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Abstract  Detritus is an important energy source of 
stream food webs. Being a mix of allochthonous and 
autochthonous sources, it is often unknown, which 
components contribute to the growth of stream organ-
isms. This study focussed on the comparison of two 
different detritus types (riparian detritus and stream 
detritus) with respect to food quality and effects on 
growth as a fitness parameter of juvenile freshwater 
pearl mussels (FPM). We performed feeding experi-
ments with juvenile FPM under laboratory condi-
tions using the two detritus types from four different 
natural sources each. Food quality was determined by 
analysing the fatty acid composition. Stream detritus 
(conditioned to stream environment including autoch-
thonous microbes) resulted in significantly higher 

growth rates of juvenile FPM than predominately ter-
restrial-based riparian detritus indicating higher food 
quality. Significantly positive correlations were found 
between mussel growth and different groups of poly-
unsaturated fatty acids (PUFA). This suggests that 
especially trace substances such as long-chained n-3 
PUFAs and a high ratio of n-3 to n-6 PUFAs enhance 
the food quality of stream detritus for juvenile FPM. 
These results highlight the importance of instream 
conditioning of detritus for the food mix in headwater 
streams and the importance of PUFAs for the devel-
opment of juvenile FPM.
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Introduction

How land and water interact has been one of the 
prime questions in freshwater biology, both for 
purely ecological reasons, but also for many regula-
tory questions within the water framework directive 
and the protection of freshwater streams harbouring 
numerous endangered species. In the context of land 
water interaction, the analysis of stream detritus as 
food source has become one of the prime questions 
in freshwater ecology. Detritus mainly directly origi-
nating from land or wetland ecosystems (allochtho-
nous material) has been shown in several studies to 
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be an important energy source for stream organisms 
in aquatic food webs (Fisher & Likens, 1973; Reid 
et  al., 2008). Being a mix of both of allochthonous 
and autochthonous sources, it is often unknown, 
which components of detritus contribute to the 
growth of stream organisms. In recent years, studies 
indicated the importance of within stream (autochtho-
nous) material for freshwater food webs as it provides 
macroinvertebrates with trace substances of high 
food quality (Guo et  al., 2016a). Consequently, how 
the origin of detritus determines its food quality for 
stream organisms remains a question of exceptional 
importance.

The freshwater pearl mussel [FPM, Margaritifera 
margaritifera (Linnaeus, 1758)] is a species which is 
believed to strongly rely on terrestrial-based detritus 
especially during the juvenile phase (Hruška, 1995, 
1999). Freshwater mussels in general are considered 
one of the species groups most affected by biodiver-
sity loss (Auerswald et  al., 2019) and therefore one 
of the most endangered freshwater species groups 
worldwide (Strayer et  al., 2004; Lopes-Lima et  al., 
2017). The FPM in particular is listed as critically 
endangered (Moorkens, 2011) and is one of the most 
endangered freshwater mussels in Europe. There-
fore, a wide range of protective measures has been 
implemented over the last 30 years including several 
captive breeding programmes throughout Europe 
(McIvor & Aldridge, 2008; Schmidt & Vandré, 2010; 
Thomas et al., 2010; Gum et al., 2011; Thielen, 2011; 
Scheder et al., 2014).

In addition to conservation measures, several stud-
ies have been carried out analysing the risk factors 
that are currently leading to the continuous decline in 
FPM populations (Geist & Auerswald, 2007; Öster-
ling et al., 2010; Denic & Geist, 2015; Baldan et al., 
2021; Hoess & Geist, 2021). Whilst most studies 
focus on the required sediment properties and water 
quality, only a few studies have analysed the nutri-
tional requirements of FPM.

Former studies documented the importance of 
detritus as a main food component for FPM (Hruška, 
1995, 1999). In our study we distinguished between 
two types of detritus: riparian detritus and stream 
detritus. Riparian detritus is basically detritus from 
wet patches closely located (only a few meters away) 
to a stream. During rain events or with the subsur-
face flow, this type of detritus is washed into streams. 
Stream detritus, on the other hand, describes detritus 

that is found directly within the stream. It is usually 
found in flow-calmed areas, e.g. behind large boul-
ders or tree roots where fine suspended particles can 
sediment and accumulate. Obviously, riparian detri-
tus entering the stream will contribute to the stream 
detritus and therefore will be part of the available 
food resources for FPM. A stable isotope analysis 
conducted by Brauns  et  al. (2021) showed that ter-
restrial particulate organic matter as well as benthic 
organic matter contributed substantially to the diet of 
FPM supporting this assumption. The partial depend-
ency on allochthonous organic matter in the headwa-
ter streams in which FPM occur would fit to the River 
Continuum concept (Vannote et al., 1980). Neverthe-
less, recent studies have shown that invertebrate graz-
ers (e.g. Ecdyonurus sp.) and even shredders such as 
Gammarus sp. retain mainly but not exclusively algal 
carbon, most likely by feeding on the biofilm on leaf 
litter (Kühmayer et al., 2020). These microorganisms 
that are associated with biofilms (including bacteria, 
fungi, algae) play an important role in controlling 
food quality for invertebrate consumers and are lead-
ing to a “trophic upgrading” of benthic organic mate-
rial by synthesising essential components such as 
polyunsaturated fatty acids (PUFA; Anderson et  al., 
2017; Kühmayer et al., 2020).

In most current captive breeding programmes, in 
which juvenile FPM are fed for a certain time period, 
detritus is provided as food (Gum et  al., 2011), and 
the most commonly used food source is riparian 
detritus as it has been described and suggested by 
Hruška (1995, 1999, 2001). To our knowledge the 
difference between stream detritus and riparian detri-
tus concerning its food quality for aquatic inverte-
brates and specifically for juvenile FPM has not been 
analysed in detail [but see Lange & Selheim (2011) 
for seston]. Given that autochthonous organic mate-
rial from within the stream is also incorporated it can 
be hypothesised that stream detritus is a more suitable 
food for juvenile FPM than the pure riparian detritus. 
Stream detritus includes decomposed organic mate-
rial from riparian vegetation but also from biofilms, 
macrophytes and algae. In particular, algae such as 
diatoms could play an important role because of their 
potentially high content of PUFA and other trace sub-
stances such as vitamins and sterols (Gatenby et al., 
1997; Nichols & Garling, 2000). Long-chain poly-
unsaturated fatty acids (LC PUFA) such as eicosap-
entaenoic acid (EPA, 20:5n-3) and docosahexaenoic 
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acid (DHA, 22:6n-3) are particularly associated with 
improving growth rates of freshwater invertebrates 
(Guo et  al., 2016a, b) including juvenile freshwa-
ter mussels (Wacker et al., 2002). These LC PUFAs 
are known to increase the fluidity of cell membranes 
(adaptation to low temperatures) and have anti-
inflammatory and pro-resolving effects (Brett & Mül-
ler‐Navarra, 1997; von Elert & Fink, 2018; Steinberg, 
2022).

