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a b s t r a c t
Freshwater mussels of the order Unionida provide important ecosystem functions and services. Unfortunately,
some previously widespread species are now seriously endangered. To restore the historical range of the population of Unio crassus in the Biała River, southern Poland, the species was reintroduced into a series of ‘stepping
stones’ joining two remnant populations. During the ﬁrst phase of the study, the relationships between the abundance of U. crassus, physical habitat, and water quality were studied to assess reintroduction potential. In general,
chemical water quality improved upstream from the existing population, favouring the decision for reintroduction, whereas morphological variables worsened. Mussel abundance was correlated negatively with the elevation
and slope of channel, organic matter contents, and pH (exceeding 8.0), but positively with silt presence, water
2+
, and NO−
conductivity, and concentrations of HCO−
3 , Ca
3 . During the second phase, adult individuals were introduced into one type of functional habitat—marginal channel sectors with still water and ﬁne sediment. Despite
the initial very high rate of reproduction in some parts of the upper reach of the river, the juveniles were ultimately recruited only in the lower part of the restored range, resulting in a very rapid change in recruitment at
a channel slope of 1.8‰. Recruitment was positively related to silt content, conductivity, and Ca2+ and HCO–3
ions, negatively to channel elevation and slope, and water pH. The host ﬁsh species showed no correlation
with abiotic habitat features within the studied reach. These results imply that most of the habitat traits related
to U. crassus occurrence depended on the river's longitudinal proﬁle, not on the chemical water quality, and that
ﬁnal success of introduction should be evaluated after several years.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Lotic ecosystems are, perhaps, the most heavily impacted habitats
on the planet (Malmqvist and Rundle, 2002). Although the quality of
freshwater systems in developed countries is steadily improving
(Geist, 2014), this does not compensate for the loss of ecosystem processes and related biodiversity caused by changes in the past (Aarts et
al., 2004; Riccardi et al., 2016). The direct link between ecosystem functions and services and freshwater biodiversity is frequently exempliﬁed
by freshwater mussels, which directly improve water quality (Kryger
and Riisgård, 1988; Lummer et al., 2016; Pusch et al., 2001; Vaughn,
2017; Welker and Walz, 1998), while indirectly inﬂuencing other freshwater functions (Gutiérrez et al., 2003; Haag, 2012; Strayer et al., 1999;
Vaughn, 2010; Vaughn and Hakenkamp, 2001; Vaughn et al., 2008).
Freshwater mussels have been proposed as indicators of the ecological
integrity of freshwater ecosystems (Aldridge et al., 2007; Farris and
Van Hassel, 2006; but see Richter et al., 2016); thus, efﬁcient restoration
of freshwater ecosystems should be indicated by healthy mussel populations (Altmüller and Dettmer, 2006; Lundberg and Österling, 2016).
However, freshwater mussels, though not long ago widespread and numerous and even used on a massive scale for commercial purposes
(Haag, 2012; Williams et al., 1993), constitute one of the most endangered groups of organisms in the world (Lydeard et al., 2004). The identiﬁcation of factors leading to their disappearance and, even more
importantly, of factors hampering their restoration is still an unresolved
scientiﬁc challenge. Mussel distribution may be inﬂuenced by many abiotic and biological factors, including deterioration of abiotic habitat
(Holland-Bartels, 1990; Mueller et al., 2011), quality of water and chemical pollution (Douda, 2007, 2010; Hochwald, 2001; Hus et al., 2006;
Naimo, 1995), clogging of interstitial spaces (Geist and Auerswald,
2007; Österling et al., 2010), hydraulic conditions (Gates et al., 2015;
Hardison and Layzer, 2001; Moorkens and Killeen, 2014), catastrophic
events (Hastie et al., 2001), and even large-scale problems within catchments (Horton et al., 2015). An additional confounding effect is the
complicated life cycle of Unionida, whereby females expel large numbers of parasitic larvae into water; these larvae attach themselves to
the body surfaces of ﬁsh and encyst, detaching themselves after few
weeks, fall into sediments and thus start their independent life (Haag,
2012). Thus, ﬁsh host availability may affect mussel distribution
(Douda, 2015; Lopes-Lima et al., 2017; Schneider, 2017; Stoeckl et al.,
2015; Taeubert et al., 2012a; Watters, 1996). An in situ assessment of
which intra-watercourse factors enable successful reproduction and
subsequent population restoration, as advocated by Gray and Kreeger
(2014), is needed.
This complicated array of factors is not easy to apply in mussel restoration projects. The fundamental questions are:
• To what degree does successful restoration of the habitat and related
biota depend on general habitat features which affect large areas of
the river continuum (Vannote et al., 1980)?
• Should the habitat be studied on a small scale within identiﬁed hydrological units (functional habitats; Harper et al., 1992) nested within
the river channel?

