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Abstract The freshwater pearl mussel Margaritifera 
margaritifera is an endangered bivalve which is usually 
regarded as sedentary, although individual movement 
has been observed both vertically and horizontally. Lit-
tle is known about the causes and rates of mussel move-
ment. The objective of this study was to test the effect of 
microhabitat characteristics on the horizontal movement 

distance and rates of freshwater pearl mussels. A total 
of 120 mussels (length range 40–59 mm) were marked 
individually with passive integrated transponder tags, 
placed in stream microhabitats differing in their sedi-
ment composition and monitored biweekly over a period 
of 10  weeks. Mussels situated in sand-dominated habi-
tats had a significantly higher mean movement rate 
(3.2 ± 4.2  cm/day, mean ± SD) than mussels situated in 
gravel-dominated (1.9 ± 2.7  cm/day) or stone-dominated 
habitats (1.8 ± 3.2  cm/day). The direction of the move-
ments appeared random; however, an emigration from 
sandy habitats was observed, probably to avoid dis-
lodgment from these hydraulically unstable habitats. 
This study demonstrates that freshwater pearl mussels 
can actively emigrate from unsuitable microhabitats. 
Once suitable streams with respect to physical, chemi-
cal, and biological quality were identified, it is therefore 
only necessary to identify suitable mesohabitats (area of 
10–30  m2) when reintroducing or relocating mussels.

Keywords Behavior · Fine sediment · Horizontal 
locomotion · Microhabitat requirements · PIT-tag

Introduction

The freshwater pearl mussel (FPM) Margaritifera 
margaritifera (Linnaeus, 1758), an extremely long-
lived unionid mussel, is decreasing in abundance 
throughout its Holarctic range (Young et  al., 2001; 
Geist, 2010; Lopes-Lima et  al., 2017). The species 
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is globally endangered and classified as critically 
endangered in Europe (IUCN, 2022). Thus, FPMs 
have been the focus of numerous captive-rearing 
activities in Europe for over 30 years (e.g., Budden-
siek, 1995; Preston et al., 2007; Gum et al., 2011). In 
Germany, FPM populations can be found in Bavaria, 
North Rhine-Westphalia, Lower Saxony, and Saxony 
where they are subject of several conservation pro-
grams (Jecke et al., 2022). Besides habitat optimiza-
tion, captive rearing is a main action to re-establish 
a functional, self-reproducing population. Since 2009 
reintroduction of reared FPMs in the Saxonian Vogt-
land has focused on one former pearl stream, which 
is particularly suitable for habitat restoration since 
it flows through a NATURA 2000 area (a network 
of nature protection areas in the European Union). 
In the last decade long-term studies have been con-
ducted in that area to identify streams with a potential 
for reintroduction of reared FPMs, focusing on both 
abiotic (e.g., substrate stability or physical and chemi-
cal parameters) and biotic (e.g., growth and survival 
of FPMs or abundance of host fish) factors and nar-
rowing it down to four suitable streams. Prior to 
reintroducing high numbers of FPMs to the streams, 
a method was needed to first determine if the cho-
sen habitats were suitable for mussels and secondly, 
to evaluate the success of the reintroduction. The 
method described in this paper was developed for this 
purpose and furthermore provided the opportunity to 
study the movement of mussels in the field.

Mussels are traditionally viewed as sessile organ-
isms. However, they can perform both horizontal 
(across sediment) and vertical (within sediment) 
movements with the aid of a muscular foot (Trueman, 
1983; Saarinen & Taskinen, 2003). Additionally, 
they may also use passive dispersal methods, which 
shall be mentioned but are not the focus of this paper: 
Adult mussels can be dislodged during flood events 
and transported downstream in lotic systems, referred 
to as drifting. During the larval stage, natural disper-
sal vectors (host fishes for glochidia) play a key role 
in mussel dispersal in both lotic and lentic systems 
(Kappes & Haase, 2012).

The active horizontal movement rate of adult 
freshwater bivalves in lotic systems varies drasti-
cally between species. While Corbicula fluminea 
(O.F. Müller, 1774) showed high movement rates of 
330 cm/day in field observations (Voelz et al., 1998) 
and 14 cm/day in laboratory studies (Pernecker et al., 

2021), lower movement rates have been observed for 
Elliptio complanata (Lightfoot, 1786) (0.8  cm/day) 
(Balfour & Smock, 1995), Unio tumidus Philipsson, 
1788, Unio pictorum (Linnaeus, 1758), and Anodonta 
anatina (Linnaeus, 1758) (2  cm/day) (Schwalb & 
Pusch, 2007). In all studies the observed movements 
varied strongly between individuals, e.g., the move-
ment rate in the study of Schwalb and Pusch (2007) 
varied between 0 and 32  cm/day. The direction of 
freshwater mussel movement is random and erratic 
(Bovbjerg, 1957; Balfour & Smock, 1995; Schwalb 
& Pusch, 2007), but nevertheless several causes for 
freshwater mussel movement have been discussed 
in the past, differing between horizontal and verti-
cal movement. Studies have suggested a connection 
between mussel movement and reproduction resulting 
in seasonal migration patterns (e.g., Piechocki, 1969; 
Amyot & Downing, 1997; Melchior, 2021). The hori-
zontal movement pattern of Anodonta sp. was found 
to vary seasonally with aggregations being most 
distinct during the spawning seasons (Burla et  al., 
1974). Watters et al. (2001) identified a seasonal ver-
tical migration pattern in several species of Unionida 
where mussels surfaced during spawning in spring 
and reburied in autumn. Amyot and Downing (1998), 
however, did not find any relation between rate of 
movement and reproductive output in E. complanata.

