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Abstract Understanding the impact of hydrodynamic variations, induced by climate change or
anthropogenic pressures on aquatic habitats is necessary for effective freshwater conservation. In this work, an
ecosystem‐impact approach is applied by using freshwater mussels (FMs) as biological indicators of
perturbations of aquatic environment. The valvometry technique is used to investigate FMs' response in different
substrate compositions and environments. Laboratory flume experiments were performedwithUnio elongatulus
over two substrates (gravel and sand), and in situ pilot installation with stuckUnio mancuswas realized in Paglia
river (Umbria, Italy). FMs' response to flow discharge variation was analyzed in terms of average gaping
frequency (Fa) and gaping amplitude (Aa). For the field case, the analysis concerned valvometry data recorded
during a moderate flood on 31 March 2022. Both laboratory and field‐based experiments showed that FMs
promptly react to flow perturbation increasing values of Fa and decreasing values ofAa as the percentage of flow
discharge variation, ΔQ/Qbp (being ΔQ the flow discharge variation and Qbp the flow discharge before the
perturbation), increased. Based on the data, a threshold condition was derived which can be used as an ecosystem
alarm criterion based on mussel behavior. This could help practitioners, academic ecologists and controlling
agencies in decision‐making processes. In this view, the paper also presents, to our knowledge for the first time, a
[Fa, ΔQ/Qbp] benchmark graphwhich could be helpful in guiding the selection of the ecosystemalarmcriterion in
clear water, constituting a base for future development in natural conditions with suspended materials.

1. Introduction
Identifying the effects of climate change on the aquatic environment is paramount to defining mitigation and/or
adaptation strategies which are crucial to keeping ecological, economic, and social damage within limits
(IPCC, 2012, 2014).

Several studies (Allan &Castillo, 2007;Moyle &Mount, 2007; Stähly et al., 2019;Wohl et al., 2015) indicate that
the degradation of aquatic ecosystem is strongly triggered by hydrodynamic variations and the consequent
sediment transport changes, which modify the aquatic habitats and biotic community's conditions. Freshwater
ecosystem is particularly susceptible to climate changes (Hassan et al., 2020; Poff et al., 1997; Singh et al., 2021;
Strayer & Dudgeon, 2010) and the impacts on freshwater species are especially evident compared to those on
terrestrial or marine ones (Bódis et al., 2014; Döll & Zhang, 2010; Nogueira et al., 2021; Tesfaye et al., 2020;
Woodward et al., 2010). Flow and sediment dynamics are important abiotic drivers of fluvial ecosystems'
functioning (Gibbins et al., 2007; Wallace &Webster, 1996). Flood events could determine significant changes in
sediments' characteristics (Eaton & Lapointe, 2001; Mao, 2018) and in the composition and distribution of ri-
parian vegetation (Olokeogun et al., 2020; Termini, 2021) with possible ecological effects on the aquatic envi-
ronment (Novais et al., 2017).

In this context, as predictions define an increase in the frequency and intensity of extreme events (IPCC, 2012),
rapid and precise detection of hydrological impacts on the freshwater ecosystem would be crucial for maintaining
a sustainable condition.
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A risk–based approach has been generally adopted to assess the impacts of hydrodynamic river changes due to
climate change. Climate change models are used for simulating large‐scale patterns of seasonal variations (see as
an example Randall et al., 2007) and eco‐hydrodynamic models (Akstinas et al., 2022; Jodhani et al., 2023; Vanzo
et al., 2016), together with in‐field monitoring of the hydrodynamic variables (i.e., water level and flow velocity),
are used to define the stress conditions in rivers (Alimenti et al., 2021; Dolcetti et al., 2022; Simpson, 2001;
Sukodolov, 2015).

In the last decades, an ecosystem‐impact approach, which is instead based on monitoring the behavior or
physiology of living organisms, has attracted the interest of some authors in identifying the effects of disturbances
in aquatic habitats (Pivato et al., 2019; Quadroni et al., 2017). Bivalve mollusks, such as freshwater mussels
(FMs), match the requirements that should be considered for monitoring organisms (Vereycken &
Aldridge, 2022). FMs are ideal indicators of biological integrity and water quality conditions in aquatic eco-
systems (Borcherding, 2006; Hartmann et al., 2016; Ladeiro et al., 2017; Micu, 2020; Premalatha et al., 2020;
Vaughn et al., 2015) and thus they are considered target species for identifying habitat quality conditions
(Geist, 2011). At the same time, FMs populations are declining dramatically (e.g., Lopes‐Lima et al., 2017; Priè
et al., 2014; Sousa et al., 2008). Freshwater Unionids, which are considered in the present work, are more sensitive
to human and natural disturbances than other taxa (Lopes‐Lima et al., 2017; Riccardi et al., 2022). In this way,
efforts in defining conservation strategies to sustain populations and their functions in aquatic ecosystems are
urgently needed (Sousa et al., 2023).