successful reintroduction of the thick-shelled river mussel U. crassus,
one of the most endangered European freshwater mussel species
(Lopes-Lima et al., 2017). During the ﬁrst phase of the study, we identiﬁed the basic longitudinal features of the river (morphology, water
physicochemistry, ﬁsh distribution) which might be critical for the success of planned mussel reintroduction. During the second phase, i.e. actual reintroduction, the assumptions derived from the ﬁrst phase were
veriﬁed in the course of a direct ﬁeld experiment involving the relocation of adults into a preferred functional habitat and monitoring of
their breeding success.
2. Materials and methods
Data on reintroduction were collected in the years 2011–2015 in the
course of a project devoted to convert weirs to enable migration of ﬁsh
(cf. Watters, 1996) in the Biała Tarnowska, a medium-sized, low-mountain river (Carpathians, southern Poland). The upper part of the river
had been heavily impacted in the past by organic pollution from the
local brewery in the town of Grybów (49°37′27″ N; 20°56′52″ E) and
by channel regulation started in the 1890s (Szuba, 2012). Considering
the signiﬁcant improvement of water quality in the river and available
historical data on the occurrence of mussels in its upper course, the
main aim of the project was to accelerate the process of river
recolonisation up to the weirs, reintroducing the species from the
main population into a series of ‘stepping stones’ in order to initiate its
further expansion (Fig. 1).
2.1. Study site
The Biała Tarnowska River is a 101.8-km-long, right-bank tributary
of the Dunajec River, which ﬂows from a Carpathian range called the
Beskid Niski northwards to the Dunajec River valley. The area of its
catchment is 983 km2. Mean water depth at low-ﬂow conditions is
0.54 m; the average channel depth is 4.5 m, while channel width ranges
from ca 15 m (in incised reaches) to 50 m (in braided reaches). The Biała
Tarnowska ﬂows through areas underlain by sedimentary rocks: thin
intercalating layers of sandstones, claystones, and siltstones called
Carpathian ﬂysch, characterised by diversiﬁed resistance to erosion
and supplying a speciﬁc type of bed material consisting of very ﬂat
gravels and large quantities of sand and ﬁne sediment. Bedrock exposures also occur within the river channel. The main area of the study
and mussel reintroduction (a reach ca 60 km long) was located between
the village of Stróże (49°39′40.1″ N; 20°57′58.7″ E) near Grybów
(303 m asl) and the city of Tarnów (50°0′43.5″ N; 20°59′9″ E) (190 m
asl). The channel is characterised by a pool-rifﬂe pattern; longer sections of plain bed occur in the upper part of the studied reach (channel
classiﬁcation according to Montgomery and Bufﬁngton, 1998). The area
lies within a Natura 2000 site (‘Biała Tarnowska’, PLH120090). Under
the Polish monitoring scheme (Zając, 2010), the studied population
has been accorded favourable (FV) status, with an unfavourable habitat
(U1), and a density of U. crassus locally reaching over 50 ind./m2, with
very good recruitment (Zając K., unpublished data).
2.2. Field protocol

Both approaches may be appropriate.
It is assumed that mussels occur in parts of a channel with more stable bed (Strayer's ﬂow refuges; Strayer, 1999), which implies the crucial
role of functional habitats. As conﬁrmed in behavioural experiments involving endangered Unio crassus with respect to functional habitats, this
species prefers marginal still-water areas with ﬁne sediment deposits
(Zając and Zając, 2011; see also Zieritz et al., 2014). If reintroduction
of the species was conducted within one type of functional habitat in
relatively uniform and discrete spatial units, it would be easier to see
the inﬂuence of longitudinal processes. We used this approach to deﬁne
features of the longitudinal proﬁle of a mountain river that can inﬂuence

2.2.1. Species distribution study
The Biała River and its tributaries were carefully inspected in May–
June 2009 to map the distribution of existing populations of U. crassus.
This was based on the slow penetration of the channel at low-ﬂow periods by at least two researchers wading or ﬂoating on pontoons in
deeper sections, and searching through to the bottom with aquascopes
to the depth of 0.5 m (Zając and Zając, 2011). The survey was repeated
in May–July 2011, at which time an exact count of the population was
conducted: individuals were located using GPS and totalled for each
100-m section of the river course (Fig. 1), and the reach designated for
recolonisation was inspected in search for potential receptor sites. At
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Fig. 1. General distribution of Unio crassus within the studied reach of the Biała River, including individuals derived from reintroduction. (A) – general view of the studied catchment with
distribution of U. crassus remnant populations and sub-fossil sites. Circles represent the number of individuals per 100 m (the size of the circle is proportional to the number of mussels; the
largest circle represents over 1000 ind./100 m); triangle represents sub-fossil records. (B, C) – details of the upper part of the reach where reintroduction was performed, with receptor
sites marked with large hexagons and juveniles with small white dots; numbered dashes represent 3-km divisions of the analysed river reach; double-line buffers represent the 500–600m potential dispersal rate of the progeny of 3-year individuals found in given locations in 2014.

the same time, the Carpathian rivers characterised by similar morphology (the San, Osława, Osławica, Jeleśnia, and Wisłok) and
harbouring populations of U. crassus were surveyed starting from
their upper parts, using the same methodology, in order to establish
the upper boundary of the occurrence of the species in the Polish
Carpathians.
The studied reach of the river (ca 60 km) was subdivided into 3-km
sections. At downstream ends of each section, permanent sampling
stations were established. At these stations, water samples were collected in order to analyse their physicochemical properties, along with
samples of a layer, ca 10 cm thick, of the bed sediments in the areas of
still water near the bank (in places where the occurrence of U. crassus
was expected, from a depth of water around 20–30 cm;
Zając and Zając, 2011). Samples of undisturbed sediments (ca 2 kg
each) were taken to the laboratory and sieved to determine the relative
proportions of gravel (N 2 mm), sand (2–0.063 mm), silt (0.062–
0.004 mm), and clay (b0.004 mm). At the same sampling stations, but
only within the extent of the main population of the species, the nearest
locations inhabited by U. crassus were searched, with samples of bed
sediments from an area of 1 × 20 m along the bank collected and sieved
(mesh size 2 mm) for the presence of juveniles. This sampling was conducted in November, to sample fully-grown (up to a shell length of
15 mm) juveniles from that year. The same methodology was used to
sample juveniles at receptor sites (the sites where U. crassus was
reintroduced; see below).
The altitude of the water level and the channel bed was measured in
September–October 2013 at the sampling stations; both measurements
were taken for the entire channel cross-section and for the local longitudinal proﬁle over an average stretch, 136 m long, of the riverbed. Measurements were collected using a standard GPS RTK (Real-Time
Kinematic) device with the support of the Polish ASG-EUPOS system,
with an accuracy exceeding 0.03 m horizontally and 0.05 m vertically.
The analysis of water level and channel bed yielded redundant results,
so in subsequent analyses we show only results for the latter.

