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Abstract The life cycle of unionids is characterized
by a obligatory period of larval parasitism on a fish
host, any disturbance of which might cause a large-
scale decline in the mussel population. Because the
probability of fish infestation is so important, we
modelled what would happen to a population (in terms
of population growth and probability of extinction), if
the same number of glochidia were released in one or
more separate spawning events, by a hypothetical
mussel population living in conditions differing in the
probability of fish infestation (a “neutral” scenario, a
“good” one and three variants of a “bad” one). The
single brood strategy was the best in the “good”
scenario. However, when the frequency of unfavour-
able stochastic events increased (“bad” scenarios), all
strategies led to population decline, the single brood
strategy being the worst. In “good” and moderately
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“bad” conditions the double brood strategy performed
better than the other multiple brood strategies, but as
infestation conditions deteriorated, a greater number
of spawning events ensured a slower population
decline and longer persistence. Our model can facil-
itate a better understanding of this problem and set up
a framework for further tests in other unionid species
and their environmental conditions.

Keywords Extinction - Growth rate - Habitat
stochasticity - Modelling - Population size - Population
dynamics

Introduction

Important components of aquatic ecosystems (Vaughn
& Hakenkamp, 2001; Gutiérrez et al., 2003), fresh-
water mussels (Unionida) are among the most threat-
ened animal groups on the planet (Lopes-Lima et al.,
2017; 2018). The life cycle of unionids is character-
ized by a unique obligatory period of larval parasitism
on a fish host (Kat, 1984; Haag, 2012; Modesto et al.,
2018), which is critical for successful reproduction
(Strayer, 2008; Brodie et al., 2014); this aspect of their
biology remains poorly studied (Ferreira-Rodriguez
et al., 2019). The first question that comes to mind is
whether the enormous numbers of larvae produced by
mussels (from 2,000 to more than 10,000,000
glochidia; Bauer, 1987; Haag, 2013) are released

@ Springer
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during one event or over longer periods. In the former
case, a hypothetical mussel significantly increases the
density of larvae in the water and, all other things
being equal, the probability of infestation will
increase. In the latter case, although the multiplication
of breeding events reduces the density of larvae
released at a given moment, it spreads the risk of
complete breeding failure caused by environmental
stochasticity (Goodman, 1984). Continuous release is
unlikely, because the density of the larvae would then
be extremely low.

Most unionid species are reported to produce only a
single brood per year, although the production of
multiple broods has been described in North America
for the genera Utterbackia, Glebula, Popenaias
(Haag, 2012 and citations within) and Elliptio (one
to three broods; Price & Eads, 2011; one to five broods
in Elliptio steinstansana; Haag, 2012). In Europe,
multiple broods has been described for Unio crassus
(up to five broods; Hochwald, 2001; up to seven
broods; Zajac & Zajac, 2018), U. pictorum and U.
tumidus (up to two broods in both species; Piechocki,
1999).

In this study we present a model of a hypothetical
unionid species differing in its glochidia-releasing
strategies, which faces stochastic variation in the
likelihood of fish host presence/infestation. On the
basis of this model, we simulated 100 consecutive
breeding seasons of this hypothetical mussel popula-
tion, capable of generating from one to five broods in
each season, in unpredictable environmental condi-
tions (affecting infestation probability). This study
aims to evaluate how the number of spawning events
affects population parameters important from the
point of view of population persistence, i.e. its size,
extinction rate, coefficient of variation of mean
population size and the mean time to extinction in an
environment varying in the probability of an event
disturbing mussel reproduction.

Methods
Model description
We constructed a population model based on data

relating to Anodonta cygnea, collected by Zajac
(2001) in Lake Zalew Pinczowski, Poland (for a

@ Springer

detailed description of the study area, see Zajac et al.,
2016).

Let us suppose that the modelled mussel population
consists of I € Z* age classes. Let g be the proportion
of glochidia which successfully attach to the host fish,
r the glochidial survival rate to the end of the first year,
s; the survival rate of individuals at age i, A;; the
number of individuals at age i during season j and F;;
the number of females at age i during season j. The
number of glochidia G, released by each female in age
class i is given by the equation

G; = ae” (1)

where a and b are fixed parameters.
The number of recruits R; by the end of season j is
given by
i=I
R, = Z FiGigr (2)
i=1
The number of adult individuals N; by the end of
season j is given by
i=1
Ni=Rii+ Y Aiisi 3)
i=1
The model’s validation and parameterization are
given in the Supplementary Materials.