Eybe et  al. (2013) and Hyvärinen et  al.  (2020) 
showed that algae play an important role as food com-
ponent for juvenile FPM (contradicting Hruška 1995, 
1999) and commercial algae such as Shellfish Diet 
1800® and Nanno 3600® (Reed Mariculture Inc., 
Campbell, California, USA) are widely used as food 
additives in breeding programmes. Eybe et al. (2013) 
showed that juvenile FPM grow best and have good 
survival rates when fed a mixture of riparian detritus 
and the mentioned commercial algae. They assumed 
that the detritus acts both as a food source for juve-
nile FPM and as a source of biologically active com-
pounds that keeps particularly harmful ions such as 
ammonium and nitrite at low levels.

We analysed the growth rate of juvenile FPM as 
a function of food quality because current data sup-
ports the hypothesis that high growth rates during 
early development results in a higher survival prob-
ability of juvenile FPM individuals, at least during 
the first winter. During the first growing phase mus-
sels which reaches a shell length of at least 1  mm 
have a higher survival probability for the first winter 
(Buddensiek, 1995) and consequently the growth rate 
is directly related to the survival probability of this 
species. Especially during this first growth period of 
the juvenile FPM, should neither trace substances nor 
the amount of food limit the growth of these young 
individuals.

Therefore, we combined the analysis of the food 
quality of eight different detritus samples from ripar-
ian and stream detritus sources with an analysis of 
food quantity of juvenile FPM. We hypothesised 
that (a) stream detritus (including autochthonous 
material), is a more suitable food source for juvenile 
FPM than a predominantly terrestrial-based riparian 
detritus and (b) that stream detritus is of higher food 
quality leading to higher growth rates of the young 
mussels. We further hypothesised that increased 
growth rates of juvenile FPM are associated with a 
higher content of polyunsaturated fatty acids in the 

respective food mixture, determining the food quality. 
Finally, we analysed the relationship between growth 
rates of juvenile FPM and increasing concentrations 
of food, to investigate food quantity effects.

Methods

Source of juvenile mussels and mussel growth rates

Following the method described by Gum et  al. 
(2011) mussels were collected from infested brown 
trout (Salmo trutta Linnaeus, 1758) in the freshwa-
ter pearl mussel rearing station (Vogtland, Germany) 
in May–June (2017 and 2019). The fish, which were 
reared in a local hatchery, had been infested with 
glochidia from free-living gravid female mussels in 
July–August the year before the respective experi-
ments and were kept in fishponds. Experiment 1 was 
performed between August and October in year 2017 
and experiment 2 between June and September in 
year 2019.

The cultivation of the collected FPM was carried 
out according to the method developed by Hruška 
(1995, 1999). Juvenile mussels were kept for the first 
1–2 month in small plastic boxes (500 ml) in the rear-
ing station at 15°C. They were fed with a mixture 
of water from a local creek, riparian detritus from a 
natural riparian detritus source closely located to a 
river and an addition of Nanno 3600® (Nannochlo-
ropsis sp.). The riparian detritus was sieved to a frac-
tion smaller 75  µm. The ratio between water, ripar-
ian detritus and Nanno 3600® was 9 l:1 l:0.2 ml. The 
food mixture was renewed twice a week and dead 
mussels were removed. After this first rearing time 
the mussels were transferred to the laboratory, where 
the experiments for this study were conducted.

Mussels were always kept in groups of 25  indi-
viduals (experiment 1) resp. 30 individuals (experi-
ment 2) in one plastic beaker (total volume of 100 ml) 
representing one replicate of a respective treatment. 
The plastic beakers have proven to be suitable for the 
cultivation of juvenile FPM in previous experiments. 
The mussels were photographed at the start and the 
end of the experiments to determine their length 
with an accuracy of 10 µm using the image analysis 
software ImageJ (https://​imagej.​nih.​gov/​ij/) and to 
calculate the mean growth rates for mussels of each 
beaker. To eliminate outliers, the upper and lower 

https://imagej.nih.gov/ij/
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10% percentiles of the measured mussel lengths were 
removed from each beaker and mean growth rates 
(µm day−1) were calculated for each replicate of a 
treatment.

Sampling of detritus sources

Riparian detritus and stream detritus samples used for 
the experiment were collected from headwater moun-
tain streams [referred here to S1, S2, S3, S4 (stream)] 
or their riparian zone [R1, R2, R3, R4 (riparian)] 
located in the Vogtland region (Saxony, Germany). 
Samples from S2, R2 and R3 were taken from the 
same stream system, as well as samples from S1 and 
R1. The samples S3, S4 and R4 were taken from three 
different stream systems. The land use in the whole 
catchment was dominated by coniferous forestry 
(around 50–60%), arable land use (around 20–30%) 
and grassland use (around 10–20%).

Riparian detritus was collected from wet patches 
closely located to headwater streams by carefully 
scooping the detritus with a ladle as described by 
Hruška (1999, 2001) and M. Lange (pers. comm. 
2017). The vegetation at these patches was dominated 
by Carex sp., Poa sp., Salix sp. and Alnus glutinosa 
(L.) Gaertn. At R3 and R4 also some coniferous trees 
of the genus Picea sp. were present and at R1 and 
R2 also the neophyte Impatiens glandulifera Royle 
occurred. The sources R1 and R4 came closest to 
Hruška’s (1995, 1999) description, but still deviated 
from an ideal riparian detritus source for which we 
would expected to obtain the highest growth rates of 
juvenile FPM. The riparian detritus was sieved to the 
fraction < 500 µm (to eliminate macrozoobenthos and 
roots) and stored under low light conditions, 15°C 
and constant aeration until further processing.

Stream detritus was collected directly from the 
upper surfaces of the riverbeds. Due to sedimentation, 
it is concentrated at flow-calmed areas, e.g. behind 
larger root systems of alder trees reaching into the 
riverbed. The stream detritus (upper layer of around 
1 cm thickness) was collected using a self-build suc-
tion device, that consists of a canister with two hoses 
connected. One hose connects the canister to a dou-
ble-lift pump to produce a negative pressure inside 
the canister. The opening of the other hose was used 
to carefully suck in the stream detritus from the riv-
erbed into the canister. The collected stream detritus 
was sieved to the fraction < 500 µm and stored under 

low light conditions, 15°C and constant aeration until 
further processing.

