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ABSTRACT

The two highly endangered European mussel species Margaritifera margaritifera and Unio crassus are target species of conser-
vation. Based on a recently completed systematic state-wide monitoring of each 22 M. margaritifera and 22 U. crassus streams in
Bavaria, Germany, we present an update on population trends, conservation status, habitat quality and threats for both species.
Populations status and habitat quality varied strongly between M. margaritifera and U. crassus streams, but there was also great
variability within each of those groups. The population decline of M. margaritifera has continued, albeit higher proportions of
juveniles originating from artificial breeding programmes have been established in some streams. Habitat quality often did not
match known requirements as evident from poor stream bed quality, lack of hosts and elevated nutrient levels. In contrast, U.
crassus populations showed a better status, with an increase in population size over all sampled streams. Successful recruitment
was indicated by high proportions of juveniles. However, no mussels older than 16 years were found, probably due to predation
and structural stream maintenance measures. Climate change effects, such as extreme droughts, affected both species. This
study demonstrates different needs in conservation management for both species. Although mitigation of drought effects is com-
monly needed for both species, tackling host fish management and direct threats such as predation should be prioritized in U.
crassus, whereas restoration of prime habitat quality and intact catchments is key to enable natural recruitment and sustainable
populations of M. margaritifera.

1 | Introduction and the introduction of invasive species (Geist 2011; Lopes-Lima

et al. 2017; Geist, Benedict, et al. 2023; Sousa et al. 2023).

Freshwater mussels (Unionidae) are a crucial component of fresh-
water biodiversity but are particularly susceptible to many threats
(Aldridge et al. 2023). Strong declines in global freshwater mussel
diversity have been observed by several authors such as Lydeard
et al. (2004), Lopes-Lima et al. (2018) and Lopes-Lima et al. (2017).
These declines are often linked to the deleterious effects of pol-
lution, unsustainable exploitation, alterations of natural habitats

Additionally, the emerging threat of climate change on freshwa-
ter mussels, especially related to changes in temperature and hy-
drological cycles, is eminent (Lopes-Lima et al. 2018; Lopes-Lima
et al. 2021). The analysis of mussel population trends over time is
a crucial part of monitoring their well-being, and it is also an early
warning system for detecting adverse effects, and of adapting suit-
able conservation strategies (Boon et al. 2019).

Andreas H. Dobler and Philipp Hoos are equal contribution authors.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.

© 2024 The Author(s). Aquatic Conservation: Marine and Freshwater Ecosystems published by John Wiley & Sons Ltd.

Aquatic Conservation: Marine and Freshwater Ecosystems, 2024; 34:e4261
https://doi.org/10.1002/aqc.4261

10f17


https://doi.org/10.1002/aqc.4261
https://doi.org/10.1002/aqc.4261
https://orcid.org/0000-0003-1643-3727
https://orcid.org/0000-0001-9619-1021
https://orcid.org/0000-0001-7698-3443
mailto:
mailto:geist@tum.de
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faqc.4261&domain=pdf&date_stamp=2024-10-16

Some species such as the highly endangered freshwater
pearl mussel (Margaritifera margaritifera) and thick-shelled
river mussel (Unio crassus), which both had a wide distribu-
tion across Europe, have experienced strong declines in the
past decades (Araujo and Ramos 2001; Young, Cosgrove and
Hastie 2001; Geist 2010; Lopes-Lima et al. 2017). Along with
these declines, important ecosystem functions and services
such as water purification that are provided by freshwater
mussels are also decreasing (Zieritz et al. 2022; Lopes-Lima
et al. 2018; Vaughn 2018).

Due to their complex life cycle, freshwater bivalves are con-
sidered to be indicator, umbrella and keystone species mak-
ing them ideal targets for conservation (Geist 2010, 2011;
Haag and Williams 2014; Lummer, Auerswald and Geist 2016;
Vaughn 2018). However, this property must always be under-
stood in the context of species-specific habitat requirements.
Even if M. margaritifera and U. crassus overlap in their native
range (Lopes-Lima et al. 2017), both species are known to have
different habitat requirements, particularly in terms of substrate
conditions (Denic et al. 2014; Inoue, Stoeckl and Geist 2017;
Stoeckl and Geist 2016). Various life history traits of the species,
such as the known host fish spectra or the time juvenile mussels
spend in the substrate, help to illustrate and explain these differ-
ences (Denic et al. 2014; Lopes-Lima et al. 2017).

The effects of anthropogenic use and climate change on aquatic
habitats and freshwater mussels are well understood and doc-
umented (Sousa et al. 2021; HOok et al. 2019; Heino, Virkkala
and Toivonen 2009; Markovic et al. 2014). Without measures to
stop or minimize these effects, generalist species are more likely
to benefit from these developments, in contrast to highly spe-
cialised species, such as M. margaritifera (Markovic et al. 2014;
Sousa et al. 2018; Santos et al. 2015; Hastie et al. 2003; Sousa
et al. 2015).

To counteract these negative trends in the European Union,
specific habitat types and species that are considered to be of
European importance have been protected under the Habitats
Directive (Bouchet, Falkner and Seddon 1999; Council of the
European Communities 2013) since the year 1992. With these
regulations, each member state is obliged to ensure a high level
of protection and to implement conservation measures to main-
tain or to reach a favourable conservation status of all listed
habitats and species. However, conservation areas often do not
adequately cover the distribution of protected aquatic species
such as freshwater mussels (Dobler et al. 2019).

In this study, the recent conservation status of the two highly
endangered unionid species, M. margaritifera and U. crassus, in
the federal state of Bavaria in Germany was assessed. Based on
the regular monitoring for Natura 2000, the population status,
habitat conditions and potential threats were evaluated using
the German assessment schemes and monitoring guide (BfN
and BLAK 2017). In addition, this study critically examines the
methodology and assessment process used considering the data
collected and existing scientific knowledge on the two target
species. It also compares recent trends in mussel population sta-
tus, host fish availability and general habitat quality with earlier
reports for both species in the same area (Stoeckl, Denic and
Geist 2020). Specifically, we hypothesised that (i) population

declines have stopped or have been reversed due to ongoing
conservation efforts for both species such as captive breeding
and habitat restoration projects, at least in U. crassus which has
a faster development time and lower habitat requirements than
M. margaritifera, (ii) existing main threats continue to differ for
both species with predation being more relevant for U. crassus
and deficient juvenile habitat quality being more relevant for M.
margaritifera and (iii) that conservation action therefore needs
to set different priorities for future conservation and restoration.