The avoidance of adverse conditions is also a sig-
nificant driver of mussel movement. Movement of 
mussels has been observed in response to cold win-
ter temperatures (Engel, 1990), exposure to air dur-
ing low water levels (Gough et  al., 2012; Galbraith 
et al., 2015; Mitchell et al., 2018), or in response to 
decreasing food supplies (Bovbjerg, 1957). Zieritz 
et al. (2014) even suggest that mussel distribution pat-
terns and movement behavior are indicative of popu-
lation health. In lotic systems, where FPMs are found, 
drifting can transport mussels to unsuitable habitats 
(Kappes & Haase, 2012; Sansom et al., 2020). Hence, 
it seems reasonable that mussels could correct their 
location after dislodgement and move to optimal hab-
itats. In fact, Zajac and Zajac (2011) found that Unio 
crassus Philipson, 1788 can move to any location in 
a stream after being disturbed by fluvial processes 
and that this movement is used for habitat selection. 
Assuming that these results are applicable to FPMs, 
they too should be able to select their microhabitat 
(area of 0–10 m around the mussel) following reintro-
duction, making the exact position of reintroduction 
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inconsequential as long as the mesohabitat (area 
of > 10 m around the mussel) is suitable.

Numerous studies have characterized the habitat 
requirements of FPMs on a microhabitat scale. In 
Scottish populations Hastie et  al. (2000) determined 
water depths of 0.3–0.4  m and current velocities of 
0.25–0.75 m/s to be optimal for FPM based on habitat 
suitability indices. FPMs were also mostly observed 
in boulder-stabilized refugia with coarse sand and 
gravel (Young & Williams, 1983; Hastie et al., 2000; 
Quinlan et al., 2015). Boulders stabilize the sediment 
and prevent significant scouring of the river bed dur-
ing major floods (Vannote & Minshall, 1982), while 
coarse sediment provides enough interstitial space to 
oxygenate the hyporheic zone, making it suitable for 
post-parasitic mussels (Österling et  al., 2010). Adult 
FPMs can tolerate muddy conditions but juvenile 
mussels are never found in this type of habitat (Hastie 
et al., 2000). Parameters often used to describe sedi-
ment characteristics of FPM habitats are fine sedi-
ment ratio and median grain size diameter (D50). 
Geist and Auerswald (2007) found functional popula-
tions in habitats consisting of < 18% particles smaller 
than 1  mm and a mean particle diameter of 7  mm. 
These sediment characteristics have been determined 
as appropriate predictors for presence of FPMs. 
Hastie et  al. (2000) successfully used substratum-
based models to predict the occurrence of mussels in 
a Scottish stream. If sediment characteristics influ-
ence the occurrence of FPMs, they can be expected to 
also have an impact on the movement of FPMs.

The field experiment presented in this paper aimed 
to investigate the behavior of freshly reintroduced 
FPMs placed in suitable and adverse microhabitats. 
By attaching passive integrated transponder (PIT)-
tags to the shells it was possible to monitor mussel 
movements in intervals of 14  days and determine a 
movement rate for this mussel species. Furthermore, 
it was investigated if microhabitat characteristics 
affect the movement of FPMs. It was hypothesized 
that mussels will move to gravel-dominated habi-
tats since the D50 values in these habitats match the 
observed values of Geist and Auerswald (2007). We 
expected that FPMs would move from adverse (sand-
dominated or stone-dominated) to optimal (gravel-
dominated) habitats. Therefore, FPMs located in 
adverse habitats should have higher movement rates, 
resulting in altered sediment characteristics in their 
independently chosen habitat. Thus, D50 and fine 

sediment ratios in the independently chosen habitats 
at the end of the monitoring period were hypothe-
sized to shift toward optimal values (D50: 5–50 mm 
and fine sediment ratio < 18%) for mussels initially 
placed in adverse habitats.

Materials and methods

Study area

The experiment was conducted in four similar 
streams in the Vogtland, Saxony (referred to here as 
S1, S2, S3, and S4): Three of these locations (S1, 
S3, and S4) were potential streams for reintroduc-
tion of FPMs, while S2 already holds a population 
of reintroduced FPMs. All streams are upper tribu-
tary waters of the Weiße Elster, a 257-km-long river 
with a catchment area of 5,154  km2. They are small, 
mountainous streams meandering through forests and 
meadows. Available river habitats consist of shallow 
runs, riffles, and small pools (max. 1.5 m deep) and 
most of the channel area is covered with gravel and 
stones. The banks of the pool sections have areas of 
fine sediment deposition while banks of runs or riffles 
are eroded in some sections of the streams.