Study design

Detritus type‑dependent growth (1st experiment)

Eight different samples of detritus (four stream detri-
tus samples and four riparian detritus samples with 
five replicates each) were used to test for differences 
in growth and survival rates of juvenile FPM feeding 
on different natural food resources. Detritus samples 
were taken as described before every 2 weeks and 
transported into the laboratory. At the second and 
fourth sampling, additional samples were taken from 
each detritus sample and frozen at − 20°C for later 
analysis of the fatty acid composition.

In the lab the detritus samples were sieved to a 
particle size smaller 200 µm and diluted with stream 
water (from a Vogtland stream successfully used for 
breeding mussels) which was sieved to a particle size 
smaller 70 µm before to generate a 1 mm thick detri-
tus layer after sedimentation at the bottom of a small 
plastic beaker filled with 100 ml food mixture (mix of 
stream water with the respective detritus). The dilu-
tion ratio to produce the 1 mm thick detritus layer was 
determined by creating separate dilution series and 
measuring the thickness of the sedimented detritus 
layers for each detritus sample every 2 weeks after 
taking new samples from the field.

30 mussels each were kept in the plastic beakers 
stored in the dark in a climate cabinet (Binder KB 
53, Binder GmbH, Tuttlingen, Germay) at a constant 
temperature of 15°C. The experiment was started 
81 days after the mussels had detached from the host 
fish and lasted for 77  days (August–October). The 
overall mean size of the mussels at the beginning of 
the experiment was 897 ± 60 µm. Twice a week, when 
the food mixture was changed, mussels were visually 
inspected with a binocular microscope.

Effects of the fatty acid content of food mixtures on 
growth (1st experiment)

The fatty acid composition was determined for sam-
ples of the eight different detritus types of the detri-
tus type-dependent growth experiments. During this 
experiment samples from two sampling dates (August 
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and September) were frozen at − 20°C in order to 
examine them later for their fatty acid composi-
tion. After defrosting the samples were sieved to the 
same particle size as the food mixture in the beaker 
(< 200  µm). A subsample was taken to analyse the 
dry mass and particulate organic carbon (POC) con-
centration of the samples using a carbon analyser 
(C844, LECO, St. Joseph, USA). The rest of the 
sample was freeze-dried using a Lyophilizer (Delta 
1–24 LSC, Martin Christ Gefriertrocknungsanlagen 
GmbH, Osterode am Harz, Germany).

Fatty acid analysis

Quantitative analysis of fatty acids of freeze-dried 
detritus with particle size smaller 200  µm was per-
formed according to von Elert (2020) and Wer-
ner et  al.  (2021). In general, 50–100  mg of detritus 
were extracted with 5  ml of a (2:1, v:v) mixture of 
dichloromethane/methanol in the presence of 2  µg 
or 4 µg heptadecanoic acid methyl ester (C17:0 ME) 
in isohexane as internal standard. The extract was 
evaporated under a stream of nitrogen at 40°C, and 
the residue was then transesterified with 5 ml of 3 N 
methanolic HCl at 70°C for 20  min to obtain fatty 
acid methyl esters (FAMEs). The 3  N methanolic 
HCl was prepared by cooling 200 ml of methanol to 
0°C using an ice bath and subsequent careful addi-
tion of 48  ml acetylchloride under gentle stirring. 
After transesterification, FAMEs were extracted 
twice by adding approximately 2  ml of isohexane 
twice to the samples, vortexing, and then collect-
ing the hexane layer after each extraction step. Both 
extracts were pooled, evaporated to dryness under a 
stream of nitrogen at 40°C and redissolved in 100 μl 
of isohexane. An aliquot of 1  μl was injected split-
lessly into a 6890-N GC System (Agilent Technolo-
gies, Waldbronn, Germany) equipped with a DB-225 
capillary column (30 m, 0.25 mm i.d., 0.25 μm film 
thickness, J&W Scientific). Instrument settings were 
as follows: injector and FID temperatures 220°C; ini-
tial oven temperature 60°C for 1 min, followed by a 
120°C/min temperature ramp to 180°C, then a ramp 
of 50°C/min to 200°C followed by 10.5 min at 200°C, 
followed by a ramp of 120°C/min to 220°C. Helium 
with a flow rate of 1.5 ml/min was used as the carrier 
gas. FAMEs were identified by comparing retention 
times with those of the reference compounds and then 
quantified using the internal standard and previously 

established calibration functions for each individual 
FAME (von Elert, 2002). Each detritus type was ana-
lysed in triplicate. Relative proportions of individual 
fatty acids or fatty acid groups were calculated by 
normalising the mass concentrations of an individual 
fatty acids or groups to the total fatty acid amount. 
Similarly, the ratio of n-3 PUFAs to n-6 PUFAs was 
calculated.

The measured fatty acid concentrations (FAs per 
100  mg dry mass) were afterwards adjusted by the 
used dilution factors when creating the food mix-
ture and multiplied with the dry mass of the sample 
(in the fraction smaller 200 µm) to calculate the total 
amount of fatty acids in the beaker the mussels were 
in (Eq. 1).

Food quantity‑dependent growth and survival (2nd 
experiment)

For analysing the food quantity-dependent growth 
and survival rates the young mussels were divided 
into six test groups with 2–4 replicates each (each 
replicate containing 25 individuals) that differed in 
food quantity and the particle size spectrum (Table 1). 
All food mixtures (mix of stream water and stream 
detritus) were prepared with stream detritus from 
S2 (same detritus source as in the 1st experiment, 
which resulted in the highest growth rates of juve-
nile FPM), which was collected from the field every 
2 weeks. The different particle sizes of the food mix-
ture were produced by sieving the food mixture with 
sieves of respective mesh widths (30 µm and 200 µm) 
directly before feeding the mussels. 25 mussels each 
were kept in small plastic beakers (with a total vol-
ume of 100 ml food mixture) and stored in the dark 
in a climate cabinet (Binder KB 53, Binder GmbH, 
Tuttlingen, Germay) at a constant temperature of 
15°C. The overall mean size of the mussels at the 
beginning of the experiment was 687 ± 19 µm. Every 
week, the mussels were visually inspected with a bin-
ocular microscope. The experiment lasted for 88 days 
(between June–August).