2 | Materials and Methods
2.1 | Study Area

This study was conducted in all 22M. margaritifera and in
22U. crassus streams across the federal state of Bavaria in
Germany between the years 2021 and 2023. As Bavaria is home
to the largest number of recent M. margaritifera populations in
Germany, this federal state and its conservation efforts have a
special responsibility and importance in protecting these ani-
mals. Consequently, as part of the monitoring process, all recent
populations of M. margaritifera were surveyed. For U. crassus,
samples were randomly chosen by the Bavarian Environmental
Agency (LfU) to ensure the full representativeness required for
this monitoring. Although U. crassus is widely distributed across
Bavaria, M. margaritifera naturally occurs only in siliceous
headwater streams in the north-east (e.g., Dobler et al. 2019;
Figure 1).

2.2 | Mussel Survey

The mussel survey was conducted in accordance with previ-
ous monitoring (Stoeckl, Denic and Geist 2020), considering
the recommendations as defined in the CEN standard for
freshwater pearl mussel (Boon et al. 2019; British Standards
Institution 2017). The area surveyed in each stream covered
the formerly documented colonised stretches. A complete cen-
sus monitoring was performed for M. margaritifera streams
with an expected population size of less than 1.000 individ-
uals. For bigger populations, every 100m, 10-20m cross-
channel transects were applied. Size classes were determined
for M. margaritifera by measuring the total length (+0.5mm)
of at least 100 individuals per population with callipers. For
populations below 100 individuals, all found mussels were
measured. In more widespread populations with high den-
sities, up to 300 individuals were measured to ensure repre-
sentativeness. To distinguish juveniles from adult mussels, a
threshold of 65 mm of total length was used (Hastie, Boon and
Young 2000).

For U. crassus, population size estimation was based on sam-
pling cross-channel transects using a systematic approach
(Strayer and Smith 2003). The intensity of the survey (length of
and distance between transects) depended on the procedure of
the previous survey or, in the case of an initial monitoring, on
the population density. Distance between transects was 80m
and the length of each transect was 20m. As with M. margari-
tifera, the total shell length of individual mussels was also mea-
sured for U. crassus. In addition, the clearly visible annuli were
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counted for age determination. The threshold for juvenile mus-
sels was set to Syears and lower.

In all streams, visual and tactile searches were applied by wad-
ing upstream using aquascopes or by snorkelling, depending on
the water depth and current of the streams. After the measure-
ments, all living mussels were immediately returned to their
original locations.

2.3 | Habitat Assessment

Habitat assessments for both species comprised aspects related
to water chemistry, stream bed quality and fish community as-
sessments since both species depend on suitable fish hosts for
their development. To ensure representativeness, depending on
the length of the stream stretches colonised by mussels, physi-
cochemical habitat parameters were analysed at 5-10 sites per
stream. Where possible, readings were taken at the exact same
spots as previous monitoring (Stoeckl, Denic and Geist 2020).
Temperature (°C), dissolved oxygen concentration (O,, mg L),
pH value and electrical conductivity (EC, uS/cm relative to 25°C)
were measured in the free-flowing water using a handheld Multi
3630 IDS (WTW GmbH, Weilheim, Germany). Turbidity (NTU)
was measured using a handheld turbidity meter Turb 430 IR
(WTW, Weilheim, Germany). Flow velocity (v, m s~!) was mea-
sured with a handheld flow meter (Flowtherm NT; Hontzsch,
Waiblingen, Germany) 5cm below the water surface and 5cm
above ground. Redox potential (Eh), as an indicator for long-
term oxygen supply and hydrological exchange between free-
flowing water and the interstitial zone, was measured according

o

to Geist and Auerswald (2007), in free-flowing water and at 10-
cm depth in the substratum using a handheld pH-meter pH 3110
(WTW, Weilheim, Germany) with a platinum electrode and an
Ag/AgCl, reference electrode.

For substratum texture analyses, sediment samples were
taken at three sites per stream using a box sampler following
Pander, Mueller and Geist (2015). Grain size was fractionated
using a wet sieving tower (Fritsch, Idar-Oberstein, Germany)
with different mesh sizes (63.0, 20.0, 6.3, 2.0 and 0.85mm).
Fractions were dried for 24h at 100°C and weighed to the
nearest gram. According to Geist and Auerswald (2007), grain
sizes>20 mm were generally excluded from the further anal-
yses. At the same spots at which sediment was sampled, water
samples with a volume of 50 mL were taken to analyse water
chemistry. Samples were filtered through an ash-free filter
paper (MN640d) with retention of particles > 2 um (Macherey-
Nagel, Diiren, Germany) at site and stored at 4°C until further
processing. Anions and cations of the filtered water sam-
ples were determined using an ion chromatograph ICS-1100
(Thermo Fisher Scientific, Dreieich, Germany) following the
USEPA standard procedure (Method 300.1). A mixture of
1.8-mM disodium carbonate and 1.7-mM sodium hydrogen
carbonate was used for eluting anions (AG-23 as guard col-
umn and AS-23 separation column), and a 30-mM methane
sulfonic acid was used for eluting cations (CG-16 as guard col-
umn and CS-16 separation column). Additional samples for
the analysis of total organic carbon (TOC, mg/L) were taken.
Analyses of the TOC samples were conducted at the Bavarian
Environment Agency (LfU) following a standard protocol
(DIN EN 1484:1997-08 (H3)).
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FIGURE1 | Overview map of the distribution of the studied areas of Margaritifera margaritifera (grey stars) and Unio crassus (black circles) in