Single versus multiple brood strategy simulations

Let us assume that S spawning events take place
during season j, where S € {1,2,...,5}. Let us further
assume that during each season, one of three events
influencing the proportion of glochidia attached to the
host fish (g) occurs during the whole season: (1) a
“neutral” one, when the disturbing event does not
affect the mussels’ breeding; (2) a “good” one, when
the disturbing event increases the proportion of
attached glochidia (e.g. river not in spate) and (3) a
“bad” one, when the disturbing event decreases the
proportion of attached glochidia (e.g. river in spate,
suitable host fish individuals absent). Let us also
assume that n spawning events are disturbed in a given
season, where n < S. Thus, (1) in the case of a
“neutral” event, g is set at its default value, (2) in the
case of a “good” event, g is multiplied by 1 + §(e.g. if
2 of 5 spawning events are affected by a “good” event,
g is multiplied by 1.4), or (3) in the case of a bad event,
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g is multiplied by S—EH (e.g.if 2 of 5 spawning events are
affected by a “bad” event, g is multiplied by 0.6).

Let P, P, and P, be the respective probabilities of
occurrence of a “bad”, “neutral” and “good”event
during season j. We simulated a total of five scenarios:
(1) a “neutral” scenario, where P, = 1/3, P, = 1/3,
P,=1/3; (2) a “good” scenario, where P, = 1/4,
P, =1/4, P, =1/2 and three alternative “bad” sce-
narios: (3a), where P, = 1/2, P, = 1/4, P, = 1/4; (3b),
where P, = 3/5, P, = 1/5, P, = 1/5 and (3c), where
P, =12/3,P, = 1/6, P, = 1/6. Simulations were run for
100 consecutive seasons. In each scenario, we mod-
elled five strategies differing in the number of
spawning events: the Single Brood Strategy (SBS, 1
spawning event during each season) and four variants
of the Multiple Broods Strategy (MBS, from 2 to 5
spawning events during each season). Both events
influencing glochidial attachment and the number of
spawning events affected by the stochastic event are
randomly selected at the beginning of each simulated
season. We obtained 1000 realizations of each
scenario for each modelled strategy. Below, we
present an example of the random selection of an
event influencing glochidial infestation and the num-
ber of spawning events affected.

To show up the differences between strategies, we
compared the final population size (at ¢t = 100) for
each strategy in each scenario. Also, for each strategy
in each scenario, we obtained the extinction rate
(E,)—the percentage of simulation realizations result-
ing in the extinction of the modelled population, the
mean annual growth rate of the population (A) and the
mean time to extinction (£,), calculated using only
realizations resulting in the extinction of the modelled
population. We used coefficients of variation of mean
population size (CV) to compare the relative variabil-
ity in the number of individuals between strategies in
each scenario.

Example

We exemplify the method of randomly selecting an
event influencing glochidial infestation and the num-
ber of spawning events affected by the event using the
MBS strategy with five spawning events in a “bad”
scenario (3c¢). Since in this scenario P, = 2/3, P, = 1/
6, P, =1/6 and the number of spawning events n
equals 5, at the beginning of each season we randomly

draw two numbers x (which will determine the
stochastic event) and y (which will determine the
number of affected spawning events), where x €
{1,2,...,6} and y € {1,2,....5}. The selection of a
stochastic event occurring during the season is based
on the value of x. If x < 4, then a “bad” event occurs,
if x =35, then a “neutral” event occurs and if x = 6,
then a “good” event occurs. Let us assume that in 3
consecutive draws the randomly selected values are
x;=3,v;=4,x2=1,y>=5and x3 = 6, y; = 2. This
means that during the first simulated season a “bad”
event occurred, which affected 4 spawning events,
during the second season a “bad” event also occurred,
affecting all five spawning events, while during the
third season, a “good” event occurred, which affected
2 spawning events.