During two site inspections in March and June 
2020 approx. one kilometer of each stream was exam-
ined and searched for sections with suitable habitat 
conditions for reintroduction of FPMs  (following a 
previously validated protocol (Jecke et al., 2022)) and 
a diverse sediment composition. Two sections per 
stream with a maximum length of 10 m were chosen 
as study sites for the following experiment, resulting 
in a total of eight study sites. Morphological features 
of all sites were measured. The position of the bank-
full channel was estimated and measured by survey-
ing the top of the bank where the floodplain starts 
every 1 m along both sides of the stream. The posi-
tion of the flow channel was estimated and measured 
by searching for the area of maximum flow velocity 
within the lower third of the stream using a handheld 
flow meter (MiniAir2, Schiltknecht Messtechnik AG, 
Gossau, Switzerland) conducted along 1-m intervals. 
Areas with sediment dominated by stones or sand 
were delineated by measuring the outer contours of 
these areas every 1 m along the stream axis. Channel 
and flow measurements (Table 1) were taken by gen-
erating five cross-sections evenly distributed along 
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the study sections. Flow velocity was recorded at 
20-cm intervals in the lower third of the stream. The 
length of all study sections was measured along the 
identified flow channel (Table 1).

PIT-tagging

A total of 184 FPMs (120 experimental and 64 con-
trol mussels) with a size range of 40–59  mm were 
selected from cages of the rearing facilities in the 
Vogtland and measured in length (Table  1) using a 
digital caliper gauge (accuracy ± 0.2 mm). All FPMs 
were offspring from wild native mussels and had lived 
in cages, which were filled with natural sediment and 
exposed to natural flows, in the study streams for at 
least 10  years. Mussels were tagged with shellfish 
glue-on tags (FPN 8 × 4, Hallprint, Hindmarsh Val-
ley, Australia), adhered to the external valve using 
super glue (Dupla Plantfix, Dohse Aquaristik GmbH, 
Grafschaft-Gelsdorf, Germany). A PIT-tag (APT12, 
Biomark, Boise, U.S.A.; 12.5 × 2  mm) was attached 
on the opposite valve using super glue (Sekundenkle-
ber, UHU, Bühl, Germany) (Hartmann et  al., 2016). 
The PIT-tag was then embedded in dental cement 
(Fuji I, GC Corporation, Tokyo, Japan). The cement 
hardened for eight minutes, while the mussel siphons 
were covered with water, guaranteeing a functional 
respiration. Tagging took an average of two minutes 
per individual.

Study design

At the end of July 2020 (calendar week 30), 15 tagged 
mussels per study site were released across three dif-
ferent habitats (sand-dominated, gravel-dominated, 
and stone-dominated), resulting in five mussels per 
habitat. Empty FPM shells were filled with silicone 
to create mussel dummies which had a similar size 
and weight (approx. 9–10  g) as the living mussels. 
One dummy was added to each group of five mus-
sels for a total of 24 dummies and gently pushed into 
the sediment. In addition to released mussels, a mini-
mum of ten PIT-tagged control mussels were placed 
in cages in each stream (no more than 1  km away 
from the study sites). For a detailed overview of all 
mussels see Table 1. The initial location of the mus-
sels was recorded by measuring the distances to three 
previously stationed iron rods (one-meter-long rods 
driven into the soil in a triangular formation around 
the study site) using a laser rangefinder (GLM 50C, 
Bosch, Stuttgart, Germany).

The movement of mussels was observed for a dura-
tion of ten weeks. Mussels were monitored biweekly 
using a handheld PIT-tag reader (HPR Plus, Bio-
mark, Boise, U.S.A.) and the microhabitat in which 
the mussels were found in was characterized. The 
new location of every detected mussel was recorded 
by measuring the distances to the three iron rods used 
to measure initial release location. Afterward, a trilat-
eration was conducted to project all mussel locations 
from the field into a coordinate system. This made 

Table 1  Overview of channel and flow characteristics across 
four study streams and morphometrics of experimental and 
control freshwater pearl mussels released in the respective 

stream and held in cages, respectively. The mean mussel length 
represents the measured shell length at the beginning and end 
of the experiment

Stream parameters Mussel parameters

Site Length (m) Width (m)
(mean ± SD/max)

Depth (cm)
(mean ± SD/max)

Flow (m/s)
(mean ± SD/max)

Experimental mussels 
(n/mean length start 
(mm) ± SD/mean length 
end (mm) ± SD)

Control mussels (n/mean 
length start (mm) ± SD/
mean length end 
(mm) ± SD)

S1A 5.9 1.9 ± 0.23/2.2 19.9 ± 10.8/41 0.05 ± 0.04/0.17 15/47.2 ± 2.1/48.3 ± 2.3 10/53.1 ± 4.1/54.2 ± 4.4
S1B 7.3 3.0 ± 1.45/4.6 22.9 ± 10.2/40 0.07 ± 0.13/0.76 15/46.5 ± 2.3/47.6 ± 2.6
S2A 6.6 3.4 ± 0.69/4.0 30.2 ± 10.0/48 0.11 ± 0.16/0.68 15/44.6 ± 1.8/45.6 ± 1.7 21/44.1 ± 5.9/45.4 ± 5.7
S2B 6.9 2.0 ± 0.14/2.2 18.3 ± 09.4/33 0.15 ± 0.11/0.48 15/45.0 ± 2.2/46.0 ± 1.8
S3A 7.9 2.6 ± 0.65/3.4 13.8 ± 10.4/50 0.12 ± 0.12/0.45 15/46.7 ± 2.2/48.6 ± 2.1 23/54.4 ± 2.5/56.3 ± 2.7
S3B 10 3.0 ± 0.65/3.8 19.4 ± 11.9/57 0.10 ± 0.13/0.67 15/46.0 ± 2.0/47.9 ± 2.1
S4A 5.9 2.4 ± 0.60/3.0 18.9 ± 09.5/35 0.08 ± 0.07/0.28 15/46.4 ± 2.7/48.1 ± 2.5 10/46.3 ± 5.5/48.4 ± 5.4
S4B 6.2 2.5 ± 0.64/3.0 14.2 ± 07.2/25 0.11 ± 0.12/0.61 15 46.4 ± 2.2/48.8 ± 2.4
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it possible to retrace the direction and the length of 
mussel movement. After a sixth sampling event at the 
beginning of October 2020 all mussels were removed 
from the study sections.