FMs are especially vulnerable to habitat alterations (Hartmann et al., 2016; Silverman et al., 1995; Strayer, 1999;
Strayer et al., 1999; Vaughn & Hakenkamp, 2008). They are filter‐feeders with reduced mobility, living at the
sediment‐water interface in rivers, which their survival and reproduction also depend on the variations of river
discharge, and thus of hydrodynamics and mixing processes, and on the substratum characteristics, which
determine habitat modifications and expose them to varying feeding rates and predators risks (Engelhardt
et al., 2004; Perles et al., 2003; Robson et al., 2010). In turn, they maymodify the kinematic characteristics of flow
close to streambed (Lopez & Vaughn, 2021; Sansom et al., 2018; Wu et al., 2020), influencing bed stability and
the substrate configuration or composition (Hassan et al., 2020; Janetski et al., 2009). High‐flow conditions and
flow discharge variability can significantly influence the behavior of FMs by subjecting them to varying flow
velocities and bottom shear stress (Allen & Vaughn, 2010; Hornbach et al., 2010; Singh et al., 2021; Zigler
et al., 2008). Since FMs possess a lifespan of several decades, they can adapt to extreme flow conditions (Lopes‐
Lima et al., 2017). Given the severity and increasing frequency of hydrological changes in the context of climate
changes (among others Lamond & Penning‐Rowsell, 2014), there is a strong need to define monitoring methods
suitable to detect real‐time responses, such as those provided by the behavioral reactions of mussels.

Bivalves display a defensive reaction to external stimuli by opening and closing their valves, modifying their
filtering flow rate and adjusting their degree of body exposure to the flow (Hartmann et al., 2016; Perles
et al., 2003). Thus, FMs' valves' gaping activity reflects their physiological responses and could serve as a reliable
indicator of their reaction to disturbances (Hartmann et al., 2016; Kramer & Foekema, 2001). The development of
a Biological EarlyWarning Systems (BEWS) based on the physiology and behavior of organisms is crucial for the
continuous monitoring of the status of the aquatic environment (Butterworth et al., 2001; Jeffrey &
Madden, 1991).

Although FMs' valve gaping activity (i.e., valvometry) has become a well‐established measure of environmental
variations (Garcia‐March et al., 2016; Miller et al., 1999; Tran et al., 2003) and biomonitoring (among others
Kramer et al., 1989; Gerhardt et al., 2006; Bae & Park, 2014; Hartmann et al., 2016) in aquatic environments,
more systematic research should be conducted to understand their behavioral reactions to flow discharge vari-
ations, which are increasingly determined by climate changes, in freshwater environments. Much knowledge
remains to be discovered, especially about characterizing FMs' response to continuously changing in flow
conditions and the influence of other factors, such as the bottom substratum. Substratum granulometric
composition may affect their ability to move or to remain burrowed during flood events (Hoffman et al., 2006;
Lara & Parada, 2009; Poznańska‐Kakareko et al., 2021). Compared to sand beds, gravel beds enhance bed sta-
bility, the near‐bed turbulence levels in the incoming flow, and water mixing, which are critical aspects of mussel
habitats (Lazzarin et al., 2023; Lopez & Vaughn, 2021).

In this context, the present work is part of a broader research program, “Enterprising” PRIN2017 (funded by the
Ministry of Education, University and Research of Italy), aimed at identifying the potential of FMs' valvometry as
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BEWS of impacts of hydrological disturbances in rivers. Specifically, climbing over the local effects determined
by FMs on bed roughness modification, flow velocity and turbulence fields (e.g., Lazzarin et al., 2023; Zhang
et al., 2025), this work specifically focuses on the FMs' response to variations of flow discharge and sediment
transport in rivers. Modesto et al. (2023) and Termini et al. (2023) conducted laboratory experiments, in sand‐bed
flumes but with different U. elongatulus populations, that verified the hypothesis that mussels' behavioral
response, in terms of valves gaping, correlate with flow discharge variations and sediment transport intensity.
Modesto et al. (2023) focused more on the classification of mussels' behavioral response to the variations
examined. Termini et al. (2023) expanded this classification and focused on the relation with hydrodynamic
variations. Laboratory studies by Termini et al. (2023) and Modesto et al. (2023) informed the field work
described by Pilbala et al. (2024) where they explored the possibility of using FMs valvometry to detect hy-
drological disturbances in actual riverine conditions by applying a continuous wavelet transform‐based signal
processing approach. Although results shown in these previous works have allowed significant progress in un-
derstanding how to detect FMs' behavioral response in terms of valves gaping to flow discharge variations and
sediment transport intensity, further steps are needed to exploit such response as BEWS. To fill this gap, our
present work advances the findings from the aforementioned studies by performing comparative analyses of the
FMs' responses under different dynamic and environmental conditions, with the aim to show the similarities in the
FMs' response.