2.2.2. Water chemistry
Water samples were collected at each of the sampling stations:
twice in 2011 and once in 2012. However, for the analysis we used samples collected at the Ciężkowice water-gauge station in the middle of
the U. crassus breeding season on 5 July 2012, at the time of the lowest
water level (daily water level: 164 cm; minimum water level for breeding season in 2012: 151 cm). Samples were collected in 0.33-l containers placed in a ﬁeld refrigerator and transported to the laboratory,
where they were analysed in a chromatograph on the following day.
The water samples for suspended matter analysis were collected at
each of the sampling stations in September–October 2013 and taken
to the laboratory, where they were ﬁltered, evaporated in a forced-air
oven at 105 °C, and heated in a mufﬂe furnace at 550 °C. Subsequently,
suspended sediment density in water and mineral-organic composition
were evaluated.
2.2.3. Electroﬁshing
Fish species structure was surveyed in June 2012 at 16 sampling stations over a 300-m section of the channel, using standard electroﬁshing
procedures. We omitted 5 stations because of technical difﬁculties: the
river was too deep for wading, therefore ﬁsh had to be sampled from a
boat. The strong water current, incised channel, and difﬁculties with
relocating ﬁsh to their previous locations biased the results and caused
unnecessary ﬁsh mortality.
The electroﬁshing was repeated in May 2013 at 16 receptor sites
where the mussels were reintroduced. The electroﬁshing was conducted in 50-m river sections sampled on both channel sides. Five sites were
omitted because they were located too close to each other (Fig. 1); electroﬁshing was conducted only for one of these, chosen randomly.
2.2.4. Reintroduction project
During the ﬁeld survey of the whole river in 2011, we searched for
suitable receptor sites for species reintroduction (Moorkens, 2017).
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We searched for still water with ﬁne sediment near the bank (Zając and
Zając, 2011), ﬁsh presence, and a stable riverbank (growing vegetation
vs eroded sediment). The selected sites were local pools near banks or
small bays near large woody debris, with a near-bank thick layer of
ﬁne sediment which gradually decreased with depth, with ﬁne gravel
occurring deeper in the channel or bays within an old riprap demolished
by the river. The functional ‘silted’ habitats were usually small (b 30 m
along the bank). Finally, 21 receptor sites, distributed more or less evenly throughout the reach, were selected.
The reintroduction commenced in 2012. Once the presence of gravid
females within the studied population had been observed, as of 20–23
May, 30 large (over 50 mm in length), randomly selected individuals
were distributed at each designated receptor site. Mussels were collected from a reach expected to sustain damage due to construction work
(near Lubaszowa, 49°51′46.06″N, 21° 2′13.14″E). The mussels were
placed in a small car refrigerator, in a container with an oxygenating device and ﬁlled with fresh water from the river. They were transported to
the receptor site and released near the bank at a depth of ca 20 cm.
The receptor sites were checked every month for the sole purpose of
viewing the general status of the site. The ﬁnal survey of the site was
conducted during the period 26 September–2 October 2012, at which
time all bed sediments were sieved over an area of 1 × 20 m centrally
positioned within the receptor site (see above). In 2013, the same reintroduction scheme was applied. The sites were ﬁrst checked at the onset
of reproduction to count adults; then their number was augmented
with new individuals (taken from the bridge construction zone near
Burzyn 49°52′51.39″N, 21° 3′17.87″E, on 14–16 May) to reach 30 individuals per site.
Each year from 2013 to 2015, the river reach subjected to reintroduction was surveyed in September–October, in order to detect juveniles recruited as a result of the reintroduction. The juveniles in
successive seasons were much larger; thus, as in adults, their siphons
were visible to the naked eye and they could be easily located and
counted. Because young mussels were frequently dispersed and found
even at considerable distances from the original receptor site, and
since 2014 continuity in their occurrence was observed between certain
receptor sites, their quantity was expressed as the number found within
a 3-km section, standardised according to the number of receptor sites.

2.3. Data analysis
In order to verify the suitability of the river for reintroduction, the relationships between the numbers of the U. crassus individuals and hydrological and physicochemical variables were checked using nonparametric tests. Each variable was analysed separately, because of the
lack of independence (e.g. an increased amount of silt in a bed-material
sample automatically equates to a decrease in the proportion of gravel).
For variables for which tested relationships were signiﬁcant, ROC curve
analysis was conducted (Metz, 1978, 1986), using the pROC package
(Robin et al., 2011), in order to estimate the so-called ‘cut-off points’,
i.e. the values of an analysed parameter representing the boundary between the occurrence and non-occurrence of the studied phenomenon
(Metz, 1986). The reliability of such estimation is measured by two parameters: the sensitivity and speciﬁcity of each cut-off point (Metz,
1978, 1986; Shaw, 1980). Separate analyses were conducted for the native population and for the ‘stepping stone’ populations originating
from the reintroduction. In the case of re-introduction success, we
used logistic regression to analyse absence/presence data in relation to
the same set of habitat features, because bottom surveys of juvenile
(1-year) recruitment (by eye, without bottom sampling) are much
less reliable in relation to their number than in the second or later
years of the mussel life. On the other hand, we cannot rely only on the
surveys conducted in the subsequent years, because we could lose information on the 1-year recruitment as a result of later environmental
changes or juvenile mortality.

