why most interactions of visitors with fake mussels were
recorded at such sites. Surprisingly, FPMs located among larger stones
were also exposed to visitor disturbances, but mussel visibility and vis-
itors'reactions played important roles in this case (see Section 5.2).
Larger sized material can improve the stability of sand and gravel in
suitable FPM locations (Geist and Auerswald, 2007; Hastie et al., 2000;
Hauer, 2015; Jung et al., 2013). Sandy (or gravel) patches among stones
were also recorded at the rest sites in the Upper Vltava River. On the
contrary, unstable silted substrates are a poor habitat for the FPM (Boon
etal., 2019). Rare silty locations in the Upper Vltava River were found to
be not suitable for placing fake mussels, and were excluded from the
field study.

5.2. Visitor pressure and the behavior of people

Despite being regulated, boating in the SNP area can still potentially
have negative impacts on the aquatic environment including mussels,
fish, and their habitats (Krenova and Kindlmann, 2015; Simon and
Kladivova, 2006). The consequences of underwater noise pollution have
already been documented for freshwater fish (e.g., changes in behavior
and physiology) (Butler and Maruska, 2020; Graham and Cooke, 2008;
Wysocki et al., 2006), but other animal groups have received far less
attention (Sordello et al., 2020). No studies exist on the effects of paddle
noise on mussels, but it may be expected that both acoustic and me-
chanical visitor-induced disturbances affect aquatic biota (see below
and Section 5.3) in the Upper Vltava River. However, assessing the
response of endangered species is difficult because in situ disturbance
should be avoided, and the capture of individuals for ex situ testing is
often restricted (Thiel et al., 2008). Thus, instead of directly
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investigating the responses of the FPM to visitor pressure, the reactions
of people to endangered mussel species were assessed using fake FPMs.
Interactions between river tourists and FPMs in the Upper Vltava River
were found to be dependent on the visibility of fake mussel groups. Very
good visibility, related with a shallow water depth and light-colored
substrate (contrasting with dark mussels), induced higher numbers of
visitor reactions. However, the type of reaction played an important
role. Whereas visual and related manipulative reactions (i.e., handling)
were more frequent for well-visible mussels, the numbers of uninten-
tional reactions (mainly trampling within mussel groups) increased with
worsening visibility.

Traditional pearl hunting including the process of handling was a
major problem for the FPM populations. Although currently the mussels
are protected and pearl hunting prohibited (Degerman et al., 2009; NCA
CR, 2013; Skinner et al., 2003), and manipulating FPMs during any
phase of their life cycle is prohibited by law (Simon et al., 2015), illegal
pearl hunters still examine mussels and specimens can be killed using
destructive methods (Bauer, 1988). In the present study, some of the
river tourists, who were apparently not able to differentiate the fake
animals from real FPMs, acted like illegal pearl hunters when attempted
to open mussel “shells”.

Visitors of shallow river areas generally come into contact with the
river bed: trampling can cause the death of some organisms (Escarpinati
et al., 2014, 2011), and should be minimized in rivers and streams
carrying FPM populations (Skinner et al., 2003). Visitor movement
across the river channel is forbidden in the core zone of the SNP, but
wading, bathing, and swimming tourists were observed at the rest sites,
despite a guide being present. Such activities may lead to a prolonged
time spent in the river channel, and consequently an increased risk of
contact (both trampling and handling) between humans and FPMs. Ju-
venile mussels, which have more fragile shells, may be more protected
because they live within the river bed, but some individuals move up to
the water-sediment interface as a result of adverse oxygen conditions
(Bily et al., 2021). In such cases, young mussels would be potentially
exposed to trampling by tourists. Trampling can also have an indirect
negative consequences for FPM populations; e.g., through river-bed
compaction resulting in low exchange between the water column and
the bottom substrate (Boon et al., 2019; Geist and Auerswald, 2007), or
the resuspension of fine material with adverse effects on mussel
filter-feeding and oxygenation (Moorkens and Killeen, 2014).

Site-specific investigation in the Upper Vltava River divided the rest
sites into “less-attractive” (Site 1 and Site 2) and “more-attractive”
groups (Site 3). At less-attractive sites, people stop and get out of their
boats within a limited area of shallow water, resulting in disturbance of
the river-bed environment. They also spend most time outside the river
channel, so mostly unintentional reactions with fake FPMs were recor-
ded at those sites. On the contrary, at the more-attractive site at the
confluence of the Studend and Tepla Vltava Rivers, visitors have larger
areas for getting out of boats, and the water depths are very low. People
often move across and inspect the river channel, so visual reactions were
more frequent at that site. Overall, the typical interactions of visitors
with mussels observed in this study can be characterized as non-
manipulative.