For clarity, the present work has in common with the previous ones the same valvometry technique and mea-
surement approach. With respect the previous works, the new aspects of the present paper are: (a) to expose FMs
to higher values of flow discharge and sediment transport; (b) to compare FMs' responses using different substrate
composition (sand and gravel); (c) to compare FMs' responses in controlled laboratory and uncontrolled field
conditions); (d) to identify, on the basis of our data, a threshold of FMs' response for alerting with respect the
entity of the disturbance, defined as a function of the flow discharge variation. Therefore, here we illustrate results
obtained using FMs' valvometry data collected both in laboratory‐ and field‐based experiments. The controlled
laboratory environment allowed us to conduct basic, repeatable experiments, and they are used as a kind of
benchmark data to investigate the variability of FMs' response in a natural uncontrolled environment. To identify
a generalizable approach, a statistical analysis is conducted to compare the FMs' responses, obtained for the
different substrates and the different environments and species, to evaluate the possible statistical differences.
Thus, the specific objectives of the present work are: (a) to identify the variability ranges of FMs' response, in
terms of average gaping frequency (Fa) and amplitude (Aa), for different flow discharge variations by considering
two different substrate compositions (gravel and sand) and conditions (laboratory and field); (b) to investigate the
statistical difference of FMs' response between the two different substrates and between environments; (c) to
identify, based on the collected valvometric data, an appropriate threshold condition on Fa and/or Aa for defining
an alert criterion that could be used by academic ecologists and by local controlling and management agencies.

The manuscript is organized as follows: Section 2 describes the data used and the analysis methodology; Section 3
presents the results; the discussion is reported in Section 4 and conclusion in Section 5.

2. Material and Methods
2.1. Laboratory and Field Experiments

Three series of experiments were performed, two in a laboratory flume and one in situ.

2.1.1. Laboratory Experiments

The laboratory experiments were conducted at the Hydraulic laboratory of the Department of Engineering ‐
University of Palermo (Italy), in a recirculating rectilinear flume 40 cm wide, 11 m long, and with a longitudinal
bed slope approximately equal to 0.1%, with a submersible pump (SULZER AS0641) in the downstream tank. A
sediment collector at the end of the flume allowed to measure the sediment transported as bed load. For further
details on the experimental apparatus, please refer to Termini et al. (2023). Unio elongatulus (Pfeiffer, 1825)
specimens collected from Lake Maggiore (Italy–46°05′53″N 08°42′53″E) were used for these experiments.

Freshwater mussels are often encountered in sand and gravel bed rivers that provide more favorable habitat
(Howard & Cufey, 2006; Lazzarin et al., 2023). Different substratum characteristics may determine habitat
modifications (Engelhardt et al., 2004) and may affect the FMs' behavioral responses. Thus, for the specific
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purposes of the present work, two series of runs were conducted, respectively, with FMs arranged over a gravel
substrate (d50 ≅ 6 cm and d84 ≅ 8.4 cm, with dx = diameter for which x% by weight is finer) and with FMs
arranged over a quartz‐sand substrate (with d50 ≅ 0.65 cm and d84 ≅ 0.9 cm). The experimental conditions were
defined in such a way that the tests conducted over sand substrate allowed us to analyze the FMs' response to the
variations of both flow discharge and sediment transport, while those over the gravel bed to isolate their response
to the flow discharge variations, in the absence of sediment transport. Furthermore, over the sand substrate FMs
performed horizontal movements by their valve gaping, but not over the gravel substrate. In fact, although FMs
have limited mobility, they could perform horizontal and vertical movement by means of their muscular foot (e.g.,
Ferreira‐Rodríguez, 2019). Each series of runs included a preliminary run (hereon indicated as P‐run), aimed to
identify FMs' behavior during their usual activity under very shallow flowing, two “baseline” runs (hereon
indicated as B‐runs), aimed to determine the FMs' response under different values of constant water discharge
(i.e., in steady flow conditions) and in the absence of sediment transport, and ten “exposure” runs (hereon
indicated as E‐runs), aimed to investigate the FMs' response to flow discharge variations as during a flood event
(Table 1). All runs were conducted in clear water conditions (i.e., without suspended material) and without
feeding the mussels. This was in analogy to previous works (Modesto et al., 2023; Termini et al., 2023). For the P‐
run a group of 8 mussels, arranged on the bed at a mutual distance of 20 cm in the longitudinal direction and of
15 cm in the transversal one (see Figure 1), was considered. During this run, FMs were exposed to a very low
constant water discharge (Q1 in Table 1) for 24 hr.