the federal state of Bavaria, Germany.
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Conditions of host fish stocks were determined by electro-
fishing. Depending on the size of the stream and the on-site
conditions (conductivity and water depth), electro-fishing
was conducted using different kinds of units [1.7-kW porta-
ble electro-fishing backpack (EFGI 659, Fa. Brettschneider
Spezialelektronik, Chemnitz, Germany), 1.7-kW porta-
ble electrofishing backpack (FEG 1700, Efko, Leutkirch,
Germany), 3.0-kW portable electrofishing backpack (ELT 62
11, Fa. Hans Grassl GmbH, Schoenau, Germany) and 11-kW
stationary electrofishing device (FEG 11000, Efko, Leutkirch,
Germany)]. At each stream, between 5% and 10% of the sur-
veyed river sections were examined by electro-fishing, wading
in an upstream direction, and following the German standard
(VDFF 2000). All fish caught were identified to the species

level and their total length measured before being released
back into the same stretch where they were caught. Species
richness and host fish density were calculated based on the
investigated surface area as described in Geist, Porkka and
Kuehn (2006). In 16 cases, recent data on the fish commu-
nity were available from the local fisheries administration
(‘Fachberatung fiir Fischerei’) using the same methodology.

2.4 | Threat Assessment
According to the German assessment schemes and monitor-

ing guide, threats were assessed qualitatively, based on a ma-
trix that assigns the expressions of the individual factors to
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corresponding assessment levels (A, B and C), with Category
A representing the best and Category C representing the worst
assessment. Each section between two transects was exam-
ined. For the identification of the main threats to the mus-
sel populations, eutrophication, substratum mobility and
input, river maintenance, predation pressure, tourism effects
and longitudinal connectivity were evaluated (see Table S1).
Additional threats that are not listed but were identified
during the monitoring were also addressed as ‘other factors’
(BfN and BLAK 2017).

2.5 | Data Analysis

For the qualitative assessments, monitoring results were used
to rate the categories population status, habitat quality and ex-
isting threats following the German assessment schemes and
monitoring guide (BfN and BLAK 2017). Each parameter was
categorized either as A (‘excellent’), B (‘good’) or C (‘medium to
poor’) for population status and habitat quality and as A (‘none
to low’), B (‘medium’) or C (‘strong’) for existing threats. The
worst score of each subcategory determined the rating of the su-
perordinate category.

Statistical analyses were carried out using R (v. 4.3.2, Boston,
MA). All data were tested for normality using the Shapiro-Wilk
test and for homogeneity of variances using Levene's test. A
Kruskal-Wallis test was used to examine differences in popula-
tion sizes between both species because the normality of the data

a)

Percentage (%)
S 3

N
o

was not met. Principal Component Analyses (PCA) were per-
formed using PRIMER (version 7) with PERMANOVA+ add-on
(Plymouth Marine Laboratory, Plymouth, UK; Anderson,
Gorley and Clarke 2008). Unless stated otherwise, values are
given in mean + standard deviation.

3 | Results

3.1 | Recent Status of M. margaritifera and U.
crassus Populations

Across all studied streams, recent mussel populations were
found in 42 out of the monitored 44 streams. The population
sizes varied between 0 and 13,500 individuals for M. margari-
tifera with a mean of 2232+ 3961 and between 5 and 56,000
for U. crassus with a mean of 5600 + 12,265. Mean population
sizes significantly differed between both species (Kruskal test;
p <0.01) (Figure 2a). For both species, two populations had an
estimated size of more than 10,000 individuals. For U. crassus,
the mean occupied area was 51.4% +19.2 SD, and M. margari-
tifera was found in 42.6% + 34.7 SD of the surveyed stretches
with a mean density of 0.41 individuals m~!+0.71 SD.

Juveniles were found in seven out of 22 (31.8%) M. margaritifera
and in 22 (100%) of U. crassus populations. Mean proportions
of juveniles differed between both species with 7.4% +22.1
SD for M. margaritifera and 37.5%+26.6 SD for U. crassus
(Figure 2b). However, in one M. margaritifera population,
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FIGURE 3 | Boxplots of the percentage of each size class of Margaritifera margaritifera for (a) 13 streams of the monitoring in 2012-2015 and (b)

16 streams of monitoring in 2021-2023. Boxplots represent the 25 and 75 percentiles with the median marked by a horizontal line. The dots represent

outliers, and the red vertical dashed lines represent the mean size and age.
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the proportion of juveniles exceeded 95%, which results from
a past total extinction of this species in this stream followed
by a reintroduction via infested fish since 2006 (C. Schmidt,
pers. communication). A total of 1117 M. margaritifera indi-
viduals from 14 populations were measured and had a mean
size of 10.0cm + 2.8 SD (Figure 3b). Compared to the results
of the monitoring from 2015 (9.3cm =+ 3.7 SD), the mean size
of the mussels increased by 7.5% (Figure 3). For U. crassus, the
ages of a total of 4182 individuals were determined from 22
populations. The average age of the mussels was 6.3years +
2.6 SD. Comparing 18 U. crassus populations investigated in
2015 and the recent monitoring, a decrease from an average of
7.4years+3.3 SD to 6.4years +2.6 SD was evident (Figure 4).
In both surveys, the age structures of U. crassus showed high
proportions of juveniles (mean: 41.4% in 2015; mean: 37.5%
in 2024). In 2024, 5-year-old mussels represented the highest
percentage. Contrary to the monitoring in 2015, no mussels
older than 16years could be detected (Figure 4).

All investigated M. margaritifera populations were assessed
with the lowest status ‘C” according to the national classification
system, which was mainly based on their low population density
(Figure 5). Even in streams with a higher proportion of juve-
niles, the calculated population density was below the threshold
of 5.0 individuals per meter of stream length and thus had to be
assessed with ‘C’. Contrary to M. margaritifera, many U. crassus
populations were classified with ‘A’ (13.6%) or ‘B’ (59.1%), since
the population structure was often optimal (54.5%) or good

(40.9%) as was the population size (13.6% ‘A’, 59.1% ‘B’, respec-
tively) (Figure 6).