3. Results
3.1. Distribution of the species
The general distribution of the main and remnant populations in the
study area is shown in Fig. 1. Some sub-fossil shells were found in the
Jasienianka River (312 m asl). The U. crassus locations with the highest
elevations in Polish Carpathian rivers of similar size and morphology
were, on average, at 517 m asl (Md = 452 m asl; N = 5), with the
highest location (632 m asl) in the Jeleśnia River.
The distribution of the species within the main channel of the Biała
River was restricted to its lower reach (Fig. 1). In total, we counted
59,889 adult individuals in the main channel, with a mean density
d = 181.5 ind. per 100m of the channel (SD = 308.48, Md = 33.5,
dmax = 1786); only 31% of the 329 sections within the range of the population were found to be unoccupied. Fourteen percent of sampled individuals were three years old or younger.
An isolated population found in the Zborowianka River, a right-bank
tributary of the Biała, was composed of 4030 individuals, with a mean
density d = 57.6 ind./100 m (SD = 183.80, Md = 19.5, dmax = 1514);
only 16% of the 100-m sections (N = 70) within the range of the population were found to be unoccupied. Twenty-eight percent of sampled
individuals were three years old or younger.
3.2. Abiotic factors
Almost all of the studied abiotic parameters of the channel were
strongly correlated with the elevation of the channel above sea level
(Table 1, Fig. 2). The number of U. crassus individuals recorded within
the entire studied reach correlated negatively with elevation, channel
slope, and organic content of suspended matter, but positively with
clay content in the bed-material samples. The physicochemical properties of the water also correlated with the number of mussels: positively
2+
−
with conductance and concentrations of HCO−
, and
3 , NO3 , and Ca
negatively with pH; however, the values of pH within the study area
were all above 8.0. Based on ROC curves, cut-off points for the absence/presence data were estimated for the most signiﬁcant parameters
from each group (Fig. 2).
The predictive role of the above relationships was also veriﬁed within
the range of the main population. Here, the number of adults counted
per 3-km section was not correlated with any of the analysed
predictors, except for negative correlations with the concentrations of
3−
NO−
(rS = −0.71, N = 11,
3 (rS = −0.71, N = 11, p = 0.014) and PO4
p = 0.014).
Within the main population, the number of 100-m-long sections per
3-km reaches of the river, which were completely deprived of U. crassus
individuals correlated with channel morphology: empty sections were
more frequent in lower elevations within this reach (rS = − 0.84,
N = 11, p = 0.001), and in steep channel parts (although the relationship
was only close to statistical signiﬁcance, rS = 0.60, N = 10, p = 0.068).
The density of ﬁrst-year juveniles per sampling station within the
main population was negatively correlated only with channel slope
(rS = −0.75, N = 10, p = 0.012, Fig. 3) and with the content of gravel
in bed-material samples (rS = −0.66, N = 11, p = 0.027).
3.3. Reintroduction opportunities in relation to ﬁsh hosts
Seventy-three percent of all ﬁsh caught (N = 6698) belonged to
three species: Barbus barbus (30%), Alburnus alburnus (29%), and
Alburnoides bipunctatus (13%). Thus, any general analysis of mussel
counts in relation to ﬁsh counts would actually refer to these three species. The number of ﬁsh species also failed to correlate with the U. crassus population count (rS = 0.26, N = 15, p = 0.35, one outlier rejected).
Scardinius erythrophthalmus and Cottus gobio, widely regarded as very
good hosts for U. crassus (Taeubert et al., 2012b), were not recorded within the studied reach at all. Phoxinus phoxinus occurred in large quantities
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Table 1
Coefﬁcients of Spearman rank correlation between elevation of sampling stations and the parameters of the abundance of Unio crassus (number of adult individuals and number of juveniles), and river environmental parameters and the occurrence of potential host ﬁsh species shown for the whole river reach before mussel re-introduction and the reach with re-introduced mussels. For the latter reach, results of logistic regression of juvenile absence/presence on river environmental parameters are also shown.
Whole reach

Environmental
parameter
Elevation
Channel slope
Percent of
gravel
Percent of sand
Percent of silt
Percent of clay
Suspended
matter
Percent of
organic
matter
Water
conductivity
pH
HCO−
3
NO−
3
3+
PO4
Ca2+
Fish species
Gobio gobio
Squalis cephalus
Alburnoides
bipunctatus
Phoxinus
phoxinus
Chondrostoma
nasus
Alburnus
alburnus
Barbatula
barbatula
Barbus barbus

Re-introduced reach

Elevation of
sampling station

Number of
mussels per 3 km

Number of 2012 juveniles at sampling
stations in the whole reach

2012 juveniles
absence/pre-sence (logistic
regression)