Statistical analysis

The statistical analyses were conducted using Statis-
tica 13. Because the assumption of homogeneity of
variance was not fulfilled, the differences in final
population size, as well as the differences in mean
annual population growth rates and the differences in
the mean time to extinction between the simulated
strategies in each scenario were tested using the
Kruskal-Wallis test. We tested the differences
between extinction rates using the test between
proportions. We tested the influence of the probability
of occurrence of a “bad” event and the number of
spawning events on the extinction rate (logit trans-
formed) using a General Linear Model (dependent
variable: extinction rate (transformed); continuous
predictor: probability of a “bad” event occurring;
ordinal predictor: number of spawning events).

Results

Single versus multiple broods strategy simulations
“Neutral” scenario

After a period of initial fluctuations, all the strategies
followed a similar trajectory until 60 seasons, when
outcomes of the strategies began to differ from each
other to a modest extent. The differences in final

population size between the strategies were significant
(Table 1; Fig. 1A; Kruskal-Wallis test; H = 28.1;
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Table 1 Basic parameters of populations adopting different breeding strategies in the simulated scenarios: (1) “neutral” scenario,
(2) “good™ scenario, (3) “bad™ scenario
Scenario Number of spawning events (strategy) Ni—100 SDus=100 A Ccv E, E,
“Neutral” (1) 1 (SBS) 710.8 889.8 0.06 81.5 0 =
2 (MBS) 716.2 683.7 0.07 67.7 0 -
3 (MBS) 662.9 601.1 - 0.01 67.9 0 -
4 (MBS) 750.9 749.7 0.12 64.7 0 -
5 (MBS) 7474 839.0 0.11 69.4 0 -
“Good” (2) 1 (SBS) 42821.0 38727.1 43 160.6 0 -
2 (MBS) 26097.9 21703.6 3.7 142.6 0 -
3 (MBS) 7529.4 8164.2 25 127.5 0 -
4 (MBS) 12018.1 10218.8 219 120.9 0 -
5 (MBS) 10027.9 8314.3 2.7 117.4 0 -
“Bad” (3a) 1 (SBS) 3.0 72 —-53 152.0 51.4 77
2 (MBS) 118.4 201.3 e 7 88.8 0.2 85
3 (MBS) 77.9 107.9 —2.1 87.8 0.5 95
4 (MBS) 71.4 83.8 =22 88.2 0.1 96
5 (MBS) 64.3 75.5 —-23 88.0 0.2 91
“Bad” (3b) 1 (SBS) 0.03 0.3 - 94 208.1 98.4 59
2 (MBS) 7.7 14.2 — 44 133.9 26.9 85
3 (MBS) 7.9 11.9 =43 129.6 20.4 88
4 (MBS) 9.4 15.7 —42 126.1 18.2 89
5 (MBS) 11.1 20.4 - 4.0 122.2 13.4 89
“Bad” (3c) 1 (SBS) 0.0 0.0 — 133 240.8 100 43
2 (MBS) 1.1 3.8 — 62 164.6 74 78
3 (MBS) 1.4 33 — 6.0 155.9 67.5 82
4 (MBS) 2.0 4.0 =357 149.2 55 84
5 (MBS) 2.6 4.9 —54 145.0 485 86

N,=j00 mean final population size after 100 seasons (at t = 100), SDy=j00 standard deviation of mean final population size, 2 mean
annual population growth rate (expressed as a percentage), CV coefficient of variation of mean population size, E, extinction rate (the
percentage of realizations of simulations which resulted in the extinction of the population), E, mean time to extinction (in seasons)
calculated for the realizations of simulations which resulted in the extinction of the population

P < 0.0001), whereas the differences in the mean
annual population growth rates between the strategies
were not significant (Table 1; Fig. 2A; Kruskal-
Wallis test; H = 2.49; P = 0.65). The coefficients of
variation were higher in SBS than in MBS (Table 1).
None of the realizations of this scenario resulted in the
extinction of the modelled population (Table 1), and it
was clear that, in the absence of extremely rare
coincidences, the population would almost certainly
not decrease or become extinct.