5.3. Visitor pressure and mechanical impacts

River tourists can also affect mussels while boating along the river,
mainly by the action of their paddles. The lab experiments performed
here to quantify human mechanical impacts showed that mussel models
were knocked out of the sediment after mean number of eight paddle
hits. It must be stated that the relatively unstable substrate used during
lab testing may have contributed to a higher risk of dislodgement.
Behavioral responses of four freshwater mussel species to their removal
from the substrate were investigated by Waller et al. (1999), who
described three locomotor behaviors: righting (realignment to a vertical
position), horizontal movement, and burrowing into the substrate.
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While FPMs can also re-bury themselves after dislodgement (Skinner
et al., 2003), this process can induce stress, especially if there are
repeated hits by paddles and changes in mussel positions.

In addition to the dislodgment, mussels can be also damaged by the
paddles of river tourists. The mean number of paddle hits needed to
damage FPM models was 7.88 (similar to mussels being knocked out of
the substrate). In the lab experiment, the models were replaced to the
vertical position after each hit. The movement of real FPMs after such a
disturbance has not been documented in greater detail, though in the
experiment mentioned above Waller et al. (1999) found that many
mussels did not right themselves during 168 h. Ziuganov et al. (2000)
investigated mutilations including shell damage (a cracked right shell)
and their effects on individual FPM survival using experimental animals
placed in the River Varzuga (Russia) and checked each third day. Half of
30 mussels died during the first 9 days, and the remaining specimens
were dead between “day 9” and “day 15”. Thus, having only a cracked
shell and posterior adductor damage led to 100 % mortality, though
handling and aerial exposure during check days may have contributed to
this mortality. The same authors evaluated FPM regeneration experi-
ments in the Thorma River (Russia) and found that three adults with
shells previously damaged had completely repaired shells after two
years. The FPM population in the Upper Vltava River is characterized by
a decrease in longevity and increase in growth compared to northern
populations (NCA CR, 2013), and may suffer from insufficient shell
regeneration (Ziuganov et al., 2000). Moreover, the mechanical impacts
caused by river tourists and their paddles may be repeated and also
intensified by trampling during wading (and bathing).

The effects of recreational boating on river environments can also be
more detrimental due to the altered flow conditions that have become
more extreme as a result of climate change (Degerman et al., 2009;
Santos et al., 2015; Sousa et al., 2012). Negative interactions between
river tourists and FPMs might be higher when mussels are exposed to
low flow and decreased water depth, as noticed for other bivalves by
Lorenz et al. (2013). Animals would be more vulnerable to hits by
paddles, trampling and (potential) handling. However, in the Upper
Vlitava River low-flow periods could also have positive effects on the
FPM population, as the minimum water level used by the SNP Admin-
istration for permitting boating could help protect local mussel popu-
lation from visitor-induced disturbances during low flows. Nevertheless,
water levels are only checked at the entrance site of the study river
stretch, and even under conditions permitting boating many very
shallow areas were observed along the river. Moreover, prolonged
low-flow conditions may lead to illegal boating without any check on
tourists’behavior. On the contrary, high-flow periods can also lower
visitor impacts on the FPM population, as no interactions of river tour-
ists with fake mussels were recorded during highly increased water
levels. Extreme floods may greatly affect mussel populations, as FPMs
can be damaged/crushed by moving substrates and/or large sediment
deposits, or washed out onto riverbanks where they desiccate and die
(Alvarez-Claudio et al., 2000; Hastie et al., 2001; Sousa et al., 2012).
However, the Upper Vltava River has a relatively wide floodplain that
can mitigate the negative impacts of high-flow conditions on mussel
populations by reducing flow velocities (also see Hauer et al., 2022, this
issue).

5.4. Implications for management

River tourism and regulation can be complicated due to the
competing interests of nature conservation authorities, the tourism in-
dustry, and the general public. This was also the case in the SNP area,
with discussions of a ban on recreational boating in the Upper Vltava
River contrasting with an “open river” policy without any restrictions
(Krenovéa and Kindlmann, 2015). Long-term negotiations by the SNP
Administration led to compromise rules acceptable for the Czech Canoe
Union, the major boating industry representatives, fishermen, scientists,
NGO groups and local authorities. Interactions of river tourists with
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mussels were not studied during this process, though assessing and
monitoring visitor behavior is a great challenge for managers of pro-
tected areas (McGinlay et al., 2020).