Number of 1-year–4-year mussels at
ﬁnal survey in 2015 (N/3 km)

rS

rS

rS

estimate

rS

N = 20

N = 11

0.84⁎⁎⁎
0.48⁎

−0.68⁎⁎⁎
−0.83⁎⁎⁎
−0.38

−0.49⁎
−0.49⁎
−0.49⁎

13.7⁎⁎⁎
12.1⁎⁎⁎
7.81⁎⁎

−0.89⁎⁎⁎
−0.88⁎⁎⁎
−0.62⁎

−0.08
−0.66⁎⁎
−0.73⁎⁎⁎
0.61⁎⁎

0.24
0.39
0.50⁎
−0.54

0.25
0.50⁎
0.55⁎⁎
−0.14

2.99
2.93
6.12⁎
3.61

0.41
0.60
0.69⁎
−0.16

0.52⁎

−0.60⁎⁎

0.17

1.50

0.16

−0.98⁎⁎⁎

0.72⁎⁎⁎

0.25

12.2⁎⁎⁎

0.80⁎⁎

0.84⁎⁎⁎
−0.71⁎⁎⁎
−0.76⁎⁎⁎
−0.58⁎⁎
−0.89⁎⁎⁎

−0.83⁎⁎⁎
0.62⁎⁎
0.48⁎
0.34
0.76⁎⁎⁎

−048⁎
0.18
0.09
0.18
0.18

11.6⁎⁎
6.77⁎⁎
3.27
2.99
9.76⁎⁎

N = 16
0.44
−0.15
0.54⁎

0.14
0.29
−0.32

−0.20
0.39
−0.10

−
−
−

−0.79⁎⁎
0.30
0.22
0.44
0.23
N=7
−0.28
0.14
0.15

0.82⁎⁎⁎

−0.67⁎⁎

−0.61⁎

−

−0.89

−0.39

0.33

0.41

−

−0.15

−0.89⁎⁎⁎

0.59⁎

0.60⁎

−

0.49

0.68⁎⁎

−0.13

−0.06

−

−0.65

−0.77⁎⁎⁎

0.38

0.29

−

0.92⁎⁎

⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.

(mean 34 ind./100 m; SD = 38.8) in the upper course of the studied reach,
far from the main population (the ﬁrst sampling plot where P. phoxinus
was recorded was 12 km above the upper boundary of the main population). Chondrostoma nasus was distributed throughout the studied reach,
but in much lower quantities (mean 3.0 ind./100 m; SD = 5.18).
Among ﬁsh species found in the studied reach, the number of U. crassus adults correlated only with P. phoxinus (negatively) and A. alburnus
(positively; Table 1), and these correlations were reﬂected by juvenile
recruitment within the main range of the population. The densities of
both ﬁsh species strictly correlated with channel elevation, with sign
of the correlation reversed in comparison to their correlation with the
U. crassus population count.
3.4. Success of reintroduction and juvenile dispersal
In 2012 the mean success of reintroduction to the receptor sites in
terms of recruited juveniles of the year equalled 5.3 juveniles per 10m section of the bank (SD = 7.64, Md = 1, max. = 24). In 2013, on average, 1.4 juveniles were found (SD = 2.45, Md = 0, max. = 11). The
difference in recruitment between the years was signiﬁcant both at receptor sites (Wilcoxon matched pairs test, Z = 2.6, N = 13, p b 0.01) and
within the main population range (2012: mean = 5.3, SD = 5.51, Md =
5, max. = 20; 2013: 1.5, SD = 3.27, Md = 0, max. = 11; Wilcoxon
matched pairs test, Z = 2.0, N = 10, p b 0.047).

Juvenile recruitment at the receptor sites (mean = 0.8, SD = 1.26,
Md = 0, max. = 4) did not differ signiﬁcantly from the recruitment
within the main range of the population (mean = 1.7, SD = 3.4,
Md = 5, max. = 11) for data pooled for two years (Mann-Whitney U
test, Z = 1.3, N = 22, 46, p = 0.18). There were no differences for the
2012 (Mann-Whitney U test, Z = 1.47, N = 11, 21, p = 0.137) and
2013 data (Mann-Whitney U test, Z = 0.44, N = 11, 21, p = 0.615)
analysed separately. The detectability of the young mussels increased
in their second year due to the visibility of their siphons on the surface
of the sediment; in the analysed section, we detected a total of 271 individuals recruited in 2012 in their second year of life. In the vicinity of
particular sites, we found, on average, 7.6 (SD = 33.5, max. = 55) 2year individuals within the morphological boundaries of the receptor
site, whereas outside receptor site we found, on average, as many as
4.8 (SD = 29.8, max. = 47) 2-year individuals. In the receptor site
coded UcB21, 47 2-year individuals were found outside the receptor
site, compared to no young mussels within.
There were no signiﬁcant correlations between the number of
ﬁsh host individuals of any species found at receptor sites and the
number of juveniles of introduced U. crassus. The maximal dispersal
distance of juveniles detected in the neighbourhood of a given receptor site was N600 m. For the 2014 data, the number of juveniles per
receptor site positively correlated with their maximal dispersal distance (for 2-year: r S = 0.83, N = 10, p = 0.003; for 3-year: r S =
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Fig. 2. Abiotic features of the Biała channel in relation to channel elevation, with indicated U. crassus population counts (scatter plots in left-hand columns); on the right side of the scatter
plots, the box plots represent median values of the given parameter (quartiles and range) for the presence (black boxes) or absence (gray boxes) of U. crassus. Data is shown separately for
adults from the main population and juveniles from reintroduction. The cut-off points for each abiotic feature estimated based on ROC curves are shown with black arrows. The numbers at
the edges of whiskers at box plots represent sensitivity (to the left of the black bar) and speciﬁcity (to the right of the gray bar).