@ Springer

“Good” scenario

In a good environment all the strategies differed
distinctly from one another (Fig. 1B). The differences
in final population size were significant (Table 1;
Fig. 1B; Kruskal-Wallis test; H = 1895.0;
P < 0.0001).The final result of the simulations was
inversely proportional to the number of broods: the
fewer the broods, the larger the final population size
(Fig. 1B). A similar pattern was found in the mean
annual population growth rate and the coefficient of
variation. The differences in mean annual population
growth rates between strategies were significant
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Fig. 1 Effects of breeding strategy on population size over 100 simulated seasons for the “neutral” scenario (A), the “good™ scenario

(B) and the 3 variants of the “bad” scenario (C-E)

(Table 1; Fig. 2A; Kruskal-Wallis test; H = 190.3;
P < 0.0001). The coefficient of variation was the
highest in SBS and the lowest in MBS(5), although the
difference was small (Table 1). However, even small
differences in population growth rate translated into
large differences in population size over 100 seasons
(Fig. 1B). None of the realizations of this scenario

resulted in the extinction of the modelled population
(Table 1), and it was clear that, in the absence of
extremely rare coincidences, the population would
almost certainly not decrease or become extinct.

@ Springer



Hydrobiologia

6lA
A1 Eeivuas,, =,
.......... ll
2t B
0O y O Tow vvmuain B - J—— =
2 T, Ferroaoans j JERTY F 3
e O R SUPUR, - Sy Foporrreet 3
’< I I -------
B T B ke s e
8t > _
rg ) Scenario
10} & Neutral
%~ Good
2T ¥ Bad 3a
' 3 Bad 3b
i 3 Bad 3c
186
SBS (1) MBS(2) MBS (3) MBS (4) MBS (5)

Strategy (number of spawning events)

100} € el
90l Number of
spawning
80l events
|
~ 70} ®-2
S -3
2 60} i
8 *-5
‘5 501
T
£ 40}
x
LLi
30¢
20¢
10}

Obw =» wm® o
0 010203040506 07 0809 1.0
Po

Fig. 2 A Differences in mean annual population growth rates
(1) between strategies in the modelled scenarios. B Differences
in extinction time of a population between strategies in the
modelled “bad” scenarios. C Relationship between the

“Bad’ scenarios

In the “bad” scenarios, all the populations declined;
nevertheless, the population adopting any variant of
MBS reached a much larger population size than the
population adopting SBS. SBS decreased the fastest,
whereas MBS decreased at a much slower rate
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(Fig. 1CDE). An interesting aspect of the bad scenario
3a was that strategy MBS(2) decreased more slowly
than all the other MBS variants; in scenarios 3b and 3c,
the differences between them disappeared. In all the
bad scenarios and in all strategies, the population size
decreased more rapidly with increasing probability of
bad events (the slowest in 3a, accelerating in 3b and
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faster still in 3c). The differences in final population
size between strategies were significant in all the
modelled scenarios (Table 1; Fig. ICDE; 3a: Krus-
kal-Wallis test; H = 2177.2, P < 0.0001; 3b: Krus-
kal-Wallis test; H=1661.2, P <0.0001; 3c:
Kruskal-Wallis test; H = 741.3, P < 0.0001).

The differences in mean annual population growth
rates between strategies were significant in all the
modelled scenarios (Table 1; Fig. 2A; 3a: Kruskal-
Wallis test; H = 203.5, P < 0.0001; 3b: Kruskal—
Wallis test; H =201.4, P < 0.0001; 3c: Kruskal-
Wallis test; H = 186.1, P < 0.0001). In all the bad
scenarios, the biggest difference in population growth
rate was found between SBS and MBS(2), where SBS
declined more rapidly than MBS(2) (Figs. ICDE, 2A).
Nonetheless, it is worth noting that: (1) the mean
annual growth rate did not change much along with the
increasing number of broods, (2) strategies MBS(3-5)
became slightly worse than MBS(2) in scenario 3a;
they did not change in scenario 3b, but increased in
scenario 3c together with the number of broods, where
MBS(2) lost its predominance and MBS(5) became
the best. Even so, these changes were minimal in
comparison to the change from SBS to MBS(2).

The differences in the mean time to extinction
between strategies were significant in each modelled
scenario (Table 1; Fig. 2B; 3a: Kruskal-Wallis test;
H=124, P=0.015; 3b: Kruskal-Wallis test;
H =931.9, P <0.0001; 3c: Kruskal-Wallis test;
H =1943.3, P < 0.0001). MBS clearly extended the
mean time to extinction compared to SBS (from 8
seasons in scenario 3a to 35 seasons in scenario 3c;
Table 1).