Mussel movement tracking

Each study site was searched for PIT-tagged mussels 
starting from the downstream end of the respective 
study site. Once a signal was detected, the area within 
a 10 cm radius around the signal was examined care-
fully to determine if other mussels were present. 
Locations (10 cm radius) of identified mussels were 
considered as one plot regardless of how many mus-
sels were present within the plot area. After plot sam-
pling (described in the following section), PIT track-
ing continued in upstream direction. If the end of the 
study site was reached without detecting all 15 mus-
sels and the three dummies, a second search run was 
performed using a larger PIT reader antenna to locate 
missing PIT-tags. In laboratory tests the sediment 
depth up to which a detection of PIT-tags was possi-
ble was determined to be 10 cm for the small antenna 
and 15 cm for the big antenna regardless of substrate 
type. Since the big antenna was always used to check 
for missing mussels, it can be ensured that mussels 
were detected up to a sediment depth of 15  cm. If 
mussels were still undetected after two search runs, 
the search was extended downstream to find mussels 
that may have drifted downstream. All undetected 
mussels and dummies were classified as “not found”.

Plot sampling

Directly after detecting a mussel plot, an aquascope 
was used to visually confirm FPM presence. If a FPM 
was visible and alone in a plot, location data were 
collected directly above this mussel. If mussels were 
not visible or a plot contained multiple FPMs, the 
center of the plot was used to collect location data. 
Once located, the vertical position of mussels within 
the sediment was defined as “on surface” if the mus-
sel was visible and as “under surface” if the mussel 
was not visible. Exact location data were collected 
by placing a tripod directly above the mussel. A laser 
rangefinder on the tripod was used to measure the dis-
tances to the three iron rods.

The plot was characterized by the following steps: 
The water depth above the plot and the flow velocity 

2  cm above the substrate were measured using a 
handheld flow meter. During every survey, the sedi-
ment type within the mussel plot was classified into 
three groups, depending on the dominant sediment 
type: sandy, gravelly, and stony. During the initial 
and final sampling event the grain size distribution 
was assessed first by visual estimation by the oper-
ating person and then by sediment coring following 
the methods described in Geist & Auerswald (2007) 
but using a slightly smaller coring tube (63  mm 
diameter). Grain diameters defined sediments as 
mud (< 0.063  mm), sand (0.063–1  mm), fine gravel 
(1–10  mm), coarse gravel (10–63  mm), stones 
(63–200  mm), and boulders (> 200  mm). Finally, 
water samples were collected above the plot substrate 
and in 5 cm depth of the interstitial (using a syringe 
fitted with a semipermeable aluminum pipe) and abi-
otic parameters (temperature, oxygen concentration, 
pH, conductivity, and turbidity) were measured using 
a multiparameter probe (Multi 3630 IDS, WTW, 
Weilheim, Germany) and a turbidimeter (2100P, 
Hach, Loveland, U.S.A.).

Data analysis

At each study site, the three iron rods (labeled A, 
B, C) served as fixpoints for a local 2-dimensional 
coordinate system. Local coordinates were defined 
such that x = 0, y = 0 at point A and x = 0, y > 0 at 
point C. In the field, the position P of an object of 
interest (mussels, structures, etc.) was recorded by 
measuring the distances P–A, P–B, and P–C. The 
most likely position of P in x- and y-coordinates was 
finally determined by least-squares fitting such that 
the resulting distances P–A, P–B, and P–C resembled 
the measured distances as close as possible. The cal-
culated data were used to determine the movement 
distance between surveys and to create maps of each 
study site, showing the direction of mussel move-
ment (Fig. 1). Movement distance was calculated as 
the Euclidean distance between a mussel position at 
time t−1 and t. A daily movement rate was calculated 
by dividing the movement distance by the number of 
days between t and t−1.

Since the handheld PIT-tag reader detected mus-
sels in a certain range around the antenna, it was 
difficult to clearly locate buried mussels. The uncer-
tainty of the exact position of mussels was handled 
by neglecting movements under 10 cm/2 weeks. This 
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was determined to be the error range of the handheld 
reader and considered as the maximum distance of 
nondirectional mussel movement caused by rotary 
motions; thus, all movement distances of less than 
10 cm/2 weeks were set to zero. Since mussel move-
ments were not tracked continuously, it was difficult 
to classify every observed downstream movement 
(either voluntary or drifting), while upstream move-
ment clearly resulted from voluntary movement. A 
classification was carried out by incorporating pre-
cipitation data: All downstream movements greater 
than the maximum observed upstream movement 
of 2.4  m that occurred in combination with heavy 
rainfall events were defined as drifting (5.3–36.8 m, 
n = 7). All other movements were defined as volun-
tary movements (0.1–3.7 m, n = 400), neglecting that 
some downstream voluntary movements might also 
be a result of drift events. While mussels might be 
able to initiate drift events, they most probably cannot 
control the length of these events resulting in random 
destination habitats. Therefore, data of drift events 
were excluded for most data analysis.