3.2 | Habitat Conditions in M. margaritifera and U.
crassus Streams

3.2.1 | Host Fish Status

Host fish status was examined in 21 of 22 studied M. margaritif-
era streams and in 19 of the 22 studied U. crassus streams. In the
host fish assessment, a total of 31 fish and lamprey species were
recorded in the studied U. crassus (mean fish species: 8.3+4.5
SD; Table S2) and 27 in M. margaritifera waters (mean fish spe-
cies: 6.6 +5.3 SD; Table S3).

Brown trout (Salmo trutta fario L.), the only existing suitable
host fish species in the Bavarian pearl mussel streams, was
detected in each M. margaritifera stream with a total mean of
10.1 individuals 100 m—2+10.3 SD. In line with previous reports
across Europe (Geist, Porkka and Kuehn 2006), the mean density
of S. trutta f. was also higher in non-recruiting populations (12.7
individuals 100m=2+11.0 SD) than in streams with observed
natural recruitment (3.5 individuals 100 m~2+ 3.4 SD; Table S3)
in this dataset. Across all U. crassus streams, the mean density
of the three primary hosts Eurasian minnow (Phoxinus phoxi-
nus L.), European chub (Squalius cephalus L.) and three-spined
stickleback (Gasterosteus aculeatus L.) was 26.8 individuals

]a '
100{3) ! n=18
s! mean=7.4a
i median=7.0 a
751 ] .
S : *
g : ;
£ 504 |
C 1
S T
g <.
251 . ° H
° Qé - ! $ s °
O_Lé l ééﬁﬁ—*l;il;&&*-&
]b i
1004P) X n=18
: mean=6.3a
! median =6.0 a
—~ 751 i
X i
o l
(o] 1
S 504 '
C 1
[] 1
8 1
(] 1
QO 51 . 'é é
é .
L]
0._...-'-5 : iﬁﬁ-‘-.‘.-ﬂ.-‘. ___________

0123456 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Age (a)
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100m~2+37.9 SD with S. cephalus being the most common spe-
cies (in 16 of 19 streams) and P. phoxinus being the most abun-
dant species (32.2 individuals 100m—2=49.3 SD). Only in one
stream, no suitable host could be detected (Table S2).

The mean proportion of host fish was 46.0% +34.5 SD for M.
margaritifera streams (Table S3) and 48.0% =+ 28.2 SD for U. cras-
sus streams (Table S2). The percentage of host fish for streams
with M. margaritifera recruitment ranged from 0.2% to 100.0%
with a lower mean (35.9% +40.6 SD) than in streams without
recruitment (47.9% + 33.3 SD; Table S3).

Besides the suitable host fishes, European bullhead (Cottus gobio
L.) (recorded in five streams with recruitment and in 12 without
recruitment) and S. cephalus (recorded in four streams with re-
cruitment and six without recruitment) were the most common
species in M. margaritifera streams (Table S3). For U. crassus,
stone loach (Barbatula barbatula L.) and common gudgeon
(Gobio gobio L.) (both recorded in 11 of the 19 studied streams)
and common roach (Rutilus rutilus L.) (recorded in nine of the
19 studied streams) were the most common species. As a non-
native fish species, the topmouth gudgeon, Pseudorasbora parva
T. & S., was detected in one M. margaritifera stream with and

in two without recruitment. In U. crassus streams, three non-
native fish species were found. P. parva was detected in seven
streams, one stream additionally contained Western tubenose
goby (Proterorhinus semilunaris Heckel) and pumpkinseed
(Lepomis gibbosus L.; Table S2).

Total fish density greatly varied among U. crassus streams with
a mean of 70.5 individuals 100m~2+68.5 SD (max: 258.2 indi-
viduals 100m~2; min: 3.0 individuals 100 m~2; Table S2) and M.
margaritifera with a mean of 32.5 individuals 100m=2+29.5 SD
(max: 137.5 individuals 100m~2; min: 1.0 individuals 100m™2).
For M. margaritifera, mean number of total fish species (9.0+ 7.9
SD) and the total fish density (39.7 individuals 100m=2+49.8
SD) were higher in streams with recruitment than in streams
with no recruitment (5.6 species = 3.8 SD; 29.7 individuals
100m~—2+18.1 SD; Table S3).

3.2.2 | Abiotic Parameters
As expected, the physicochemical measurements in the 22

surveyed M. margaritifera and 21U. crassus streams revealed
very different habitat conditions. Measured pH values in M.
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margaritifera streams ranged from 5.6 to 8.3 with a mean of
7.3+0.55 SD (Figure 7a). In 15 measurements, values outside the
suitable range (>6.1, <8.0) proposed by Sachteleben et al. (2004)
were observed. Across all U. crassus streams, pH values were
higher ranging from pH 7.0 to pH8.5 with a mean of pH8.0£0.3
SD (Figure 8a). Redox values, as indicators for a long-term oxygen
supply, always showed oxic conditions in the free-flowing water
with a minimum of 380mV and a mean of 521 + 54mV in M. mar-
garitifera streams. In the interstitial zone, only 68.8% of the mea-
surements showed oxic conditions (>300mV; Schlesinger 1991).
The mean delta redox (SEh) potential between free-flowing water
and the interstitial zone, which indicates a potential obstruction
of the exchange between the water column and the interstitial
zone, was 154+108mV (29.6% +20.8 SD) in M. margaritifera
streams (Figure 7b). In contrast, U. crassus streams showed a
higher delta redox potential between free-flowing water and the
interstitial (mean delta redox: 259.2mV +95.1 SD, 60.7% +24.5
SD), indicating more anoxic conditions in the substratum
(Figure 8b) and a greater tolerance of this species concerning
this parameter. The measured oxygen values varied widely be-
tween 5.9 and 13.2mgL~! (mean: 9.6mgL~'+1.34 SD) in M.
margaritifera streams and between 3.44 and 16.13mgL~! (mean:
8.4mgL '+1.8 SD) in U. crassus streams (Figure 7c; Figure 8c).