Coefficients of variation were higher in SBS
compared to MBS (Table 1). Also, the extinction rate
was significantly higher in SBS than in any variant of
MBS in every simulated bad scenario (Table 1; test
between  proportions; 3a: P < 0.0001; 3b:
P < 0.0001; 3c: P < 0.0001).

The extinction rate depended on the probability of
occurrence of a “bad” event. If P, took a value < 0.3,
then E, = 0 in each strategy in each scenario; but if
P,> 0.8, then E, = 1 in each strategy in each scenario
(Fig. 2C). GLM analysis performed for values of P,
ranging from 0.3 to 0.8 showed that both the number of
spawning events (Ns,) and the probability of a “bad”
event(P;) had a significant influence on the extinction
rate (Fig. 2C; GLM; P, F = 181.9, P < 0.0001; Ng,,
F =13.9, P = 0.0009). The greater the probability of a

“bad” event occurring, the higher the extinction rate,
but the more spawning events during the season, the
lower the extinction rate (GLM; P, f = 0.90; Ng,,
p=—025).

Discussion

The natural way of developing a theory is to validate it
on the basis of falsifiable predictions, which either
confirm the model or suggest that it should be rejected
or modified. One can predict that, other things being
equal, species adopting SBS should perform much
better in good conditions than any of the other
strategies; MBS2 is second-best. However, SBS and
MBS(2) should also disappear much faster than
MBS(3-5) in a “bad” environment. It turns out that
in practical conservation actions, it should be easier
and faster to restore SBS species, whereas the
restoration of MBS species may be slower.

In general, species living in “bad” environmental
conditions (in terms of host fish infestation) should be
characterized by MBS, whereas species living in
“good” conditions should adopt SBS. Nonetheless,
since MBS guarantees a less variable population size,
the two-brood strategy should be the most effective
trade-off between SBS and MBS, and this number of
broods should be the most common among species
that are capable of producing more than one brood
(e.g. Utterbackia, Glebula, Popenaias, Elliptio, Unio).
Some problems in testing the predictions of this model
may be related to the boundaries between SBS and
MBS, which do not have to be clear-cut. Species can
exhibit a more “mixed” strategy than those assumed
in this model, like investing more in one spawning
event, or saving some energy for later, smaller broods.

By having the capacity to generate from one to
seven broods, it seems that Unio species may be a
good object for studying the factors regulating the
occurrence of MBS. A real practical problem arising
when we wish to confirm these predictions may derive
from the fact that SBSvsMBS strategies are poorly
understood in freshwater mussels, because we know
hardly anything about their reproductive effort.
Hochwald (2001) points out that because temperature
affects the mussels’ metabolism, and hence, also their
body growth constant and life span, it is quite likely
that the number of spawning repetitions is a trait that
varies passively in response to environmental factors
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(e.g. food, temperature). Also, Haag (2012) suggests
that glochidial production is determined mainly by
physical and energetic constraints. The possibility of
multiple clutches in Unionidae mussels is still a matter
of discussion. Haag & Staton (2003) suggest that there
is no evidence of multiple clutches in Unionidae. On
the other hand, Piechocki (1999) and Hochwald
(2001) show that Unio species have the ability to
produce up to 5 broods per year, whereas Zajac &
Zajac (2018) report 5 broods in U. crassus per season
in the River San and up to as many as 7 broods per
season in the River Biata. Other researchers suggest
that multiple peaks in the numbers of glochidia
released are attributable to variations in physical
conditions stimulating glochidia release events rather
than the production of multiple broods (Bruenderman
& Neves, 1993; Hove & Neves, 1994) and that only a
small percentage of the reproductive complement is
released during such events (Haag & Warren, 2000).

One important question that remains to be answered
is why an organism should not breed as often as
resources allow? We agree that it should, but the
consequences will be the same as in the case of some
genetically fixed strategies. If the mussel under
consideration were an “income breeder” (sensu
Stearns, 1992), having no large energy reserves and
only accumulating everyday low level energy income
during short periods of time to produce many but small
broods, the situation of this species would be similar to
that of an MBS species. In contrast, a “capital
breeder”, having stored energy, e.g. from the previous
season, would be able to invest it all in one big
spawning event, achieving a high density of larvae and
a high infestation rate. The capital breeder would be
much more effective in good conditions, but in the
face of unpredictable infestation opportunities, the
income breeder (analogous to MBS) would perform
better, not only because it was better adapted to poorer
feeding conditions, but because it could deal better
with unpredictable infestation by spreading the risk of
failure over a longer period of time.