Using data from the sediment estimations and 
the sediment samples a final grain size distribution 

was calculated as the ratio among sampled grain 
sizes. Because stones (63–200  mm) and boulders 
(> 200  mm) were excluded by the 63  mm diameter 
of the coring device, their ratio estimations were used 
to calculate the final grain size distribution. The four 
sampled grain size categories (mud: < 0.063  mm, 
sand: 0.063–1  mm, fine gravel: 1–10  mm, coarse 
gravel: 10–63 mm) were then weighted as the remain-
ing ratio. In plots where sediment cores could not 
be collected due to grain sizes exceeding the core 
diameter, the final grain size distribution was deter-
mined just through estimation. This applied to 10% 
of gravelly habitats and 60% of stony habitats across 
all study sites. The D50 of the sediment and the rela-
tive amount of fine material (< 1 mm) were calculated 
for each plot (i.e., radius of 10 cm around the mussel) 
and for every plot where sediment samples were col-
lected, respectively.

Data from the four study streams were pooled as 
we were looking for generalizable conclusions on the 
behavior of the mussel rather than for specific habi-
tat effects. The hypothesized effect of the start sedi-
ment class (defined as the sediment class a mussel 
was found in during the previous sampling) on move-
ment rate was analyzed by comparing the movement 
rates between the three possible start sediment types 
(sandy, gravelly, and stony). To check for differences 
in sediment characteristics between start and end hab-
itat of moving FPMs, flow-induced sediment altera-
tions were examined by comparing D50 values and 
fine sediment ratios at three reference sites per study 
site (covering the sediment types sandy, gravelly, 
and stony) between start and end of the experiment. 
Afterward, the differences in sediment characteristics 
of moving mussels were investigated by comparing 
D50 values and fine sediment ratios of the start and 
end habitats of all mussels.

Statistical analyses were performed using R (R 
Core Team, 2018). The effect of abiotic factors on 
the vertical position (on surface/under surface) of 
mussels was analyzed using the Welch two-sample t 
test for normally distributed abiotic data and the Wil-
coxon rank-sum test. A Pearson’s chi-squared test was 
performed to check for a relationship between verti-
cal position and sediment class. Since the distribution 
of movement distance data differed very significantly 
from a normal distribution, with low values domi-
nating, all distance-related data were analyzed using 
non-parametric tests. Additionally, the data relating to 

Fig. 1  Map of the study site S4A. Polygons show the domi-
nating sediment classes and black arrow represents the posi-
tion and direction of the flow channel. Colored lines depict 
the movement patterns of individual mussels initially placed 
in a sandy habitat with the triangle being the position at the 
final survey (after 70 days) and the points in between the posi-
tions in biweekly intervals. Only mussels initially placed in the 
sandy habitat are shown on this map
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daily movement rates were highly zero inflated since 
all movements < 10  cm were set to zero. Therefore, 
effects on daily movement rates (sample date and 
start sediment class) were analyzed using Pearson’s 
chi-squared test after transferring the data to a binary 
scale by setting thresholds of daily movement rates. 
Thresholds were set to 0 cm, the mean of all mussels 
and the mean of all moving mussels (excluding ses-
sile mussels) for the considered timeframe. A Fisher’s 
test was used for group-wise comparison between 
the investigated test groups. Sediment characteristics 
(D50 and fine sediment ratio) between start and end 
habitat of moving mussels were checked for signifi-
cant differences using the Wilcoxon rank-sum test.

Results

The role of microhabitat characteristics on horizontal 
FPM movement

Throughout the experiment FPMs appeared to vacate 
sandy habitats (Fig.  2b). Of the 40 FPMs that were 
initially released in sandy habitats 12 were found in 
the same habitat during the final survey. The emi-
gration of mussels from sand-dominated habitats 
occurred mainly within the first 14 days of the experi-
ment: 55% of mussels placed in sand-dominated 
habitats left the habitat within this time span. Mus-
sels remaining in sandy habitats stayed there for the 
duration of the study apart from one or two mus-
sels in every stream moving at a later point in time. 

Comparing the habitat at the start and end of the 
experiment 75% of mussels remained in gravelly or 
stony habitats, while only 30% of mussels remained 
in sandy habitats (Fig.  3). Approx. 50% of mussels 
from sandy habitats immigrated to gravelly habitats 
and 20% to stony habitats. No mussel immigrated to 
a sandy habitat.

The daily movement rates differed in relation 
to the sediment class of the initial habitat (Fig.  4a). 
This effect was strongest when only considering the 
first two weeks of the experiment when the greatest 
departure activity from sandy habitat was observed 
(Fig.  4b). Within the first two weeks, mussels from 
sandy habitats moved at a mean rate of 4.6 ± 4  cm/
day, while mussels from gravelly and stony habi-
tats had movement rates of 1.9 ± 3.2  cm/day and 
1.5 ± 2.8  cm/day, respectively. A Pearson’s chi-
squared test revealed a relation between sediment 
class of start habitats and individuals moving over 
0  cm, 2.7  cm (mean of all mussels during first two 
weeks) and 3.8  cm (mean of moving mussels dur-
ing first two weeks) per day (Table 2). A Fisher’s test 
showed that the number of mussels moving over 2.7 
and 3.8 cm per day was significantly higher for mus-
sels situated in sandy habitats than it was for mussels 
situated in stony or gravelly habitats. Furthermore, 
significantly more mussels stayed sessile in stony 
and gravelly habitats compared to sandy habitats. A 
correlation matrix that was computed to determine 
further predictors for movement rates showed signifi-
cant correlations for some habitat parameters, such as 
flow or water temperature, but computed Spearman 