0.67, N = 13, p = 0.012, Fig. 4). In the same year, two groups of three
and two receptor sites (Fig. 1), respectively, were practically connected by continuous distribution of young mussels (Fig. 1C), meaning that the reach of the river separating the main and Zborowianka
populations was ﬁlled in 2014 with mussels colonising 86% of the
channel's length.
In 2014 the morphology of 13 receptor sites was, to various extents,
disrupted by a ﬂood (lateral erosion or large transport within the channel). The ﬂood destroyed sites with signiﬁcantly larger numbers of 2year individuals found in 2013 (the mean for the destroyed sites was
20 juveniles (SD = 21.5) compared to 5 juveniles at undamaged sites
(SD = 8.1; test Z = 2.20, N = 12, p = 0.028)), even though in the following year juveniles recruited during the years preceding the destruction were still present in these surroundings (mean = 11.7, SD = 23.0).
The number of 2-year mussels per 3-km section was much higher in
2013 in some sections located at higher elevations (with steeper channel slope) than the number of 3-year mussels recorded in the same sections in the following year (Fig. 3A), although the difference was not
statistically signiﬁcant (Wilcoxon matched pairs test, 2-year individuals
in 2013 vs 3-year individuals in 2014: Z = 0.06, p = 0.95; 2-year individuals in 2013 vs all 1–4-year recruits in 2015: Z = 0.420, p = 0.67).
Destruction of receptor sites was dependent neither on the elevation

of the 3-km channel section (Z = 0.69, N = 11, p = 0.494) nor on channel slope (Z = 0.23, N = 10, p = 0.820).
3.5. Longitudinal factors related to the success of reintroduction
The density of 1-year juveniles per 3-km sampling station, counted
according to the same sampling methodology and combined for already
inhabited and experimentally settled reaches, signiﬁcantly and negatively correlated with channel elevation, channel slope, gravel content,
and pH, and positively with clay content; no other factors found significant for the main population were conﬁrmed for reintroduced juveniles
(Table 1). These relationships were conﬁrmed by means of an absence/
presence logistic regression analysis (with the exception of clay content), which additionally showed signiﬁcant relationships with conduc2+
tance, HCO−
. Similar results were found for juveniles aged 1–
3 , and Ca
4 years (recruited in 2012–2015, counted in 2015), except for HCO–3 and
Ca2+ (Table 1).
In the 2015 survey, it appeared that, despite initial success at upper
receptor sites (crosses in Fig. 3A), juveniles introduced during the relocation project were ultimately absent in reaches with channel slope
≥ 1.8‰ (Fig. 3A, B) and elevations over 245–250 m asl. This means
that ultimately the southern range of the population was moved
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Fig. 3. (A) Relationships between the number of mussel individuals (left axis) and clay content in bed samples (right axis) and channel slope within the range of occurrence of the main
population of Unio crassus. Solid dots indicate number of 1-year juveniles within a 10-m sample at 3-km sampling points. Empty triangles indicate number of adult individuals (×1000) per
3-km river section. (B) Relationship between the number of U. crassus juveniles and channel slope in the river reach with re-introduced mussels.

12 km upstream. In the main population, both juveniles of a given year
and adults were restricted to reaches where the slope did not exceed
1.4‰ and where the clay content was noticeably higher (Fig. 3B).
4. Discussion
Reintroduction projects, by deﬁnition, aim at restoring a species to
its former range. Usually such a decision is based on historical data on
species occurrence; however, it has already been stressed by Seddon
et al. (2007) that reasons for extinction are usually poorly understood.
In the case of reintroduction in the Biała River, historical data, sub-fossils, and comparison to other Carpathian rivers indicated that the
range of the species should extend far into the upper course of the
river. This aim was strongly justiﬁed by environmental conditions.
Along a mountain river, strong environmental gradients, namely chemical and hydraulic, are present. The chemical quality of the water was
much higher in the upper reach of the river. Usually, water quality improvement in the upstream direction can be attributed to decreasing
human density and anthropogenic impact (Allan, 2004; Donohue et
al., 2006; Osborne and Wiley, 1988). In the case of the Biała, the upper
parts of the catchment are mostly covered by forests with few,

Fig. 4. Relationship between the number of young mussels attributed to a given receptor
site and the maximum distance recorded between the receptor site and young mussels
found in its vicinity.