In this study we present a general mathematical
framework of the consequences of adopting a certain
reproductive strategy under stochastic environmental
conditions. However, we are aware that life history
traits in Unionidae are highly variable within and
among species, and our model must be parameterized
and corroborated/falsified using real data. In addition,
we have assumed that brood size is the same in each
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spawning event in MBS, and that negative population
trends in MBS may be compensated for by the
increased number of broods (e.g.the mean number of
spawning events in U. crassus in the River Biata is
three, but the maximum can reach as many as seven
per season; Zajac & Zajac, 2018). Nevertheless, the
total reproductive effort in all strategies in the model
must be assumed equal; otherwise, MBS would
always result in greater population growth owing to
increased reproductive output.

Very little or nothing in known about energy
allocation in reproduction and related trade-offs
(number vs size of the offspring, parent growth vs
reproduction, etc.). Also, we were unable to assess the
relative costs (energetic or otherwise) of single versus
multiple brood production. Thus, since we lack the
required information to make the model more realistic
and informative, we were forced to keep it simple.
Even so, the results obtained with our model, which
formulates the problem explicitly, identifies knowl-
edge gaps and addresses some hither to unidentified
questions, shows that MBS multiple brooding seems
to be marginally better in consistently bad conditions,
when a population is heading towards extinction. Is
this negative trend compensated for by a larger total
annual glochidial output in MBS compared to SBS? If
so, is reproduction based on stored reserves (allowing
for SBS) or current income (forcing MBS)? What is
the actual level of environmentally induced variation
of infestation success and what level of it would give
MBS an advantage over SBS? Field studies answering
these questions, though highly desirable (Ferreira-
Rodriguez et al., 2019), appear very difficult to carry
out. The derivation of explicit mathematical models,
validated using field data, can at least clarify the
interplay of factors influencing the demography of
freshwater mussels, in consequence leading to a better
formulation of the problems to be solved and a better
understanding of the mussels’ ecology.
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coming overloaded with nutrients, impoverishing many valuable and vanishing habitats, such as floodplain lakes.
These changes need to be reversed if the occurrence of endangered aquatic species is to be restored. In this paper
we analyse the impact of a change in the water regime of a naturally eutrophic floodplain lake, which harbours a
large diversity of Unionidae (large freshwater mussels), a globally threatened taxonomic group that provides im-
portant ecosystem functions and services. We found that a slight increase in the discharge from this waterbody,
following the construction of an additional outflow pipe, positively influenced recruitment in three of the five
mussel species inhabiting the lake. We also found that, after the construction of this additional outflow, the
niches of juveniles of Anodonta cygnea and Unio spp. changed, revealing differences in their hydrological require-
ments. Our results suggest that, as in lotic habitats, complex hydraulic parameters are highly significant to

unionid mussels in lentic conditions.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

= Corresponding author.

E-mail address: cmiel@iop.krakow.pl (AM. Cmiel).

https://doi.org/10.1016/j.scitotenv.2019.135467

1. Introduction

Freshwater lakes provide mankind with many services (Postel and
Carpenter, 1997); some of these services, however, are often debilitated
by eutrophication (Scharf, 1999), when waterbodies are overloaded
with nutrients from external sources. Natural eutrophic floodplain
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lakes (habitat code 3150 in the Habitat Directive) are among the most
threatened (Wilk-WoZzniak et al., 2019); Even if left intact during river
regulation, they are continuously diminishing in area, as they are af-
fected by biological succession. There is no natural mechanism restoring
them, because within most floodplains, lateral erosion of channels has
been stopped by channel regulation; small lakes separated from the
channel by levees seem to diminish at the fastest rate (Zajac, 2001,
2002).