The given thresholds of 9.0mgL~" for M. margaritifera streams
(Moorkens 2000) and of 7.0mgL~! for U. crassus streams were
undercut in 59 (from nine M. margaritifera streams) of 170 mea-
surements (34.7%) and in 35 (from 12 U. crassus streams) of the
179 recorded values (19.5%). With 140 uS cm™'+56 SD in M.
margaritifera streams (Figure 7d), the mean conductivity ranged
below the threshold of 150 uS cm™! (Sachteleben et al. 2004). In
50 of the 170 measurements (29.4%) this threshold was exceeded.
In U. crassus streams, conductivity was higher and varied greatly
between 138.4 and 1948.0 uS cm~2 (mean: 660.7 uS cm™2+ 329.4
SD; Figure 8d). The turbidity threshold of 0.96 NTU (Osterling,
Arvidsson and Greenberg 2010) for M. margaritifera streams was
only met in eight of the 172 measurements (4.7%), with a mean
of 5.44+4.74 NTU (Figure 7e). In U. crassus streams, turbidity
was more than twice as high with a mean of 13.1 NTU=+10.1
SD (Figure 8e). Flow conditions in M. margaritifera streams
ranged widely from stagnant water to a maximum flow velocity
of 1.89 ms™! (mean: 0.20ms~'+0.25 SD). Similar flow conditions
were found in U. crassus streams with flow velocity ranging from
0.0 to 1.35ms™! (mean: 0.32ms™' +0.26 SD).

Total organic carbon was lower in M. margaritifera than in
U. crassus streams. In M. margaritifera streams, total organic
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FIGURE 7 | Boxplot of physicochemical parameters in Margaritifera margaritifera streams. Boxplots represent the 25 and 75 percentile with the
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for Standardization (CEN) standard (DIN EN 16859) defined for the species.

carbon ranged from 2.1 to 8.3mgL~! (mean: 4.7mgL'+1.7
SD) and in U. crassus streams from 1.8 to 22.0mgL~! (mean:
6.8mgL~1+3.4 SD).

As a eutrophication indicator, mean nitrate-nitrogen values
were 1.57 +£0.84mg L' in M. margaritifera streams (Figure 7h).
The threshold of 1.7mgL=! (Sachteleben et al. 2004) was
exceeded in 23 of 63 measurements (36.5%). In U. crassus
streams, nitrate-nitrogen ranged from 0.1 to 8.4mgL~! (mean:
2.1mgL~'+1.8 SD) (Figure 8h). The guide value for U. crassus
streams of 2.0mgL~! (LfU 2013) was exceeded in 40 of 69 re-
cordings (58.0%). These recordings came from 11 different riv-
ers. Denic et al. (2014) already showed that this could not be a
valid threshold for successful recruitment of U. crassus, which
is also supported by our dataset. Ortho-phosphate-phosphorous
was above detection limits (<0.02mgL™) in only three of 63 M.
margaritifera samples and only in one of 69U. crassus sam-
ples. The threshold of 0.06 mgL~! for M. margaritifera streams
(Moorkens 2000) was exceeded in two samples with a maximum
amount of 0.54mgL~! (Figure 7i).

The percentage of fine sediments (<0.85mm) within the 57
samples from M. margaritifera streams ranged from 3.4 to

100.0% (Figure 9a), with a mean value of 24.2+18.9%. The
mean percentage of fine sediment in streams with recruit-
ment was 20.5% +22.5 SD and 25.8% +17.1 SD in streams
without recruitment. In contrast, U. crassus streams showed
a much higher proportion of fine sediment with a mean of
48.6% *+30.2 SD. For U. crassus, no clear trend could be ob-
served between recent population status and the amount of
fine sediment (Figure 9b).

3.2.3 | Habitat Evaluation

The habitat quality for M. margaritifera was assessed as ‘C’ in
17 (77%) of the 22 studied streams, which was mainly based on
nitrate concentrations > 6.5mg NO, L™ in 11 streams (50.0%),
unsuitable structure of substrate and host fish stocks (both ‘C” in
nine streams; 40.9%) (Figure 5).

For U. crassus streams, the habitat quality was rated as ‘B’ in
seven (32%) and as ‘C’ in 15 (68%) streams (Figure 6). For U. cras-
sus streams, the maximum nitrate concentration was >10mg
NO, L' leading to a total ‘C’ in 12 streams (54.5%) and in 10
streams (45.5%) the interstitial had to be rated as ‘C’. However, in
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only four streams (18.2%) a bad condition (rating ‘C’) of the host
fish stock was assessed (Figure 6).

3.2.4 | Threat Assessment

For M. margaritifera streams, the threat assessment showed se-
vere impacts (Category C) in 20 (90.9%) of the streams. Impacts on
the other two streams (9.1%) were rated as medium (Category B).
For U. crassus streams, severe impacts (Category C) from threats
were observed in 21 of the streams (95.5%). For only one stream,
disturbances were rated as weak (Category B). In none of the stud-
ied streams, threats were assessed as ‘good’ (Category A).

Discharge of nutrients and pollutants was found to be the main
factor having a severe impact in 72.7% of the investigated M.
margaritifera and in 77.3% of the investigated U. crassus streams.
Only one M. margaritifera stream did not show indications of
corresponding pollution.

Permanently impassable obstacles for host fish (Category C)
and a highly elevated sediment shift and input (Category C)
were determined in 36.4% of the investigated M. margaritifera
streams. For U. crassus, permanently impassable obstacles for
host fish were determined in 45.5%, and sediment shift and
input and stream maintenance were rated as severe impacts
in 22.7% and 18.18% of the studied streams. Maintenance mea-
sures were not found to have any impact on M. margaritifera
habitats or the mussel populations.

Three M. margaritifera streams were given an exceptional rating
due to the high risk of drying out. Such events were documented
in these streams repeatedly in the years before, so the criterium
was rated as a severe impact. This was not the case for any of the
U. crassus streams.

For U. crassus populations, moderate to severe predation dam-
age of more than 10% of the total population (Category C) was
detected in 9.1% of the studied streams, and in 54.5%, moderate
impact from predation (Category B) was observed. The most com-
mon cause was predation by the non-native muskrat (Ondatra zi-
bethicus L.), which was identified by typical piles of empty shells
on the stream banks. For M. margaritifera, predation only by inva-
sive signal crayfish (Pacifastacus leniusculus Dana) was observed
in three streams (13.6%). Crayfish predation was identified by typ-
ical marks on the edge of the shells (Dobler and Geist 2022).