Fig. 2  a The relative 
number of freshwater pearl 
mussels detected (differed 
between mussels being vis-
ible and not visible on the 
sediment surface) and not 
detected during the five sur-
veys. b Ratios of sediment 
classes where mussels were 
detected during the experi-
ment. Note Habitat clas-
sification during calendar 
week 32 might be falsified, 
since data were collected by 
a different sampler
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correlations were all very low (< 0.16). Therefore, 
no further predictors for movement rates besides the 
presented predictor sediment characteristics could be 
identified.

The sediment characteristics differed in the start 
and end habitats of mussels initially placed in sandy 

habitats. While alterations of D50 values and fine sed-
iment ratios induced by high flows could be excluded 
by comparing sediment characteristics at reference 
sites (Online Resource 1), both values changed sig-
nificantly between the start and end habitat of mus-
sels initially placed in sandy habitats (Fig. 5a, b). No 

Fig. 3  Ratios of freshwater 
pearl mussels moving from 
a start habitat they were 
placed in to an actively cho-
sen habitat after 10 weeks

Fig. 4  Boxplots of the 
daily movement rate of 
freshwater pearl mussels 
during the whole experi-
ment (a) and during the first 
two weeks of the experi-
ment (b) in relation to the 
sediment class at the start 
habitat; drift events were 
excluded. Whisker–0.05 
and 0.95 percentiles; 
Box–0.25 quartile, median 
and 0.75 quartile; Points–
outliers exceeding 1.5 times 
the interquartile range; 
Cross–mean value

Table 2  Results of Pearson’s chi-squared test and Fisher’s test 
for the groups of freshwater pearl mussels moving over specific 
distances and starting from sandy, gravelly, and stony sedi-

ments over the first two weeks of observation with presented 
P-values (adjusted for group-wise comparison)

***P < 0.001, **P < 0.01, *P < 0.05

Daily movement Chi-squared test (global 
test)

Fisher’s test (group-wise comparison)

(cm) P Sandy–gravelly P Sandy–stony P Stony–
gravelly 
P

 > 0 0.009** 0.04* 0.01* 0.63
 > 2.7  < 0.001*** 0.001**  < 0.001*** 1
 > 3.8  < 0.001***  < 0.001***  < 0.001*** 0.46
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significant changes of D50 and fine sediment ratio 
between the start and end habitat were determined for 
mussels initially placed in gravelly and stony habitats 
(Fig. 5c, d, e, f).

Movement distances and movement patterns

Both upstream and downstream movement of FPMs 
was observed. While upstream movement can 
only result from voluntary movement, high water 
velocity can lead to downstream transport of mus-
sels. In fact, all seven movement distances of over 
5  m within 14  days could be linked to discharge-
related drift events that occurred after heavy rain-
falls (Online Resource 2). These movements only 
occurred in downstream direction and mussels 
were always found in areas where debris or cur-
rent breaks such as large boulders were observed. 
Data from the seven drift events were excluded for 

most data analysis. The maximum upstream move-
ment was 2.4 m within 15 days (16 cm/day), while 
the maximum displacement distance caused by 
a drift event was 37  m within 14  days. Dummies 
were also affected by high water velocity during 
the study and drifted distances ranging from 0 to 
9.6 m within 14 days (mean = 0.46 m, SD = 1.22 m). 
The distances covered by FPMs during the experi-
ment (70  days) differed greatly between individu-
als but not between rivers. Approx. 50% of mussels 
remained in a radius of < 1 m, while four individu-
als moved over 5 m and two mussels did not move 
at all (Fig.  6). Mussels moving over 2  m were 
dominated by mussels initially placed in a sandy 
habitat (Fig.  6). The mean movement rate deter-
mined for FPMs across all habitats and streams was 
2.1 ± 3.3 cm/day (mean ± SD).

Mussels in all sediment classes did not perform 
unidirectional movements, rather, the direction of 

Fig. 5  Boxplots illustrat-
ing the altered sediment 
characteristics (D50–left, 
ratio of fine sediment–right) 
between initial and final 
survey of mussels initially 
placed in sandy (a, b), grav-
elly (c, d), or stony (e, f) 
habitats. Drift events were 
excluded. Whisker–0.05 
and 0.95 percentiles; 
Box–0.25 quartile, median 
and 0.75 quartile; Points–
outliers exceeding 1.5 times 
the interquartile range; 
Cross–mean value; Shared 
letters indicate a lack of 
significance using the Wil-
coxon rank-sum test
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movement appeared to be random with mussels 
changing their direction during the surveys (Fig. 1).

Detectability

The detectability of PIT-tagged mussels was about 
95%, varying between the surveys and across study 
sites with a trend of increasing detectability as sur-
vey weeks progressed (Fig.  2a), possibly resulting 
from improved searching skill. Tagged FPMs (94%) 
were located during at least four of the five surveys 
and only one mussel was just located once. Dum-
mies were detected with 86% frequency throughout 
the experiment. Four dummies were not found during 
the final survey and two dummies were found on the 
shore. During the final survey, a dummy was found 
with a detached PIT-tag, while the PIT-tag remained 
functional and was detected in short distance of the 

dummy. One mussel died during the experiment; the 
empty shell was found during the final survey.