Based on the results of the present study, the effects of recreational
boating along the river might be less detrimental than those of accom-
panying activities, such as wading, bathing, and swimming. Tourists in
protected areas should be educated on how their activities affect wildlife
and how they can modify their behavior to mitigate pressure on en-
dangered species (Miller et al., 2001). The SNP Administration has used
a set of tools for visitor education (i.e., guide presentations, an infor-
mation point at the entrance site, a virtual natural trail (http://vltava.
perlorodkaricni.cz/), an official boating webpage (https://splouvani.
npsumava.cz/en/) and leaflets). However, our discussions with river
tourists revealed them to be in doubt regarding the rules for regulated
boating and FPM protection in the Upper Vltava River, especially if they
had never had contact with FPMs before.

Simple and harmless method of using fake mussels can provide in-
sights into the interactions of people and endangered mussel species and
improve the level of knowledge on visitor behavior. Surprisingly, in the
present study in the SNP area the reactions of river tourists to fake
mussels were less frequent for non-guided groups. However, mostly vi-
sual reactions were recorded when guides were present, whereas non-
guided visitors more often manipulated mussels. Two rest sites are
located close to each other in the Upper Vltava River, and tourists with
no guide were observed to stop at Site 2 (a less-attractive site), whereas
guided visitors generally stopped downstream at Site 3 (a more-
attractive site). This finding could be useful for the management of
protected areas, and the establishment of a “buffer site” upstream of the
most visited sites would mitigate visitor impacts. Nevertheless, the
movement of visitors within the river channel should be strictly
checked, as demonstrated by the presence of recently dead adult FPM
with broken shells found in the Upper Vltava River in 2015 (Zelenkova
et al., 2015). If a guide is not present, information and training before
recreational activities would likely help to minimize negative impacts
(Escarpinati et al., 2014).

A minimum number of interactions between river tourists and
mussels was found in locations deeper than 0.5 m, so the negative im-
pacts of visitor behavior might be lower if mussels were moved to deeper
sites. However, artificial relocation of adult FPMs has not yet been
shown to be effective (Cosgrove and Hastie, 2001; Hastie et al., 2003).
Alvarez-Claudio et al. (2000) marked and relocated 124 specimens to
conserve a FPM population in the River Narcea (Spain), but none could
be found in the next year during re-sampling. Mussel watchers, photo-
graphs and scientists using manipulative monitoring methods might also
harm some small mussel populations, but the level of such effects re-
mains unknown and needs to be investigated in more extended studies.
In any case, manipulating FPMs should be limited to severe threat sit-
uations (Skinner et al., 2003), such as moving mussels subject to
desiccation (Sousa et al., 2018). No FPMs were found at or close to the
present rest sites in the Upper Vltava River, so it is currently not
necessary to relocate animals to adjacent deeper river areas. If FPM
monitoring in the future would confirm the presence of the species near
rest sites, the conflict between river tourism and nature conservation
could be resolved by e.g., changes in the locations of rest sites. Pro-
tecting adult mussels and the maintenance of juvenile habitat should be
key conservation measures for the FPM (Cosgrove and Hastie, 2001),
and the non-invasive methods used here could be applied to assess
visitor-induced pressure in other protected (and non-protected) areas.

6. Conclusion

The present study clearly showed that fake FPM specimens were
mostly affected by river tourists in shallow running waters near the edge
of the river, with both fine and coarse river-bed substrates. Based on
previous surveys and studies, such habitat could be generally described
as “ideal” for the FPM. Therefore, this sensitive bivalve species could be
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threatened by river tourism. Fake mussels that were well visible were
also frequently disturbed, but the type of reaction (unintentional, visual,
and manipulative) varied under site-specific conditions. Lab experiment
indicated that several repeated hits by paddles are needed to both
dislodge mussels and to damage their shells. Thus, the effects of recre-
ational boating might be less detrimental than those of accompanying
activities, such as wading, bathing, and swimming. Human-induced
FPM disturbances related with trampling and handling should be
investigated in greater detail to support mussel conservation. Relocation
actions have not been very effective, so conservation measurements
should be focused on the protection and maintenance of mussels and
their habitats. Although effective regulation of the daily numbers of
river tourists was implemented in the SNP area to minimalize distur-
bances to the FPM population, understanding visitor behavior is critical
for keeping the core zone of the national park open to tourist use.
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