dispersed human settlements; thus, the chemical quality of the water
in the upper river course was higher than in the lower course, which
was settled by a very large and prosperous population of U. crassus
(Table 1).
Theoretically, physicochemical parameters should be good predictors of environmental conditions as they reﬂect many possible factors
inﬂuencing riverine biota. However, as reported by Allan (2004), their
indicative role depends on the character of the river and its catchment;
if the environment is of good quality, or human inﬂuence is widespread
and fairly uniform across the study region, physicochemical parameters
reﬂect only natural factors. In the case of this study, physicochemical parameters were strictly correlated with the elevation of sampling points
along the channel; for example, in the case of pH, they almost exactly
followed the pattern of channel slope (Fig. 2). The physicochemical parameters could not be used in either case to show a relationship which
might be suspected to cause mortality of U. crassus or block its recruit3−
ment. The only exceptions are NO−
within the range of
3 and PO4
main population, which, contrary to the relationship for the whole 60km reach, are negatively related to the U. crassus count. High concentra3−
tions of NO−
are likely anthropogenic in origin; however, in
3 and PO4
this case they have little predictive value in terms of U. crassus occurrence, as these relationships occur only within a very prosperous population. This is in accordance with other studies reporting that U. crassus
is not inﬂuenced by these types of pollutants within the range of natural,
clear waters (Hus et al., 2006), and/or that U. crassus in the Biała is less
sensitive to chemical pollution (Denic et al., 2014; Douda, 2010) than it
was previously believed for some rivers (Denic et al., 2014; Douda,
2010; Köhler, 2006). In the most of the sampling stations, also within
−1
the main population, the concentration of NO−
3 exceeded 2 mg l
(Fig. 2), considered as detrimental for U. crassus populations (Köhler,
2006). It seems that high NO−
3 concentrations and the impaired vitality
of U. crassus populations share the same causes in some rivers. Moreover, chemical parameters were not much different from those of
other Carpathian rivers (Hus et al., 2006). Thus, both historical distribution and water quality favoured the decision to implement mussel reintroduction in the upper part of the river. However, the increasing
elevation of the channel left mussel individuals more exposed to hydraulic forces, the strength of which increases upstream. This constituted a factor against reintroduction. In mountainous rivers, hydraulic
forces directly limit the occurrence of biota (Layzer et al., 1989; Meffe,
1984). Assuming that channel slope is one of the most important factors
inﬂuencing the transport of bedload (Gilbert, 1917), it is to be expected
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that mussels will occur mainly in ﬂatter sections along the river proﬁle.
The collected data conﬁrm that the main population was saved only in
the area of the lowest channel slope, and that recruits from reintroduced
subpopulations persisted only in reaches of the relatively low-gradient
channel. A very abrupt cut-off point was found for recruit survival at a
channel slope of 1.8‰, above which neither the main nor the
reintroduced populations persisted (Figs. 3, 4). The cut-off point corresponds to the channel elevation at the mouth of the Zborowianka
River (Fig. 1), where another part of the previously continuous population was isolated in the past; however, the cut-off point does not correspond either to the upper elevation limit of U. crassus in the Carpathians
and to its historical distribution in the Biała River, as indicated by subfossils found in the Biała tributary, or to information from local communities on the previous range of the species. The sub-fossils originated
from eroded bank material; thus, their presence reﬂects the distribution
of this species from a point in the past at which hydrological conditions
may have been quite different. This conclusion is strongly supported by
recent studies which demonstrated that most Carpathian rivers, including the Biała, were subjected to major hydraulic change quite recently
(Wyżga, 2008). This implies that historical data and the sub-fossil record should be treated with great caution during reintroduction projects. It also indicates that even if physicochemical changes which
likely caused species extinction in the past are now absent, it is still possible for other factors limiting species range to arise.
The strong hydraulic forces of any mountainous river inﬂuence sediment transport and deposition. This takes place on both a small scale, in
the cross-channel dimension, where ﬁne sediments are deposited at
channel margins even at high altitudes (Helley and LaMarche, 1973),
and a large, longitudinal scale (Sullivan et al., 1987), which explains
the occurrence of channels ﬁlled with ﬁne deposits in lower, low-gradient reaches of the Biała River (Fig. 4B). These reaches are occupied by
the main population of U. crassus (Fig. 1A); moreover, in the cross-sectional dimension, this species is concentrated along channel margins,
which seems to be a widespread tendency among riverine mussels
(Brim Box et al., 2002). In both situations, the river creates a functional
habitat for U. crassus, which we deﬁned as shallow pools in channel
margins with still water and thick layers of silt. These easily identiﬁed
and actually quite uniform sites (we failed to ﬁnd any signiﬁcant differences in reproductive success between variants of this habitat; unpublished data) were used during the project for propagating the species
far outside the main population range. Nonetheless, the presence of
silt can be a useful proxy for ﬁnding receptor sites for U. crassus,
reﬂecting, in any case, speciﬁc hydraulic conditions such as a low Froude
number (Kemp et al., 2000).
As well, Wilson et al. (2011) advocated ‘ground-truthed’ models of
local habitat. Near-bed ﬂow velocities at the scale of a microhabitat, in
a space directly occupied by mussels, were measured by Hastie et al.
(2000), also Moorkens and Killeen (2014) for Margaritifera margaritifera
and Stoeckl and Geist (2016) for U. crassus. Unlike M. margaritifera, U.
crassus was mostly found in areas with low or stagnant water ﬂow
and high concentrations of ﬁne sediment—conditions similar to those
found in this study.
Flow velocity and shear stress are usually measured at low water
levels, whereas many studies indicate that high-magnitude ﬂood
ﬂows drastically inﬂuence all biota within the channel (Hastie et al.,
2001; for a general review see Piniewski et al., 2017, who also mentioned that the ﬂood of 2014 destroyed approximately half of the receptor sites). During our study, functional habitats (silted bays) resulted in
unexpectedly large juvenile production even in high-slope reaches (Fig.
3A, see points for 2013 at slopes of 2.2‰ or even 3.5‰); this likely corresponds to the range of occurrence of Phoxinus phoxinus within the
Biała River, starting 12 km upstream of the upper range of the main population of U. crassus. However, after the 2014 ﬂood and during the ﬁnal
survey in 2015, none of these recruits were found again (Fig. 3B). Functional habitats enabled immediate survival and reproduction, but were
unsuccessful at long-term sites located at high elevations (Fig. 4B). A