Mussel visibility on the sediment surface varied 
between surveys (Fig. 2a). Highly significant abiotic 
habitat differences were detected between visible and 
non-visible mussels with water depth, conductivity, 
and pH values being higher in habitats of non-visible 
mussels (Table  3). FPMs were more present on the 
sediment surface (75% of mussels were visible) when 
the free water pH level was under 7.5, but if the pH 
exceeded 7.5 most mussels (54%) were buried. A 
Pearson’s chi-squared test revealed a significant rela-
tionship between sediment class and mussel visibility 
(χ2 (2, N = 683) = 8.3, P = 0.016). Mussels in sandy 
habitats were visible more often than mussels in grav-
elly or stony habitats.

Fig. 6  a Distribution of 
total distances over a period 
of 70 days covered by PIT-
tagged freshwater pearls 
mussels; drift events were 
excluded. b Detailed distri-
bution of mussels moving 
less than 1 m over a period 
of 70 days

Table 3  Abiotic parameters 
for visible and not visible 
freshwater pearl mussels 
and the resulting P-value 
from a Welch’s t test (TT) 
or Wilcoxon rank-sum test 
(WT)

***P < 0.001, **P < 0.01, * 
P < 0.05

Abiotic parameter Mean not vis-
ible (n = 278)

Mean visible (n = 405) P Test

Turbidity [NTU) 11.3 ± 3.0 11.4 ± 4.4 0.941 TT
Flow velocity (m/s) 0.09 ± 0.08 0.07 ± 0.06 0.157 WT
Water depth (cm) 26.2 ± 8.1 21.9 ± 9.4  < 0.001*** TT
Water temperature free water (°C) 13.8 ± 2.1 14.1 ± 2.4 0.092 TT
Water temperature interstitial (°C) 14.3 ± 2.2 14.7 ± 2.5 0.037* TT
Conductivity free water (µS/cm) 253.9 ± 61.4 239.0 ± 60.7  < 0.001*** WT
Conductivity interstitial (µS/cm) 251.8 ± 59.5 236.6 ± 61.6  < 0.001*** WT
pH free water 7.46 ± 0.16 7.38 ± 0.18  < 0.001*** TT
pH interstitial 7.12 ± 0.21 7.00 ± 0.26  < 0.001*** TT
O2 free water (%] 93.7 ± 2.7 92.8 ± 4.1 0.029* WT
O2 interstitial (%] 67.3 ± 26.9 59.9 ± 31.0 0.010* WT
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Discussion

The role of microhabitat characteristics on horizontal 
FPM movement

While mussels moved throughout the experiment, 
an emigration from sandy habitats took place mainly 
within the first 14 days of the experiment (Fig.  2b). 
The limited duration of the experiment (10  weeks) 
was therefore sufficient to observe changes in habi-
tat occupancy and to verify the hypothesis that 
most mussels released in sandy habitats emigrated 
to occupy gravel or stone-dominated habitats. This 
departure was not observed for mussels released 
in stony habitats (Fig.  3). The maximum D50 value 
measured in stone-dominated habitats (96  mm) was 
within the range of D50 values observed by Westberg 
(2020) in natural FPM habitats (25–210 mm), which 
might have caused mussels to stay in these habi-
tats. An emigration from stony habitats is therefore 
only expected for habitats with D50 values beyond 
210 mm which may be caused by drifting of mussels 
not able to burrow in the sediment. However, D50 
values in stony habitats might be biased because of 
the described sampling difficulties in these habitats. 
Even though the fine sediment ratio in end habitats of 
mussels departing from sandy habitats was still above 
the limit of 18% described by Geist and Auerswald 
(2007), we can verify the hypothesis that active 
movement enables mussels to resettle in microhabi-
tats with altered sediment characteristics.

One can only speculate about the reasons for emi-
gration of FPMs from sand-dominated habitats with 
high amounts of fine sediment. One explanation 
might be a negative impact of deposited fine sediment 
on FPMs which clog the interstitial spaces in stream 
substrates with most adverse effects on juvenile FPMs 
(Geist & Auerswald, 2007; Österling et  al., 2010; 
Denic & Geist, 2015; Hyvärinen et al., 2021). How-
ever, the physiological effects of fine sediments on 
adult and semi-adult freshwater mussels are still not 
understood. The few studies that have been conducted 
on freshwater mussels found that increased turbidity 
due to fine sediments can interfere with filter feeding 
(Aldridge et  al., 1987) or lead to growth reduction 
(Österling et  al., 2007, 2010). A recent study on U. 
pictorum, however, demonstrated that clearance rates 
were constant and independent of particle size class 
or concentration, falsifying the hypothesis that fine 

particles clog the gills of freshwater mussels (Lum-
mer et  al., 2016). We speculate that mussels emi-
grating from sandy habitats could have searched for 
better refugia or food supplies. Sandy habitats might 
be too unstable for FPMs with greater chance of dis-
lodgement to unsuitable habitats and therefore are not 
considered as potential refugia. Furthermore, sandy 
habitats are mainly areas with no or low flow velocity 
and might contain lower concentrations of suspended 
food particles than areas with high flow velocity. 
Since we did not test the food quality and availability 
during this study, it might be possible that this was 
a proximate cause for mussel movements. In fact, 10 
of the 12 mussels that did not emigrate from sand-
dominated habitats were observed in sites S1B and 
S3A where a backflow might have delivered enough 
food. An emigration from sandy habitats in sites S1B 
and S3A later in the season seems reasonable due 
to potential higher water velocities and flooding in 
autumn. Future experiments will have to determine 
the role of sediment mixing ratios, bed roughness, 
or shear stress on the observed emigration behavior 
from certain habitats.