Recent decades have seen a vast improvement in the techniques
used to restore shallow eutrophic lakes (Moss et al., 1996; Jeppesen,
1998). Nevertheless, some of these approaches bring about such large
disturbances to benthic communities that their structures may be mod-
ified (Kornijow and Gulati, 1992). Macroinvertebrates are a critical
component of small and shallow lake biotopes, where coupling be-
tween benthic and pelagic habitats is very strong (Schindler and
Scheuerell, 2002). They interact with fish, periphyton and plants
(Jones and Sayer, 2003), as well as with pelagic zooplankton (Burks
et al., 2001). Macroinvertebrate assemblages in floodplain lakes are fre-
quently characterised by large biomasses of freshwater mussels from
the family Unionidae (Zajac et al., 2016). These are relatively long-
lived, sedentary, filter-feeding bivalves found in dense multispecies ag-
gregations inhabiting the sediments of waterbodies. Mussels have a
complex life cycle, including an obligatory parasitic phase on a host
fish. Moreover, by intensively filtering water, they provide important
ecosystem services (Vaughn, 2018) and positively influence ecosystem
functions (Gutiérrez et al., 2003). Despite their importance, however,
they are among the most endangered groups of animals on the planet
(Lydeard et al., 2004). In recent decades a growing number of studies
have been conducted concerning their ecology and conservation
(Lopes-Lima et al., 2018).

The factors governing the distribution and abundance of freshwater
mussels in lentic environments are poorly understood. It has been dem-
onstrated that basic features of lentic waterbodies like water depth, dis-
tance from and along the shore, and sediment layer influence their
distribution (Zajac et al., 2016). In addition, wave action (Cyr, 2008), lit-
toral zone sedimentation (Cyr et al., 2012), substrate type (Kat, 1982),
light, temperature, food and flow rate (Dillon, 2004), inflow of various
exogenous compounds (Richardson and Mackay, 1991), oxygen con-
tent (Zajac, 2002), toxic compounds (Wetzel, 2001) and falling water
level (Dillon, 2004; Gotab et al., 2010) can be considered factors
influencing their distribution and abundance. Even though the problem
is far from being explained, there is increasing evidence that hydraulics
play a significant role in shaping such habitats. A number of studies have
demonstrated that near-bed hydraulic conditions are good predictors of
suitable microhabitats for mussels (e.g. Layzer and Madison, 1995;
Statzner et al., 1988; Lydeard et al., 2008) or the importance of hydraulic
conditions during extreme events such as high and low flows (Zigler
et al., 2008; Daraio et al.,, 2010; Allen and Vaughn, 2010); these studies
were conducted in large rivers, however. Small, lentic waterbodies in
floodplains appear to have been neglected; but since unionid distribu-
tions are related to hydraulic conditions, they too may be affected by
flow modifications.

One of the most important symptoms of the decline in freshwater
mussels around the world is the lack of recruitment (Roper and
Hickey, 1994; Beasley and Roberts, 1999; Hastie and Toy, 2008).
Under favourable conditions, unionids can achieve very high abun-
dances and biomasses; however, increasing numbers of their formerly
abundant populations have become relicts, with a characteristic lack
of recruitment, which leads to population ageing and decline (Payne
and Miller, 1989). Although this phenomenon is widely reported as
being crucial for understanding the decline of unionids, its causes and
mechanism are still not understood.

This paper reports on the effects of slight flow changes in the natu-
rally eutrophic floodplain lake Zalew Pinczowski, inhabited by a well-
studied (Zajac, 2001; Zajac et al., 2016), formerly abundant and
species-rich assemblage of freshwater mussels, which has recently

shown signs of ageing and decline. The aim of this study was to demon-
strate how changes in flow velocity and the Reynolds number affected
the recruitment (presence and number) of juvenile mussels.