Tourist use did not appear to have any evident and serious im-
pact on the habitats or the mussel populations of both species.

3.2.5 | Habitat Parameters and Population Properties

The PCA revealed a clear, species-specific clustering of the sam-
pling sites. Although M. margaritifera sites indicated higher
oxygen saturation, lower delta redox and pH values, U. crassus
streams generally showed a wider range across the variables,
between the habitat of the biggest Bavarian population with
high TOC values, and streams with high nitrate nitrogen val-
ues (Figure 10). The streams containing both, M. margaritifera
and U. crassus, consequently showed indifferent characteristics

between the two species-specific clusters (information on stream
names is not shown for species protection reasons). Species-
specific PCAs also revealed a clear pattern related to the specific
overall habitat quality assessment.

3.2.51 | M. margaritifera. Concentration of nitrate
nitrogen, as a criterion for the habitat quality assessment,
plays a major role in the comparison between ‘B’- and ‘C’-rated
habitats. In addition, lower pH and conductivity values seem to
be distinctive features (Figure 11a).

No correlation was identified between the abiotic factors con-
sidered and the proportions of juvenile mussels (Figure 1la).
However, in some cases, higher proportions of juvenile mussels
resulted from a combination of low population size and high num-
bers of juveniles from supportive breeding actions (Geist, Thielen,
et al. 2023). In the case of M. margaritifera, the PCA showed a neg-
ative correlation between high nutrient loads, in combination with
low TOC values and population size (Figure 11a).

3.2.5.2 | U. crassus. In addition to the nitrate nitrogen
values, conductivity, turbidity and delta redox values mostly
contributed to the difference between the ‘B’- and ‘C’-rated
habitats (Figure 11b). Neither the distribution of juvenile mussel
proportions nor the population sizes show any correlations with
abiotic parameters (Figure 11b).

4 | Discussion

This study shows a clear contrast between the population sta-
tus and habitat assessments of U. crassus and M. margaritifera
within the same geographic area. Although for U. crassus, stable
population sizes and high proportions of juveniles across most
populations indicate successful recruitment, populations of M.
margaritifera are still decreasing and natural reproduction has
serious deficiencies. However, the first effects of conservation
efforts, such as the rearing and releasing of young mussels, were
evident. Despite this situation, the conservation status of both
species is still poor, which is mainly based on deficient habitat
quality and increasing threats, for example, related to climate
change.

4.1 | Population Status
4.1.1 | M. margaritifera

Hypothesis (i) was not confirmed for M. margaritifera, where
an ongoing negative trend in population size was observed.
Compared to the results in Stoeckl, Denic and Geist (2020) based
on monitoring in 2015, the mean population size in the investi-
gated streams further decreased by about 39% which is highly
alarming. Contrary, the proportion of juvenile mussels of M. mar-
garitifera increased by 238%. However, this success is mainly a
result of the artificial breeding and stocking efforts in prioritized
streams which has become a key conservation measure across
Europe (Geist, Thielen, et al. 2023). Even though the number of
streams presented in Stoeckl, Denic and Geist (2020) is lower
(n=9) than in this study (n =22), juveniles are mainly found in the
populations that were investigated in both studies. Nevertheless,
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a sufficient level of natural recruitment could not be observed in
any of the streams. Consequently, no population can be identified
as sustainably ‘functional’ (Geist 2010). This is also still the case
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FIGURE 10 | Principal component analysis (PCA) based on the

abiotic factors 0,% (oxygen saturation in %), Turb (turbidity in NTU),
Cond (conductivity in uS cm™), pH (pH value), dRed% [percentage
difference between the redox value (in mV) in the free water column and
the interstitial water in 10cm depth], water chemistry measurements
of NO,N (nitrate nitrogen in mg L), TOC (total organic carbon in mg
L), PO,P (ortho-phosphate-phosphorous in mg L) recorded at the
different monitoring points of the individual streams and the biotic
factors Pop (estimated population size) and Juv (percentage of juveniles
in %) for the respective stream.

PC2 (16.2% var.)
PC2 (20.7% var.)

Juveniles.
0-100%

Population size
0-60,000 Ind.

for the one population that consists entirely of juvenile mussels de-
rived from stocking with infested hosts, as these mussels have not
reached maturity and the full reproduction cycle has thus not yet
been completed. Since the critical stage of juveniles living buried
within the sediment for several years was successfully completed
by a high number of mussels and a sufficient amount of hosts being
present, this population located in an extensively managed and
well-protected area may reach the desirable status in the near fu-
ture. For all other populations, an ongoing overageing can be seen
by the proportions of size classes. Even with higher proportions of
juveniles, this trend could not yet be compensated. An increased
mortality due to mussels reaching their maximum lifespan will
also be likely within the next years, as evidenced by the high pro-
portion of mussels >10cm representing the oldest and largest in-
dividuals recorded in this area. It is therefore urgently needed to
further increase the proportion of juveniles either from natural
reproduction or artificial breeding to stabilize and conserve these
populations, along with increased efforts for catchment and habi-
tat restoration (Geist, Thielen, et al. 2023).

4.1.2 | U. crassus

Contrary to the results of M. margaritifera and in line with
Hypothesis (i), the population status results for U. crassus are
mostly positive. Compared to Stoeckl, Denic and Geist (2020),
the mean population size even increased by about 34%. In this
study, population increase was reported for 10 of the studied
streams, whereas five populations remained stable and seven
declined. The proportion of juveniles slightly decreased by 9%
over the studied populations compared with Stoeckl, Denic
and Geist (2020). Compared to monitoring results from 2015
(Stoeckl, Denic and Geist 2020 and national monitoring data-
base), the mean age of U. crassus in the dataset presented herein
slightly decreased in 18 populations from which age structures
were available for both periods (Figure 4). This decrease mainly
results from mussels older than 16years, which are missing in

Juveniles
0-100%

Population size
0-20,000 Ind.