In order to prepare the different food mixtures, 
the POC concentration of the stored stream detri-
tus was measured weekly using a carbon analyser 

(1)
FAs per beaker = FAs

[

ng∕mg dry mass
]

∕dilution factor

∗ dry mass [mg dry mass per 100ml]
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(C844, LECO, St. Joseph, USA). Afterwards, the 
stream detritus was diluted with stream water of the 
same stream (stream water filtered to a size fraction 
of < 30  µm) to prepare the three different POC con-
centrations (low: ~ 30  mg  l−1, medium: ~ 120  mg  l−1 
and high: ~ 360  mg  l−1). Every 3 weeks the POC 
concentration of the final food mixtures was also 
analysed with a carbon analyser (C844, LECO, St. 
Joseph, USA).

Data analysis

Differences between growth rates of mussels depend-
ing on the sample site and the two detritus types 
(riparian and stream detritus) within the detritus type-
dependent growth experiment (1st  experiment) were 
analysed by performing a two-way ANOVA type II.

In order to identify fatty acid groups which corre-
late with the mussel growth rates, two principal com-
ponent analyses were performed (for the fatty acid 
concentrations and the relative proportions of fatty 
acids) using the R-package vegan (Oksanen et  al., 
2020). The relation between growth rates of the mus-
sels and the different fatty acid groups or the relative 
proportion of the fatty acid groups were then analysed 
using linear regressions.

Differences in fatty acid composition depending 
on the different detritus type and sampling sites were 
analysed performing an adonis permutation test (1000 
permutations) and a redundancy analysis using the 
R-package vegan (Oksanen et  al., 2020). To analyse 
differences regarding the concentrations and relative 
proportions of fatty acid groups between the two dif-
ferent detritus types, the relative effect size (Cohen’s 
d) was calculated with values larger 0.8 indicating a 
strong effect (Cohen, 1988). To test for significant 
differences between stream detritus and riparian 

detritus with respect to the ratio of n-3 to n-6 PUFAs, 
a Welch two sample test was performed. The effect of 
the three different POC concentrations groups (low, 
medium and high) and the two different particle frac-
tions (< 30  µm and < 200  µm) on the survival rates 
of the juvenile FPM were analysed using a two-way 
ANOVA type II.

In order to account for a possible saturation of 
juvenile FPM growth rates with increasing POC 
concentration and to estimate a maximum possible 
growth rate, we fitted a Holling type II function to the 
data set of food quantity-dependent growth and sur-
vival (2nd experiment).

All statistical analyses were performed using R (R 
Core Team, 2020), with the significance level set to 
P < 0.05.

Results

Detritus type‑dependent growth (1st experiment)

To investigate the growth of juvenile FPM dependent 
on the type of detritus, mussels were fed with detritus 
from four different stream detritus sources and four 
different riparian detritus sources over a period of 3 
months, with five replicates each.

A two-way ANOVA type II revealed significant 
effects of the detritus sample sites (F(5,32) = 18.8, 
P < 0.001) and the detritus type (riparian or stream 
detritus; F(1,32) = 85.0, P < 0.001) on the mussel 
growth rates.

Mussels feeding on stream detritus showed sig-
nificantly higher growth rates than mussels feed-
ing on riparian detritus (Fig.  1). The mean growth 
rates calculated for the whole experiment dura-
tion of 3 months differed between the treatments 

Table 1   Overview of the 
different treatments for 
the analysis of the food 
quantity-dependent growth 
and survival rates (2nd 
experiment)

Treatment Particle size of 
food mixture (µm)

POC in fraction < 30 µm (mg l−1; 
mean ± standard error, n = 4)

Number of 
replicates

Mussels 
per repli-
cate

1  < 30 29.5 ± 6.3 2 25
2  < 30 104.4 ± 20.6 2 25
3  < 30 315.9 ± 44.1 2 25
4  < 200 32.5 ± 3.5 2 25
5  < 200 120.7 ± 19.3 4 25
6  < 200 326.8 ± 42.4 2 25
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ranging from 3.6 ± 0.4  µm  day−1 (mean ± standard 
error, n = 5) if feeding on stream detritus from S2 to 
0.4 ± 0.3  µm  day−1 (mean ± standard error, n = 5) if 
feeding on riparian detritus from R1 (Fig. 1). Growth 
rates of mussels feeding on riparian detritus varied 
between 1.9 ± 0.4  µm  day−1 and 0.4 ± 0.3  µm  day−1 
(mean ± standard error, n = 5) whilst growth rates of 
mussels feeding on stream detritus showed a higher 
mean variation ranging between 3.6 ± 0.4  µm  day−1 
and 1.3 ± 0.6  µm  day−1 (mean ± standard error, 
n = 5). The final mean length of mussels fed with 
stream detritus at the end of the experiment was 
1097 ± 77 µm and of mussels fed with riparian detri-
tus 968 ± 47 µm.

The overall survival rate over the 3-month experi-
ment was 98% and did not differ between the differ-
ent treatments. The lowest observed survival rate was 
97.3% and the highest was 100%.

Effects of the fatty acid content of food mixtures on 
growth (1st experiment)

In order to analyse the food quality of the eight differ-
ent detritus sources from the detritus type-dependent 
growth analysis, the fatty acid content of these sam-
ples was measured at two time points within this 
experiment. Fatty acid groups (concentrations and 
relative proportions) indicating a positive or nega-
tive correlation with mussel growth within a prin-
cipal component analysis (see Fig.  6 in the Online 

Appendix) were then analysed for correlation using 
linear regression analysis.

We found significantly positive linear correla-
tions between the growth rates of juvenile FPM fed 
with different natural food sources (see Fig.  1) and 
the concentration of different groups of fatty acids in 
these food mixtures (Fig. 2). Growth rates increased 
significantly with the total amount of polyunsatu-
rated fatty acids (PUFA) in the 100 ml food mixture. 
According to this linear regression the mean growth 
rates of juvenile FPM increased by 0.44 µm day−1 if 
the amount of available PUFAs was increased by 
1 µg 100 ml−1 in the food mixture. Within the group 
of total PUFAs, positive linear regressions were found 
for the concentrations of gamma-linolenic acid (GLA, 
18:3n-6) and of n-3 PUFAs. Amongst the group of 
n-3  PUFAs, positive linear regressions were found 
for the concentrations of alpha-linolenic acid (ALA, 
18:3n-3), eicosapentaenoic acid (EPA, 20:5n-3) and 
the stearidonic acid (SDA, 18:4n-3). Beside these 
PUFA groups, a significant positive linear correlation 
was found only for the saturated fatty acid palmitic 
acid (C16:0).