Table 1
Hydraulic Conditions Considered for the Laboratory Experiments: Qbp = Flow Discharge Before the Perturbation;
Qap = Flow Discharge After the Perturbation; ΔQ = Increase in Flow Discharge, ΔQ/Qbp = Percentage of Discharge
Increase With Respect the Value Before the Perturbation, Qs/B = Specific Sediment Transport Rate (B = Channel Width);
s.t. = Abbreviation of “Sediment Transport”; Hgravel, Vgravel = Water Depth and Mean Velocity in Gravel‐Bed Runs; hsand,
Vsand = Water Depth and Mean Velocity in Sand‐Bed Runs

Run

Qbp, Qap

ΔQ (m3/s) 100 × ΔQ/Qbp (%) Qs/B (kg/ms) s.t. classes (over sand substrate)Symbol Value (m3/s)

P‐run Q1, Q1 0.002, 0.002 \ \ \ No

B‐run1 Q2, Q2 0.003, 0.003 \ \ \ No

B‐run2 Q3, Q3 0.006, 0.006 \ \ \ No

E‐run1 Q3, Q4 0.0060, 0.0080 0.00 33.33 0.00 No

E‐run2 Q3, Q5 0.0060, 0.0095 0.00 58.33 0.01 Low

E‐run3 Q3, Q6 0.0060, 0.0110 0.01 83.33 0.02 Medium

E‐run4 Q3, Q7 0.0060, 0.0145 0.01 141.67 0.02 High

E‐run5 Q3, Q8 0.0060, 0.0220 0.02 266.67 0.04 Very high

E‐run6 Q2, Q4 0.0030, 0.0080 0.01 166.67 0.00 No

E‐run7 Q2, Q5 0.0030, 0.0095 0.01 216.67 0.01 Low

E‐run8 Q2, Q6 0.0030, 0.0110 0.01 266.67 0.02 Medium

E‐run9 Q2, Q7 0.0030, 0.0145 0.01 383.33 0.02 High

E‐run10 Q2, Q8 0.0030, 0.0220 0.02 633.33 0.04 Very high

Symbol
Q hgravel hsand Vgravel Vsand

(m3/s) (m) (m) (m/s) (m/s)

Q1 0.002 0.036 0.040 0.146 0.131

Q2 0.003 0.045 0.053 0.167 0.142

Q3 0.006 0.060 0.067 0.250 0.224

Q4 0.008 0.078 0.088 0.256 0.227

Q5 0.010 0.086 0.092 0.276 0.258

Q6 0.011 0.092 0.100 0.299 0.275

Q7 0.015 0.135 0.088 0.269 0.414

Q8 0.022 0.167 0.093 0.329 0.595
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The B‐runs (see Table 1) were conducted during the day by exposing two groups of 8 mussels (i.e., 16 mussels),
arranged as shown in Figure 1, to a constant water discharge for 6 hr, including 2 hr of acclimatization. Two
values of flow discharge, both below the value corresponding to the sediment incipient motion, were considered.
The critical shear stress was estimated using the critical mobility number suggested by Yalin (1992) for both sand
and gravel beds.

The E‐runs were also conducted during the day considering the same FMs' number and arrangement as in the B‐
runs. In the E‐runs the FMs were first exposed to a constant water discharge (Qbp, in Table 1), as in the B‐runs,
followed by an almost instantaneous (i.e., at the instant Tt) increase of flow discharge (Qap, Table 1), which was
then kept constant for 1 hr and 30 min.

Sediment transport was always absent in the E‐runs conducted over the gravel substrate, while it occurred over the
sand substrate when the flow discharge exceeded the value corresponding to the sediment incipient motion.