-4 -2 0 2 ‘It
PC1(26.1% var)

T
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1
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FIGURE 11 | Principal component analysis (PCA) based on the abiotic factors 0,% (oxygen saturation in %), Turb (turbidity in NTU), Cond
(conductivity in uS cm™'), pH (pH value), dRed% [percentage difference between the redox value (in mV) in the free water column and the interstitial
water in 10cm depth], water chemistry measurements of NO,N (nitrate nitrogen in mg L), TOC (total organic carbon in mg L™*) and PO,P (ortho-

phosphate-phosphorous in mg L) recorded at the different monitoring points of the individual streams. With an overlay indicating the estimated

population size (blue) and percentage of juveniles (red) for the respective stream. Labels (B and C) indicate the assessment of the habitat quality of

the respective streams. (a) Unio crassus and (b) Margaritifera margaritifera.
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the most recent survey whereas older mussels were present be-
fore. In addition, the proportion of mussels older than ten years
was observed to be lower than in the monitoring of 2015 (Stoeckl,
Denic and Geist 2020). Due to the earlier maturation of U. cras-
sus compared to M. margaritifera (Lopes-Lima et al. 2017) and
the fact that the population sizes often increased (this study),
reproduction does not seem to be the bottleneck for this species.
The susceptibility of the age structure for U. crassus, in contrast
to M. margaritifera, was found in the older age group (>10years).
Therefore, species-specific constraints need to be considered.

4.2 | Potential Species-Specific Constraints

In line with Hypothesis (ii), differences in threats were iden-
tified for both species. At first glance, it is surprising that the
monitoring results show different population developments of
the two investigated species, even though the ratings for the
habitat and threat assessments were similar. This indicates that
the habitat requirements and tolerances of the species are differ-
ent than previously assumed at the time when the assessment
schemes were conceptualised. However, previous work (e.g.,
Dobler et al. 2019; Inoue, Stoeckl and Geist 2017) also suggested
a wider ecological niche and greater ecological tolerance of U.
crassus compared to M. margaritifera.

Predation is known to be one of the major threats to European
freshwater mussels (Geist, Benedict, et al. 2023; Aldridge
et al. 2023; Meira, Byers and Sousa 2024), yet it greatly differs
among species. Many species, including muskrat (Haag 2012),
crayfish (Meira et al. 2019; Dobler and Geist 2022) and feral pigs
(Sus scofra L.; van Ee, Nickerson and Atkinson 2020) are known to
prey on freshwater mussels. However, predation has only been ob-
served as a threat to M. margaritifera in a few individual cases and
then only with a minor impact. In addition, only the signal crayfish
was observed as a predator for M. margaritifera within the study
region. Contrary to this, predation plays a major role for U. crassus
across its distribution range in Bavaria. Not only were direct ef-
fects of predation by muskrat evident during our monitoring from
typical piles of shells, but predation effects are also well reflected
in the age structure. With higher age, the probability of being af-
fected by predation increases for mussels. The missing individuals
of the older fraction are likely a result of the generally high preda-
tion pressure. Especially in streams where maintenance measures
were not found to be a high risk for the mussel population, preda-
tion seems to be the only plausible cause for this trend. However,
the German assessment scheme (BfN and BLAK 2017) which only
results in a classification of ‘C’ if already >10% of the total mussel
population has documented predation effects, obviously underes-
timates the severity of this impact. The problem is exacerbated by
the fact that muskrat predation often occurs mainly in winter (e.g.,
Zahner-Meike 2000; Stoeckl, Denic and Geist 2020). Since map-
ping of mussel populations can be carried out until autumn, traces
of damage caused by predation can be erased by then, for example,
by drifted shells.

For M. margaritifera, the lack of recruitment defines the main
bottleneck in the life cycle. High proportions of fine sediment
and the clogging of macropores were found to be the main
driver here, which is in line with previous studies (Bauer 1988;
Geist 2010; Osterling, Arvidsson and Greenberg 2010; Geist

and Auerswald 2007; Hastie, Boon and Young 2000; Stoeckl,
Denic and Geist 2020; Denic and Geist 2014). This does not hold
true for U. crassus, which is much more tolerant to high loads
of fine sediment and which even seems to prefer such areas
(Denic et al. 2014; Stoeckl and Geist 2016). Based on the dataset
of the most recent monitoring presented here, reproduction of
U. crassus was independent of fine sediment proportions. This
contrast to M. margaritifera may be explained by the faster de-
velopment, earlier maturation and the associated shorter time in
the interstitial.

4.3 | Host Fish Dependency Considering Land Use
and Climate Change Effects

Effects of climate change and land use in the catchment areas
such as agriculture, pond management and forestry leading to
habitat shifts, have likely resulted in the ongoing colonisation
of former M. margaritifera habitats by U. crassus. In particu-
lar, lack of shading from absent riparian vegetation in combi-
nation with a high number of ponds draining into the stream
can lead to a significant increase in water temperatures during
the summer season (Hoess et al. 2022; Garner et al. 2014,
2017). With increasing water temperatures, especially in sum-
mer times, when M. margaritifera is releasing their glochidia,
S. trutta f., depending on low water temperatures (Elliott
and Elliott 2010), might withdraw in upstream direction into
smaller, colder brooks. With warming waters host fish acces-
sibility, especially for M. margaritifera in larger streams de-
creases, since fish community compositions are changing. In
addition to the increased oxygen deficiency within the stream
bed at elevated fine sediment concentrations and higher tem-
peratures (Wild, Nagel and Geist 2023, 2024), this effect might
intensify the lack of recruitment in both the salmonid hosts
and M. margaritifera.

Contrary, U. crassus reproduction and host fish community, con-
sisting of much more tolerant species (e.g., Taeubert, Gum and
Geist 2012; Taeubert et al. 2012), is favoured by these changes
(Murdoch, Mantyka-Pringle and Sharma 2020), which might
support the colonisation areas further upstream by U. crassus.
This is in line with the observation of an ongoing shift of the
front line of both species in an upstream direction (pers. obser-
vation). In addition to temperature changes, increased fine sedi-
ment and nutrient input, as effects of land use in the river basin,
are known to have an impact on the development of fish commu-
nities which exacerbates this development (Murdoch, Mantyka-
Pringle and Sharma 2020; Geist, Porkka and Kuehn 2006). As
a logical ecological consequence, the different characteristics of
the host fish spectra of the two mussel species, further support
the different habitat requirements and tolerances of the two spe-
cies, which consequently require different priority settings for
conservation (Hypothesis III).