Concerning the relative proportion of the fatty 
acid groups (normalised to the total amount of fatty 
acids) significantly positive linear correlations were 
detected for the total amounts of PUFAs, of n-3 
PUFAs and of the two n-3 PUFAs ALA and EPA 
(Fig.  3). For all four groups the effect was simi-
lar and indicated that the mean growth rate of the 
juvenile FPM increased by 0.26–0.33  µm  day−1 if 

Fig. 1   a Growth rates 
(mean ± standard devia-
tion, n = 5) of juvenile 
freshwater pearl mussel 
(FPM) fed with 8 differ-
ent natural food resources 
(four stream detritus S1–
S4, four riparian detritus 
R1–R4). b Growth rates of 
juvenile freshwater pearl 
mussels (FPM) fed with 
stream detritus and riparian 
detritus (Box-Whisker plots, 
median, quartiles, 10th 
and 90th percentiles; ***P 
value < 0.001, two-way 
ANOVA type II, n = 20) 
(1st experiment)
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the proportion of the respective fatty acid group 
increased by 1%. The only negative correlation con-
cerned the relative content of the monounsaturated 
fatty acid oleic fatty acid (C18:1n-9c).

A strongly significant positive correlation was 
also found between growth rates of the juvenile 
mussels and the ratio of n-3 to n-6 PUFAs in the 
food mixtures (Fig.  4). This indicates that juve-
nile FPM grew stronger if the proportion of n-3 
PUFAs was higher in comparison to the proportion 
of n-6 PUFAs. Accordingly, the mean growth rate 
increased by 0.69 µm day−1 if the ratio increased by 
a value of 1.0.

Differences in fatty acid composition depending 
on the different detritus types and sampling sites 
were analysed using an adonis permutation test. 
This revealed no statistically significant effects on 
the fatty acid concentrations but significant effects 
of sampling site (adonis: r2 = 0.56, P < 0.001) and 
detritus type (adonis: r2 = 0.21, P < 0.001) on the 
relative proportion of the fatty acids. A redun-
dancy analysis showed that the sampling sites and 
the detritus type explain 43.7% of the variance of 
the fatty acid composition regarding the fatty acid 
concentrations and 77.3% of the variance of the 
fatty acid composition regarding the relative pro-
portion of fatty acids. Therefore, most differences 
between stream detritus and riparian detritus sam-
ples became apparent when comparing the relative 
proportion of fatty acid groups (Table 2).

Stream detritus samples were characterised by 
a significantly higher ratio of n-3 to n-6 PUFAs 
(Fig.  4), a higher mean amount of the n-3  PUFA 
ALA in 100 ml food mixture and the total absence 
of the long-chain n-6 PUFAs dihomo-gamma-lino-
lenic acid (DGLA, C20:3n-6), arachidonic acid 
(AA, C20:4n-6) and docosadienoic acid (C22:2n-6). 
Regarding the relative proportion of fatty acids, 
stream detritus was characterised by a higher rela-
tive content of the saturated fatty acids pentade-
cylic acid (C 15:0), palmitic acid (C16:0), stearic 
acid (C18:0), heneicosanoic acid (C21:0), the n-3 
PUFA ALA and lower relative proportions of the 

monounsaturated fatty acids oleic acid (C18:1n-9 c) 
and hypogeic acid (C16:1n-9) (Table 2).

Food quantity‑dependent growth and survival (2nd 
experiment)

In order to analyse the food quantity-dependent 
growth and survival of juvenile freshwater pearl mus-
sels (FPM), mussels were fed with stream detritus 
from S2 which was diluted to three different POC 
concentrations (low, medium and high) and offered 
in two different particle size fractions (< 30  µm 
and < 200 µm) over a period of 88 days.

The growth rates of juvenile mussels increased 
with the amount of available potential food. This was 
observed for the concentration of POC in the parti-
cle fraction smaller 30 µm (Fig. 5) as well as for the 
dry mass in the same particle fraction and for the total 
amount of POC and dry mass in all available parti-
cle size fractions in the food mixture over a period of 
88 days (data not shown).

Mussels from the treatments with a medium POC 
concentration and a particle fraction smaller 200 µm 
as well as all mussels from treatments with the high 
POC concentration reached a similar mean final 
length of 975 ± 13 µm at the end of the experiment. 
On the other hand, mussels from the treatments with 
a medium POC concentration and a particle fraction 
smaller 30 µm as well as all mussels from treatments 
with the lowest POC concentration reached only a 
mean final length of 887 ± 27 µm.

The dependence of growth rates on the POC con-
centration was not linear but followed a logarithmic 
curve (Fig.  5). By applying a Holing-model type II 
to the data the maximum possible growth rate was 
estimated. Therefore, the maximum growth rate 
which can be reached by increasing the amount of 
POC in the fraction smaller 30 µm would be around 
3.7  µm  day−1. Half of the maximum growth rate 
could be reached at a POC concentration of around 
24 mg l−1 stream detritus from stream 2. The carbon 
content of the dry mass was very similar as it ranged 
from 6.4 to 7.0% across all two particle fractions.

A two-way ANOVA type II revealed a significant 
influence of the factor particle fraction on the survival 
rates of the juvenile mussels (F(1,8) = 8.59, P < 0.05). 
The POC concentration on the other hand had no sig-
nificant effect on the survival rates. Mussels which 
were fed with stream detritus in a fraction smaller 

Fig. 2   Growth rates of juvenile freshwater pearl mussels as a 
function of the content of selected fatty acids in the food mix-
ture in experimental containers (100  ml) (1st experiment). 
Straight lines indicate significant, dashed lines indicate non-
significant linear regressions

◂
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30 µm showed the highest mean survival rate (99%, 
n = 6) within their 2nd–4th month (over 88 days) after 
excystment. The mean survival rate of mussels fed 
with stream detritus in a fraction smaller 200 µm was 
lower (96%, n = 8) but still high.