The number of mussels visible on the sediment 
surface varied between the surveys (Fig.  2a) and 
significant abiotic habitat differences were detected 
between mussels on and below the surface (Table 3). 
Differences in water depth and sediment class are 
most likely caused by methodological reasons: Mus-
sels in deeper depths were difficult to survey and it 
was much harder to distinguish between mussels 
and stones in gravelly and stony habitats resulting in 
the risk of missing mussels on the sediment surface 
under these conditions (Sanchez & Schwalb, 2021). 
Elevated conductivity and pH levels may have trig-
gered avoidance behavior in FPMs resulting in bur-
rowing below the sediment surface at pH > 7.5. FPMs 
seem to possess chemoreceptors (Wilson et al., 2012) 
which might play a role in this behavior.

Movement distances and movement patterns

Sediment characteristics were an appropriate pre-
dictor of movement rates. During the first two-week 
period, significantly more mussels moved over 0, 2.7, 
and 3.8  cm per day when situated in sandy habitats 
than in stony or gravelly habitats (Fig.  4, Table  2). 
Higher movement rates in sand-dominated habitats 
might result from FPMs seeking a more suitable 
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habitat, as also suggested by Poznańska-Kakareko 
et al. (2021), or simply because it was easier for mus-
sels to move in habitats with smaller grain sizes. A 
former study found increased burrowing activity of 
unionid mussels in sandy habitats in both field and 
lab experiments (Hernández et  al., 2021). In other 
studies, U. crassus were found to not only prefer fine 
sediment when moving in a stream but their move-
ment and presence/absence were also dependent on 
additional habitat features, such as water velocity and 
depth (Zajac & Zajac, 2011; Stoeckl & Geist, 2016). 
This was not observed for FPMs and no further pre-
dictors of movement rates other than sediment char-
acteristics could be found.

The observed movement rate of 2.1 ± 3.3  cm/
day for FPMs is comparable to U. tumidus, U. pic-
torum, and A. anatina (2 cm/day) in a lowland river 
(Schwalb & Pusch, 2007). This can be surprising 
when acknowledging the stonier habitat of FPMs, 
but it seems that they are well adapted to their habi-
tat and do not necessarily need loose material to per-
form movements with their foot. In one instance, a 
tagged FPM was observed moving across flat shale 
over a distance of approx. 5–10  cm. Former studies 
suggested that upstream movement of mussels in lotic 
systems offsets possible downstream dislodgment 
(Balfour & Smock, 1995). We formed similar conclu-
sions as upstream movement distances were particu-
larly high (2.4  m in 15  days; 16  cm/day) following 
two of the seven recorded drift events.

The movement distances measured between two-
sample dates were considered minimum values as 
paths taken between start and end positions were 
not observed and thus a linear path was assumed. 
True movement distances may have been longer than 
assumed by this method due to meandering paths. 
Furthermore, it was impossible to exclude drift events 
as a cause for measured downstream movements. 
Flow velocities were occasionally high enough to dis-
lodge mussels and could therefore have also affected 
the movement distances of mussels whose move-
ments were defined as voluntary movements. Dis-
charge peaks were observed during the experiment 
(Online Resource 2) but did not lead to a shift of the 
stream bed properties (Online Resource 1) or to an 
increased movement of the mussels. However, a few 
outliers in movement distances were observed at the 
same time as these discharge peaks.

Direct effects of tagging that may bias FPM behav-
ior have been discussed by Wilson et  al. (2011) as 
a decrease in the burrowing rate of FPM may have 
been partly due to handling. During this study, nega-
tive effects of handling were reduced by minimiz-
ing the handling time and not using ethanol to clean 
shells before tagging. Nevertheless, PIT-tags might 
still bias animal behavior and this must be reflected 
in the interpretation of the results. The mussels used 
in this experiment were offspring from wild native 
individuals, making a genetic effect on the behavior 
improbable due to retained genetic integrity of reared 
FPMs (see Geist et al., 2021). Furthermore, we could 
document that the design of our cages allowed mus-
sels to perform horizontal and vertical movement and 
did not lead to a difference in growth rates or survival 
between the caged and free-living mussels. Therefore, 
it is not likely that the observed behavior of our inves-
tigated mussels is influenced by hatchery or inbreed-
ing effects.

Conclusions

This study contributes to a deeper understanding of 
how substrate- and river-specific differences affect the 
movement activities of FPMs. The obtained results 
can be helpful for designing resettlement plans for 
this species, particularly when selecting streams or 
parts of streams with suitable abiotic habitat param-
eters. The study demonstrated that FPMs can resettle 
from unsuitable sand-dominated microhabitats and 
select for gravel- or stone-dominated habitats. There-
fore, it is only necessary to identify suitable mesohab-
itats (areas of approx. 10–30  m2) when reintroducing 
FPMs from captive-breeding programs into the wild 
or moving mussels to other rivers or river sections.
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