2. Materials and methods
2.1. Study site and water flow regime

The waterbody known as Zalew Pinczowski (Fig. 1A; detailed de-
scription in Struzynski, 2007; Zajac et al., 2016) is an old riverbed left
after the main channel of the River Nida was straightened in 1973. In
the 1980s the old channel was widened. The lake is supplied by a chan-
nel following the previous course of the river. The water intake from the
Nida is located ca. 1.8 km upstream of the lake. The outflow channel also
follows an old channel ca. 1.3 km in length (Struzynski, 2007). The orig-
inal regulation did not provide adequate water flow through the lake.
The main part of it contained almost still water; water movement was
caused by wind and dispersion of heat rather than discharge (the reten-
tion time was about 8 days). The shallow water and insufficient flow in
Zalew Pifczowski caused it to silt up, become shallower, and increased
the duration of water exchange (Struzynski and Wyrebek, 2013), which
in consequence led to a deterioration in water quality. By way of a solu-
tion, an additional spillway with a pipeline connecting the lake directly
to the Nida was proposed (Struzynski, 2007) and constructed in No-
vember 2013. The maximum water level in the lake stipulated in the
water permit from 1991 was 185.80 m a.s.l. The water level in the lake
measured on 3 June 2007 was at an altitude of 185.68 m a.s.l., while at
the original pipeline mouth it was 184.92 m a.s.l. After the introduction
of the second outlet, the elevation of the water surface in the Nida rose.
While the weir elevation had been stated at 185.70 m a.s.l.,, the water el-
evation measured on 30 November 2015 lied at 185.83 m a.s.l. which
was 40 cm below the shore full elevation. Zalew Pinczowski is used by
anglers and fish are annually restocked by local angling club in Pificzéw.

2.2. Study species and mussel sampling

Zalew Pifnczowski is inhabited by five species of freshwater mussels
(Unionidae) belonging to two genera: (1) Unio: swollen river mussel
(Unio tumidus) and painter's mussel (Unio pictorum) and (2) Anodonta:
duck mussel (Anodonta anatina), swan mussel (Anodonta cygnea) and
depressed river mussel (Pseudanodonta complanata). Two of these spe-
cies, A. cygnea and P. complanata, are endangered in Poland and
protected by law (Zajac, 20044, 2004b). In Europe, P. complanata was
assessed as Vulnerable (Van Damme, 2011), whereas the other species
were assessed as Least Concern, although population trends were iden-
tified as decreasing in A. anatina (Lopes-Lima, 2014a) and A. cygnea
(Lopes-Lima, 2014b).

The data were collected along the southern shore of Zalew
Pinczowski. Thirteen transects, each 10 m long, were delineated per-
pendicular to the shore at intervals of 50 m from each other. They cov-
ered the whole littoral area, extending from the edge of the emergent
vegetation to the flat bottom of the lake. On each transect, the water
depth and silt layer were both measured every 0.5 m (Fig. 1B). At the
same points bottom samples were collected from an area of 0.385
x 1 m using a 38.5 cm wide dredge rake with nylon netting (3 mm
mesh). Surveys were performed at the beginning of October in 2013,
2015 and 2016; at this time of year, juveniles are easier to detect be-
cause of their shell length (=10 mm).

There is no universal definition of the juvenile life stage in freshwa-
ter mussels (Ries et al., 2016). Some studies have defined juveniles
based on shell length (e.g. <25 mm, Haag and Warren, 2007), whereas
others have used age (e.g. <1 year old, Jones and Neves, 2011; or even
<10 years old, Strayer and Malcolm, 2012). Because species of the
genus Anodonta reach sexual maturity at 1-4 years, and Unio species
generally mature between 2 and 4 years of age (Lopes-Lima et al.,

Please cite this article as: A.M. Cmiel, A. Struzynski, M. Wyrebek, et al., Response of freshwater mussel recruitment to hydrological changes in a
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scheme (B), flow velocity and direction (obtained from the numerical model) before (C) and after (D) the construction of the new outflow culvert. (E) Box plots of the flow velocity
(left Y axis) and Reynolds number (right Y axis) before (2013) and after (2015, 2016) the construction of the new outflow culvert.

2017),individuals aged 1 and 2 were classified in this study as juveniles,
while individuals aged 3 or older were classified as adults.

2.3. Hydraulic model

The morphology of the lake bottom was measured using a
Humminbird Legend 1000 Realtime Sonar, while geodetic measure-
ments were performed with a Topcon GTS 226 tachymeter. The value
characterising the bottom roughness in the reservoir was determined

using Chow (1959) tables. Fourteen cross-sections and a series of shore-
line measurements were made to trace the current shape of the lake
(Fig. 1A). After the implementation of the additional pipeline, measure-
ments of the overflow geometry and the water conducting culvert were
carried out on 30 November 2015, both in the part located in the lake
and in the vicinity of the outflow into the Nida.

Flow velocity in the reservoir and in the area of the supply and outlet
channels was measured on 1, 3 or 6 measuring levels (depending on the
water depth) using a Nautilus Sensa Z300 hydrodynamic sensor at a
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