Discussion

Generally, the results of this study indicate that 
detritus originating from within the stream (detritus 
conditioned to stream environment and including 

Fig. 3   Growth rates of juvenile freshwater pearl mussels as a function of the relative content (% of total fatty acids in the food mix-
ture) of different groups of polyunsaturated fatty acids (PUFAs) (1st experiment). Lines represent significant linear regressions
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Fig. 4   a Growth rates of 
juvenile freshwater pearl 
mussels as a function of 
the ratio of n-3 to n-6 
polyunsaturated fatty acids 
(PUFAs) in the food mix-
ture (1st experiment). The 
line indicates a significant 
linear regression. b Ratio of 
n-3 to n-6 PUFAs in stream 
detritus and riparian detritus 
samples (**P value < 0.01, 
Welch two sample test, 
n = 8)

Table 2   Comparison of fatty acid composition (concentration and relative proportion) of riparian detritus and stream detritus sam-
ples (1st experiment; relative effect sizes (Cohen’s d) > 0.8, indicating a large effect, are printed in bold)

Concentration in beaker (µg 100 ml−1) Relative proportion of FAs (%)

Stream detritus 
(mean ± SE)

Riparian detritus 
(mean ± SE)

Relative effect 
size (Cohen’s d)

Stream detritus 
(mean ± SE)

Riparian detritus 
(mean ± SE)

Relative effect 
size (Cohen’s d)

C 15:0 0.13 ± 0.03 0.18 ± 0.06 0.43 0.64 ± 0.07 1.62 ± 0.42 1.16
C 16:0 3.47 ± 0.69 2.28 ± 0.66 0.62 20.63 ± 1.09 17.01 ± 1.13 1.15
C 18:0 1.68 ± 0.25 0.9 ± 0.33 0.95 10.75 ± 0.93 5.81 ± 0.9 1.92
C 20:0 1.19 ± 0.27 0.84 ± 0.47 0.33 6.25 ± 0.46 5.31 ± 1.51 0.30
C 21:0 0.57 ± 0.14 0.22 ± 0.13 0.94 2.93 ± 0.39 1.56 ± 0.49 1.09
C 22:0 3.09 ± 0.67 1.79 ± 0.67 0.69 16.57 ± 0.87 12.58 ± 2.71 0.70
C 24:0 2.6 ± 0.55 2.48 ± 1.08 0.05 14.25 ± 0.59 14.64 ± 3.53 0.06
C 15:1 n-9 0.06 ± 0.03 0.05 ± 0.03 0.16 0.36 ± 0.16 0.35 ± 0.18 0.02
C 16:1 n-9 1.44 ± 0.43 2.29 ± 1.08 0.37 7.56 ± 0.81 20.62 ± 6.04 1.07
C 17:1 n-9 0.15 ± 0.06 0.07 ± 0.04 0.57 0.72 ± 0.27 0.84 ± 0.39 0.13
C 18:1 n-7 0.62 ± 0.12 0.55 ± 0.18 0.15 3.67 ± 0.28 4.35 ± 0.43 0.67
C 18:1 n-9 c 0.87 ± 0.14 1.14 ± 0.36 0.35 5.36 ± 0.45 7.67 ± 0.61 1.52
C 18:2 n-6 c 0.43 ± 0.09 0.36 ± 0.15 0.23 2.47 ± 0.06 2.32 ± 0.26 0.27
C 18:3 n-6 0.06 ± 0.01 0.04 ± 0.02 0.54 0.3 ± 0.03 0.31 ± 0.08 0.08
C 20:3 n-6 0 ± 0 0.11 ± 0.06 0.86 0 ± 0 0.57 ± 0.23 1.24
C 20:4 n-6 0 ± 0 0.04 ± 0.03 0.82 0 ± 0 0.25 ± 0.1 1.21
C 22:2 n-6 0 ± 0 0.04 ± 0.04 0.53 0 ± 0 0.17 ± 0.11 0.73
C 18:3 n-3 1.03 ± 0.24 0.3 ± 0.12 1.33 5.61 ± 0.44 2.16 ± 0.33 3.14
C 18:4 n-3 0.09 ± 0.04 0.07 ± 0.02 0.19 0.57 ± 0.16 0.65 ± 0.11 0.21
C 20:5 n-3 0.34 ± 0.2 0.12 ± 0.08 0.50 1.36 ± 0.58 1.23 ± 0.73 0.07
n-3 PUFAs 1.45 ± 0.41 0.5 ± 0.18 1.07 7.54 ± 0.65 4.04 ± 0.87 1.61
n-6 PUFAs 0.49 ± 0.1 0.59 ± 0.27 0.16 2.76 ± 0.07 3.61 ± 0.57 0.74
n-9 MUFAs 2.52 ± 0.59 3.55 ± 1.36 0.35 14 ± 0.8 29.48 ± 6.53 1.18
total ZUFAs 12.73 ± 2.56 8.69 ± 3.09 0.50 72.03 ± 1.14 58.53 ± 6.97 0.96
total MUFAs 3.14 ± 0.7 4.1 ± 1.48 0.29 17.67 ± 0.9 33.82 ± 6.78 1.18
total PUFAs 1.94 ± 0.51 1.08 ± 0.44 0.64 10.3 ± 0.61 7.65 ± 1.12 1.04
total FAs 17.81 ± 3.72 13.87 ± 4.29 0.35
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autochthonous microbes) is of higher food qual-
ity than (predominantly allochthonous) riparian 
detritus. The amount of polyunsaturated fatty acids 
(PUFA), especially n-3 PUFAs, and the ratio of n-3 
to n-6 PUFAs in the food mixture showed a positive 
relationship with the growth rates of juvenile FPM 
underlining the importance of trace substances, 
which determine food quality. This was also 
reflected in the differences in fatty acid composition 
between stream detritus and riparian detritus sam-
ples and probably explains the higher growth rates 
of juvenile FPM fed with stream detritus compared 
to mussels which were fed with riparian detritus. 
We assume that the higher food quality of stream 
detritus is a result of a “trophic upgrading” of the 
predominantly terrestrial-based organic material 
entering the streams (including riparian detritus) by 
autochthonous microbes (including algae, bacteria, 
fungi), which are rich in long-chained n-3  PUFAs 
(LC n-3 PUFAs) (Anderson et al., 2017).

Effects of detritus type on mussel growth

The results showed that mussels fed with stream 
detritus had higher growth rates than mussels fed 

with riparian detritus. This is consistent with our 
hypothesis that stream detritus is a more suitable food 
for juvenile FPM than riparian detritus but appears 
to contradict the assumption of Hruška (1995, 1999). 
He postulated that detritus derived from terrestrial 
plant material, as well as detritus produced by break-
ing off tiny hair roots of the rhizosphere of riparian 
vegetation protruding into the streambed, is the main 
food of FPM. Riparian detritus is therefore most com-
monly used to feed juvenile FPM in captive breed-
ing programmes during the first phase of laboratory 
rearing (Gum et al., 2011). However, Hruška (1995) 
pointed out that the food quality of the riparian detri-
tus depends strongly on the land use from which the 
detritus originated. It is therefore possible that the 
current land uses in the catchments of the streams 
from which detritus samples were taken differed to 
strongly from the ideal land use described by Hruška 
(flooded meadows with Alopecurus pratensis L. and 
Poa trivialis L. being the dominant vegetation) and 
therefore leads to the contradicting result that ripar-
ian detritus is a less suitable food source for juvenile 
FPM. This was probably the case even with the ripar-
ian detritus sources R1 and R4, which came closest 
to Hruška’s description of ideal land use, but still 
differed from it and therefore showed contradict-
ing results with the lowest observed growth rates 
of juvenile FPM feeding on these sources. Further-
more, these sources had also low concentrations of 
n-3 PUFAs. One explanation for this could be a rather 
low flow through of these sources and therefore a 
higher water temperature as it is assumed in previous 
studies that algae from temperate headwater streams 
probably contain more long-chained PUFAs than 
algae from warmer waters (Guo et al., 2016a, 2017).