4.4 | Need for Adjusting Assessment Schemes

The approach to translating complex monitoring data into a har-
monized system, such as the German assessment scheme (BfN
and BLAK 2017) used in this study and in Stoeckl, Denic and
Geist (2020) can be a useful tool to ensure the comparability of the
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results and to make data on the conservation status widely and eas-
ily accessible. This can be a necessary base for the documentation
of population development, habitat quality and emerging threats,
which are essential for targeted conservation action. However, as
shown in this study, several weaknesses of the existing assessment
scheme are evident and should be adjusted: First, to show a pop-
ulation development based on monitoring results, comparability
over time needs to be ensured (Boon et al. 2019). This was not the
case for M. margaritifera, for which three populations had to be
downgraded from ‘B’ to ‘C’ compared to the results of the previous
monitoring (Stoeckl, Denic and Geist 2020) due to an alteration in
the assessment scheme. Instead of evaluating the population size
as was done in 2015 (Stoeckl, Denic and Geist 2020), the popula-
tion density had to be considered for the recent monitoring. For
one of the affected populations, even an increase in population
size could not avoid this downgrading. Consequently, this positive
development, afforded by successful rearing, hatching and resto-
ration efforts, could not even find recognition in the assessment.

Second, it is also essential that categories are well structured.
For a clear and comprehensible assessment of the conditions
of habitat, population and other circumstances, these should
be structured accordingly. For example, substratum mobility
and transport as well as fine sediment input are listed in the
German assessment scheme as a threat. Although substratum
mobility and transport rather describe an actual characteristic
of the habitat, the fine sediment input, resulting, for example,
from excessive erosion and unsustainable land use outside of
the waterbody, clearly describes a threat, mostly caused by
human activities in the tributary. As another example, the
availability of suitable hosts is a key factor for the successful
recruitment of unionid mussels, and information on this is
needed for prioritization of conservation measures (Schwalb
et al. 2011). However, the evaluation of the host fish aspect
is very brief in the German assessment scheme, in the case
of M. margaritifera. It is only questioned, whether the fish
population is adapted to the specific stream type (BfN and
BLAK 2017). In the CEN standard this very significant point
receives more attention (see Boon et al. 2019). They propose
spring and autumn fishing and the survey of the densities of
0+ or 1-year-old host fish to assess the host fish aspect. In ad-
dition, infestation control should be carried out and the num-
ber of infested fish should be recorded in the spring (Boon
et al. 2019). This information provides an important basis
for assessing the reproductive capacity and fertility of pearl
mussel populations, which is particularly important for popu-
lations living in precarious conditions such as low mussel den-
sities and overaged populations like those in Bavaria.

A third issue that is important for the usability of monitoring
results is to adjust the guideline values to the actual, identified
demands of the target species to ensure that these values meet
their life history traits. As this and previous studies have shown,
no connection can be established between the condition of a pop-
ulation and the prevailing substrate composition for U. crassus
(Denic et al. 2014; Stoeckl and Geist 2016). The previously re-
quired guideline values for the fine sediment content of basic sub-
strates for the assessment of a habitat should therefore be revised
accordingly. The same applies to the guideline values for nitrate
nitrogen, which should be adapted to recent scientific findings
(e.g., this study; Douda 2010; Denic et al. 2014; Stoeckl, Denic

and Geist 2020). Previous studies have postulated a significantly
higher tolerance of U. crassus than previously expected (Denic
et al. 2014), which is consistent with the results of this study.

5 | Conclusion

This study gives an update on the conservation status of M.
margaritifera and U. crassus in Bavaria. A further decline and
progressive ageing of the population was observed for M. mar-
garitifera. Again and in line with previous studies, the main
drivers for this development are identified and well established.
Habitat and catchment restoration, especially in the prioritised
streams, must be pushed forward quickly to prevent the extinc-
tion of remaining populations. Until the functionality of the
habitats and catchments has been restored, it is necessary to
maintain the captive breeding of juvenile mussels as an emer-
gency measure to prevent extinction. This method has proven
effectiveness and worth, even if this is not fully reflected by the
monitoring results yet.

Contrary, U. crassus populations surveyed have, on average,
shown an increase in numbers and rejuvenation in recent
years. The main causes of past population declines do not
seem to be fully understood. Because of their comparatively
high tolerance to diverse habitat requirements including a
wider spectrum of fish hosts, and their wide distribution in an-
thropogenically created waters, U. crassus is also increasingly
affected by human influence through construction and main-
tenance measures (e.g., mowing and digging ditches). This
proximity to humans and water bodies heavily used by them,
including for transport and recreation, also highly exposes
native freshwater mussels such as U. crassus to the impact
of invasive species (e.g., O. zibethicus and Dreissena ploy-
morpha) (Geist, Benedict, et al. 2023; Hillebrand et al. 2024).
These existing threats are also clearly identified in this study.
In addition to the obvious issues of habitat degradation and
predation, there is a much more specific aspect for the thick-
shelled river mussel. According to recent genetic findings, this
species complex consists of two different species in Bavaria, U.
crassus and U. nanus stat. Rev. (Lopes-Lima et al. 2024). It is
therefore necessary to obtain basic knowledge of the habitat
requirements of both species, which should be the base for fu-
ture management approaches.

Despite the differences in their ecological requirements, climate
change and extended periods of drought were identified as a
common threat for both species. Consequently, restoration of re-
silient catchments and preparation of emergency and mitigation
measures are key.

This study has shown that regular monitoring of the same
water bodies assessing population status, habitat quality and
host fishes as well as potential threats as proposed by the CEN-
standard for M. margaritifera can be advantageous to under-
standing long-term effects within each system, which is key
to effective conservation. In this context, a harmonized and
evidence-based approach adequately mirroring updated knowl-
edge on the habitat requirements of both species is essential and
should be implemented in national monitoring guidelines and
across entire species distribution ranges.
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