functional habitat is indispensable for successful species restoration;
however, the ﬁnal result will depend on large-scale longitudinal factors
and (as must be emphasized) should be veriﬁed over the long term. This
is clearly a hierarchical relationship (O'Neill et al., 1986): large-scale
processes constrain the expression of processes on successively smaller
scales.
The slope of the channel of the Biała River does not decrease continuously to the mouth, but increases again at the lower end of the studied
reach (Fig. 2). This again reﬂects a common phenomenon that channel
slope increases near the river mouth as a result of the lowering of base
level caused by incision of the recipient river (Schumm, 1993). In this
reach, the distribution of U. crassus again becomes discontinuous, breaking up into smaller and more dispersed sub-populations (Fig. 1); the
number of sections without U. crassus correlates negatively with elevation but positively with channel slope. Juvenile recruitment shows the
same relationship, implying that spatial distribution of the species is determined not by elevation but by channel slope.
The problem of the continuous versus discrete nature of mussel habitats has implications for considering their distribution within the channels in terms of a metapopulation (Newton et al., 2008). A
metapopulation is based on a continuous process of colonisation/extinction/recolonisation of sub-populations inhabiting distinctive units
(Hanski, 2002; Levins, 1969). It was demonstrated that many receptor
sites were destroyed by the river; however, the high reproduction rate
was positively related to the dispersal of juveniles, and young mussels
colonised other sites before their own receptor site was destroyed.
Their dispersal distances were surprisingly great, reaching over
0.5 km; thus within 3 years young mussels formed a near-continuous
distribution (86% of the channel length, Fig. 1C) over the reach previously isolating the main population from the remnant population of the
Zborowianka. Nevertheless, the young individuals were frequently single and isolated; however, this should not cause any Allee effects, considering rather long distances of sperm transport in freshwater
mussels (Ferguson et al., 2013), and the strong dynamic of their dispersal indicates that new inhabitants may arrive with ﬁsh hosts very soon.
Fish host density can be a limiting factor for freshwater mussels.
Convincing evidence exists to support this hypothesis (Haag and
Stoeckel, 2015); however, it was not conﬁrmed by the large-scale analyses of this study. It was to be expected that the presence of 60,000 individual mussels, with local densities exceeding 1000 ind./100 m, was
related to the density of ﬁsh host species. However, nothing like this
was observed. The studied reach was deprived of the optimal ﬁsh
hosts for U. crassus (according to Douda et al., 2012), namely, Scardinus
erytrophtalamus and Cottus gobio. Moreover, another very good host,
Phoxinus phoxinus (Douda, 2015; Lamand et al., 2016), was distributed
too far upstream, a long distance from the existing U. crassus population
(a similar absence was noted by Taeubert et al., 2012b); even though its
range started at 12 km upstream of the upper range of the main population, i.e. at the upper point of the successful reintroduction of juveniles, the presence of P. phoxinus did not allow for the effective spread
of the mussel juveniles upstream. It seems that the prolonged presence
of even a small number of any ﬁsh hosts in functional habitats of U. crassus is sufﬁcient for the success of mussel reproduction (similar conclusion was reached by Haag and Stoeckel, 2015). In large-scale analyses
conducted by Inoue et al. (2017), it was found that mussel occurrences
were exclusively explained by abiotic factors, whereas ﬁsh–mussel cooccurrence was frequently mismatched. In their study, none of the 12
potential host ﬁsh species of U. crassus was characterised by a perfect
match of abiotic responses.
An alternative explanation can be based on assumption, that different populations of Unio crassus can differ in their host compatibility
(Douda et al., 2014), which means, that U. crassus from the Biała River
would be more compatible with a ﬁsh species/strain not reported so
far (e.g. A. alburnus which range in the Biała overlaps with U. crassus).
To conﬁrm this hypothesis, more detailed evaluation of locally speciﬁc
use of hosts (see Douda et al., 2017) would be needed.
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Considering that European and North American countries are combating anthropogenic sources of freshwater pollution (Skjelkvåle et al.,
2005) and that the decline of freshwater mussels is ongoing in Europe
(Lopes-Lima et al., 2017) and North America (Williams et al., 1993), it
might be suspected that artiﬁcial disturbance of the physical structure
of the channels is the main reason for this ongoing decline (Brim Box
and Mossa, 1999). Some studies indicate that anthropogenic inﬂuences
on channel characteristics lead to detrimental effects on freshwater
mussels (as reviewed by Watters, 2000), and that results of ecological
studies have to be successfully ‘translated’ to build a bridge between
ecologists and river engineers.
This paper documents a single case of reintroduction of a threatened
species, albeit one conducted on a large scale. By deﬁnition, this experiment cannot be repeated. However, this study documented and demonstrated some important habitat features which seem to inﬂuence
the success of reintroduction in mountainous rivers. U. crassus distribution along the channel is not very strictly related to host-ﬁsh distribution. The deﬁnition of functional habitat seems to be the most relevant
issue for practitioners: silt deposits were positively veriﬁed as an environmental signal enabling the proper selection of a speciﬁc location
for species introduction and attainment of signiﬁcant reproductive success and juvenile dispersal. However, the site of introduction must also
be veriﬁed against longitudinal, large-scale gradients, with channel
slope as the factor most likely responsible for hydraulic forces which ﬁnally regulate the long-term fate of any reintroduced population.
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