That terrestrial organic material contributes sig-
nificantly to the nutrition of FPM and that therefore 
intact riparian areas are of great importance for FPM 
has already been shown by Brauns et  al.  (2021). 
Once riparian detritus enters the stream, it is most 
likely processed further by macroinvertebrates and 
the microbial community and becomes mixed with 
other organic compounds from the stream, e.g. algae 
from biofilms or connected ponds. Colonisation of 
in-stream microbes (including bacteria, fungi, algae) 
may result in a “trophic upgrading” by synthesising 
essential components (Anderson et  al., 2017). We 
were able to confirm that stream detritus is of higher 
food quality for juvenile FPM resulting in higher 

Fig. 5   Growth rates of juvenile freshwater pearl mussels 
(FPM) within a period of 88 days depending on the POC con-
centration (mean ± standard error) of the food resource (stream 
detritus from S2) in the size fraction < 30 µm. The dotted line 
represents the function (Holing-model type II) fitted to the data 
(2nd experiment)
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growth rates of the mussels. This was also reflected 
by the comparison of the fatty acid profiles of the two 
detritus types and could have important implications 
for other aquatic invertebrates living in similar eco-
logical niches. Stream detritus had a much higher rel-
ative proportion of n-3 PUFAs and lacked long-chain 
n-6 PUFAs, resulting in a significantly higher ratio of 
n-3 to n-6 PUFAs, which is considered a good indi-
cator for higher food quality (Galloway & Winder, 
2015). Therefore, we consider the natural stream 
detritus to be a more suitable food source for juvenile 
FPM than pure riparian detritus and suggest to use 
the ratio of n-3 to n-6 PUFAs to determine the food 
quality of detritus sources.

This explicitly does not mean that we assume that 
riparian detritus and thus the renaturation of ripar-
ian areas are unimportant for FPM. It could still be 
an important carbon source and provides the FPM 
with other important trace substances that were not 
analysed in this study, e.g. minerals such as calcium, 
but which should also be investigated in future stud-
ies. However, since riparian detritus is also part of the 
stream detritus, we recommend to assess the possi-
bility to use stream detritus for mussel cultivation in 
captive breeding programmes instead.

Effects of fatty acid composition on mussel growth

Fatty acids, especially PUFAs, have been shown to 
be of great importance in assessing food quality for 
freshwater invertebrates (Brett & Müller‐Navarra, 
1997; Guo et al., 2016a). This is in concordance with 
our results which showed that especially the total 
amount and relative proportion of n-3 PUFAs as well 
as a high ratio of n-3 to n-6 PUFAs in the food mix-
ture of juvenile FPM are indicating high food qual-
ity, as they lead to higher growth rates. The most 
abundant n-3 PUFA was alpha-linolenic acid (ALA, 
C18:3n-3), which also had a significantly higher con-
centration in stream detritus compared to riparian 
detritus. ALA is a precursor for long-chain essential 
fatty acids (LC EFAs) such as eicosapentaenoic acid 
(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 
22:6n-3; Steinberg, 2022) which are particularly 
associated with enhanced growth rates of freshwa-
ter invertebrates (Wacker & von Elert, 2008; Guo 
et al., 2016a, b). However, the ability to convert ALA 
into LC EFAs is rather low, which underlines the 

importance of the direct uptake of dietary LC EFAs 
(Guo et al., 2016a).

EPA was found in higher concentrations only in 
stream detritus samples from S2, which also resulted 
in the highest growth rates of juvenile FPM fed with 
it. DHA was not detected in any stream detritus or 
riparian detritus sample. All samples examined were 
deficient in LC EFAs and thus no sample was of opti-
mal food quality.

Our results indicated a limitation in food quality 
due to a suboptimal amount of n-3 PUFAs but not due 
to a too low amount of n-6 PUFAs. This was reflected 
in the positive correlation of the ratio of n-3 PUFAs 
to n-6 PUFAs with growth rates. During the meta-
bolic processing of n-6  PUFAs to more pro-inflam-
matory lipid mediators and n-3 PUFAs to less potent 
pro-inflammatory and more pro-resolving lipid medi-
ators, both PUFA groups compete for the same class 
of enzyme (Steinberg, 2022). This probably explains 
why the ratio can be considered a good indicator of 
the food quality of juvenile FPM, with high levels of 
n-3 PUFAs increasing their growth rates.

During the rearing of juvenile FPM in cap-
tive breeding programmes, the food quality can be 
enriched by supplementing the food mixture with n-3 
PUFA-rich algal species, which must fall in the size 
class of ingestible particles. One possible species is 
the microalgae Nannochloropsis sp., which is already 
used in several FPM breeding programmes as a food 
additive (Nanno 3600®) and is known for its high 
content of EPA. Natural sources for n-3  LC  PUFAs 
with a respective high ratio of n-3 to n-6 PUFAs are 
especially diatoms, dinoflagellates and cryptophytes 
(Taipale et al., 2013; Galloway & Winder, 2015; Pel-
tomaa et al., 2019). Green algae on the other hand are 
considered to be of intermediate and cyanobacteria of 
poor food quality for aquatic invertebrates in terms of 
their PUFA content (von Elert et al., 2003; Guo et al., 
2017). In a laboratory experiment Kühmayer et  al. 
(2020) demonstrated that aquatic invertebrates (Ecdy-
onurus sp. and Gammarus sp.) took up EPA directly 
from biofilm associated algae, which consisted of 
over 90% diatoms. This underlines the importance of 
autochthonous material determining the food qual-
ity for invertebrates in headwater streams. Therefore, 
we conclude that algae probably also play an impor-
tant role in determining the food quality for juvenile 
FPM by being a source for LC n-3  PUFAs. This 
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hypothesis is supported by the findings of Eybe et al. 
(2013) and a recent study analysing the diet of adult 
FPM and showing that diatoms are one of the most 
abundant algae groups found in the gut content of the 
adult mussels (Komulaynen, 2021). This contradicts 
the assumption of Hruška (1995, 1999) that algae do 
not play a major role in the nutrition of FPM. Due 
to seasonal fluctuations in algae composition, it can 
be assumed that also the fatty acid composition and 
therefore the food quality of detritus will differ over 
time. In our experiment we analysed samples from 
only two time points which showed low differences 
concerning the relative proportion of fatty acids and 
stronger differences with regard to the fatty acid con-
centration (see Fig. 6 in the Online Appendix). This 
potential fluctuation of food quality should therefore 
be part of further investigations.