The B‐runs and the E‐runs were repeated twice so that 32 mussels' recorded time series were available for each
run. During all the runs, the FMs' valve opening/closing activity was continuously monitored and recorded as a
voltage (mV) signal at a frequency of 3 Hz. A Hall sensor (Honeywell SS495A1, 13 × 10.5 mm, 1.1 g weight) and
a magnet (12 × 10 mm, 1.8 g weight) were glued to the FM's valves. The voltage signals were stored on an SD
card connected to an Arduino board (with ATMEGA2560‐16AU microcontroller 16 MHz 256 Kb 8‐bit). The
FMs' response of the Hall effect sensor in millivolts (mV), and then, by knowing the minimum and maximum
values of the valves' gaping amplitude, the magnetic field data [mV] were normalized in percentage (%), where
the minimum value (0%) corresponds to the complete valve opening and the maximum (100%) to the complete
closure (Termini et al., 2023).

2.1.2. Field Experiments

The in situ pilot installation was realized under the Adunata Bridge in the Paglia River (42°43′30.01″N 12° 9′
24.32″E), a significant tributary of the Tiber River valley (Figure 2a) in Umbria region, Italy. A gauging station
(Orvieto Scalo) was also available close to the pilot installation site, thus having information about the water level
and the flow discharge variation every 30 min. For the in situ experiment (see also Pilbala et al., 2024), we used
the native species previously reported in this river catchment (Froufe et al., 2017). Thus, thirteen Unio mancus
(Lamarck, 1815) specimens, collected from the natural reserve of Montepulciano Lake (Siena, Tuscany‐ Italy;
43° 5′34.94″N 11°55′34.50″E), were stuck and caged as shown in Figure 2b.

Figure 1. (a) Plane‐view of the laboratory flume; (b) FMs arrangement over the sand substrate; (c) FMs arrangement over the gravel substrate. This figure is adapted
from Figure 1 of Termini et al. (2023).
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FMs were glued on steel vertical rods anchored on the concrete right bank of the considered cross‐section
(Figure 2); the glued mussels were protected by a steel grid (Figure 2c) to protect them during flood events.
The height of the vertical rods was defined on the basis of average yearly recorded water level data to ensure that

the mussels were always submerged. Laboratory studies conducted by Pilbala
et al. (2024) demonstrated that, in the presence of hydrodynamic distur-
bances, stuck mussels exhibit a behavior that is consistent with that of freely
moving mussels and allow sharper event detection and easier signal inter-
pretation due to their movement hindrance, making them suitable for field
applications. In the field, the valve gaping activity was continuously moni-
tored, using a system like that used in the laboratory experiments, and
recorded as voltage signal (mV) at a frequency of 2 Hz. The collected data
were daily uploaded to a cloud‐based system via modem technology. For the
present work, analysis concerns the valvometry data recorded during the
flood occurring on 31 March 2022 (hereon indicated as F‐run).

The first low increase of flow discharge (i.e., passing from a value of flow
discharge of 9.14 m3/s to a value of 22.75 m3/s) was recorded at 03:30 a.m.
and the flood peak, equal to about 140 m3/s, was recorded at 04:00 a.m., then
the flow discharge decreased (Figure 3). The flood hydrograph was sche-
matized by considering subsequent flow discharge variations ΔQ corre-
sponding to recording time steps of 30 min (Table 2). For the analysis,

Figure 2. In situ pilot installation: (a) installation site: Adunata Bridge in the Paglia River; (b) U. mancus FMs stuck on steel
rods; (c) design of the frontal and lateral views of anchored steel rods of the stuck FMs (dimensions are in cm). This figure is
adapted from Figure 3 of Pilbala et al. (2024).

Figure 3. Hydrograph of flood occurring on 31 March 2022.
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particular attention has been given to the percentage of flow discharge vari-
ation corresponding to the flood peak 100 × ΔQ/Qbp = 514 (i.e., that corre-
sponding to F‐run,ap1 in Table 2).

2.2. Data Treatment and Statistical Tests

As indicated in Section 2.1, by scanning the recorded voltage (mV) data sets,
the minimum and the maximum values for each mussel were identified, and
all collected voltage data were normalized, setting the complete valve
opening and closure equal to 0% and 100%, respectively. This normalization
allowed us to compare the valve activity of different animals. Preliminarily,
tests were conducted to define a threshold for applying high‐pass filtering for
possible outliers in the recorded voltage data sets (Termini et al., 2023).