Next to algae also aquatic ascomycetes are known 
to be rich in PUFAs and therefore could also be a 
potential PUFA source for juvenile FPM. However 
they seem to lack the capability to synthesise LC 
PUFAs (Funck et al., 2015).

Effects of food quantity on mussel growth

Beside the effects of food quality, we also observed 
effects of food quantity on mussel growth. A posi-
tive relationship between the growth rates of mussels 
and the POC concentration of the food mixture has 
already been described (Wacker & von Elert, 2008; 
Bracken et  al., 2012). In contrast to these studies, 
our data indicated a saturation curve and not a linear 
positive relationship. Saturation was reached at a car-
bon concentration of 200–300 mg C l−1 in the parti-
cle fraction < 30 µm but it is likely that this range of 
carbon concentrations is specific for the used detritus 
samples.

In this experiment the lowest carbon concentra-
tion of 30 mg C l−1 seems to limit mussel growth. At 
this carbon concentration each of the 25 mussels in 
a beaker with a total volume of 100 ml food mixture 
would have had 17 µg C per day and mussel available. 
Therefore, each mussel could consume 119 µg C per 
week. During an additional experiment (in May 2020) 
in which we tried to measure the carbon consump-
tion rate of juvenile mussels, a significant difference 
of 40  µg of carbon between the starting conditions 
and treatments after 1 week could be detected (see 
Fig. 7 in the Online Appendix). Nevertheless, it was 

not possible to detect a significant difference between 
treatments with and without juvenile FPM (after 1 
week) even though the mussels grew well during 
this experiment (6.7 ± 2.4  µm  day−1 in shell length, 
n = 23) not indicating starvation at any stage. Hence, 
it was not possible to measure the carbon consump-
tion rates of juvenile FPM but we could conclude that 
it is smaller than these 40 µg C per week. Therefore, 
the offered food amount in the group of the lowest 
carbon concentration (30  mg  C  l−1, 1st experiment) 
should have been high enough to not limit mussel 
growth due to a to low POC concentration. In conse-
quence, this means that the mussels were not limited 
by the available amount of POC in this experiment 
but by some trace substances within the food mixture 
(e.g. PUFAs) whose total amount in a beaker also 
increases if the total amount of food is increased.

Assuming that juvenile FPMs are able to use com-
pensatory feeding or selective feeding to take up 
food particles of high quality, this could explain why 
high POC concentration levels lead to higher mussel 
growth rates even though the carbon consumption 
rate of juvenile FPMs is assumed to be very low. Ear-
lier studies showed that at least some freshwater mus-
sels are capable of selective feeding (Baker & Lev-
inton, 2003; Beck & Neves, 2003; Brendelberger & 
Klauke, 2009; Bracken et al., 2012; Rosa et al., 2018). 
Whilst most studies like Baker & Levinton (2003) 
only revealed a particle size selectivity, the results 
by Fung & Ackerman (2020) also indicate a spe-
cies specific feeding selectivity. Fung & Ackerman 
(2020) demonstrated that juvenile individuals of the 
unionid mussel Lampsilis siliquoidea (Barnes, 1823) 
specifically selected diatoms, which are considered to 
be of higher food quality (Taipale et  al., 2013; Gal-
loway & Winder, 2015; Guo et al., 2017) compared to 
chlorophytes.

We therefore conclude that the growth rates of 
juvenile FPM can increase with increasing total 
amount of trace substances to be selected by the mus-
sels, but growth would also increase if the relative 
proportion of trace substances increases (i.e. if food 
quality increases) whilst the amount of carbon (food 
quantity) remains the same.

In the context of selective feeding, the size of 
ingestible particles is an important factor to be con-
sidered. According to Lavictoire et  al. (2018) and 
Schartum et  al. (2017) the lower size range of par-
ticles mussels can filter from the water is between 
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1.54 and 2.3 µm. The upper size range is most likely 
depending on the mouth width of the mussels. To 
our knowledge the only available information is an 
electron microscope image of the mouth region of a 
1-month-old FPM (Lavictoire et  al., 2018). Accord-
ing to this, the upper size range would be around 
10–30 µm. This suggests that even small microalgae 
as Nannochloropsis sp. (2–4 µm in diameter) would 
fall into the size spectrum of ingestible food particles 
for juvenile FPM. However, it can be assumed that 
smaller particles can also be filtered out of the water 
and be ingested if they are associated with larger par-
ticles and the conglomerate does not exceed the upper 
size range of ingestible particles. But, particles larger 
10–30 µm probably also play an important role when 
food particles of an ingestible size class are attached 
to these particles and can be grazed from them by the 
mussel using its foot during pedal feeding activity. 
Even though we found a significant effect of the parti-
cle fraction on the survival rates of the juvenile FPM, 
the effect was not very strong. In both cases, the mus-
sels showed very high survival rates in all treatments 
(90–100% over 88  days), with a mean survival rate 
which was three percentage points higher in the treat-
ments with a particle fraction < 30 µm.

Conclusion

In conclusion our study demonstrated that consider-
able differences exist between riparian and stream 
(predominantly allochthonous vs. conditioned to 
stream environment and including autochthonous 
microbes) detritus regarding its food quality for inver-
tebrate stream organisms like juvenile FPM. Stream 
detritus was characterised by a significantly higher 
amount of n-3  PUFAs and a higher ratio of n-3 to 
n-6 PUFAs, leading to a higher food quality of stream 
detritus compared to riparian detritus. The most likely 
source for the n-3  PUFAs (especially for the LC 
n-3  PUFAs) are algae such as diatoms, dinoflagel-
lates and cryptophytes (Taipale et al., 2013; Galloway 
& Winder, 2015; Peltomaa et  al., 2019). Our results 
therefore underline the importance of autochthonous 
material even in headwater streams, which influ-
ences food quality for invertebrates such as juvenile 
FPM and is leading to a nutritional improvement of 
the allochthonous dominated organic material found 
in these habitats. In addition, the results provide new 

insights into the nutritional needs of juvenile FPM 
and can therefore contribute to the improvement of 
conservation measures such as captive breeding and 
the identification and restauration of suitable habitats 
for this highly endangered freshwater mussel.
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