FMs' reaction to hydrodynamic variations was analyzed in terms of average gaping frequency (Fa) and
normalized average valve opening amplitude (Aa). To better identify FMs' behavior immediately after the
perturbation (i.e., after the instant Tt, representing either the instant corresponding to the induced flow
discharge variation in E‐runs or the instant of the flood peak occurrence in F‐run), the entire duration (hereon
indicated as “period”) of data recording before and after the instant Tt was divided into smaller time intervals
(hereon indicated as “sub‐periods”). For the E‐runs, in accordance with Termini et al. (2023) and based on
preliminary tests, sub‐periods of the duration of 22 min were considered; for the F‐run the sub‐periods had a
duration of 30 min according to the recording time step of flow discharge at the gauging station. Given that we
focus on FMs' reaction suddenly after the perturbation, only two sub‐periods after Tt have been considered in
the following analysis.

First, the values of Fa and Aa have been estimated for all the runs by considering both the entire period and the
two sub‐periods after Tt. Then, to explore the statistical difference in FMs' response both between the two
different substrates and between the laboratory and the field conditions, statistical tests were performed among the
Fa and Aa distributions using the open‐source R platform. The Shapiro–Wilk test (Mishra et al., 2019) was
applied to the Fa and Aa data sets to verify if/when they followed the normal distribution. Both theWilcoxon Test
and the T‐Test were used for normally distributed data sets; only the Wilcoxon Test was applied otherwise. The
statistical difference between the two data groups was considered significant for a p‐value < 0.05.

The comparison between the Fa and Aa data sets of the two E‐runs series allowed us to verify the existence of a
statistical difference in FMs' response to flow discharge variation and/or to the sediment transport for the different
substrates. The comparison between the laboratory‐based and the field‐based Fa and Aa data sets allowed us to
identify the existence of a difference in FMs' response to flow discharge variation in controlled and uncontrolled
environmental conditions. Due to the different order of magnitude of flow discharge values in the laboratory and
the field, the comparison was performed by considering the ratio ΔQ/Qbp (i.e., the percentage of flow discharge
variation, ΔQ, on the value of flow discharge, Qbp, either before the perturbation—for the E‐runs—or before the
flood peak—for the F‐run).

3. Results
3.1. Average Valves Activity

The values of Fa and Aa on sand and gravel substrate, over the entire period and the two sub‐periods after Tt are
summarized in Figures 4 and 5, respectively.

Regardless of the substrate typology, Fa is consistently below 0.01 Hz in the absence of flow discharge variations
(B‐runs) and increases as the flow discharge increases (Figure 4). For the same flow discharge value, Fa is higher
on the sand substrate than the gravel substrate. Under variable flow discharge (E‐runs), Fa increases with ΔQ/Qbp,
attaining its highest values immediately after the perturbation (first sub‐period, Figure 4b). On the gravel sub-
strate, Fa is lower than 0.01 Hz for flow discharge variation ΔQ ≤ 0.0065 m3/s and flow discharge after the
perturbation Qap ≤ Q5 (see Table 1). In comparison, it exceeds 0.01 Hz when flow discharge variation exceeds
0.0065 m3/s and Qap > Q5 (Table 1). Fa is lower than 0.01 Hz on the sand substrate for the lowest flow discharge

Table 2
Field Experiment–Data of Flood on 31 March 2022 (F‐Run): Qbp = Flow
Discharge Before the Flood Peak; Qap = Flow Discharge After the Flood
Peak; ΔQ = Increase in Flow Discharge, 100 × ΔQ/Qbp = Percentage of
Discharge Variation With Respect to the Value Before the Flood Peak

Time (hr) F‐run Qbp, Qap (m
3/s) ΔQ (m3/s) 100 × ΔQ/Qbp (%)

02:30–03:00 F‐run,bp1 9.14, 9.14 0.00 0.00

03:00–03:30 F‐run,bp2 9.14, 22.75 13.61 148.96

03:30–04:00 F‐run,ap1 22.75, 139.70 116.95 514.05

04:00–04:30 F‐run,ap2 139.70, 136.08 − 3.62 − 2.59
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variation (E‐run1, Table 1), without sediment transport. The values of Fa are higher on the sand than on the gravel
substrate for the same ΔQ/Qbp and in the absence of sediment transport.

In the case of the sand substrate, the comparison between E‐run6 and E‐run3, that is for the same ΔQ, highlights
that Fa is slightly greater in E‐run3, which is characterized by higher values of ΔQ/Qbp and Qap and in the
presence of sediment transport. The effect of different sediment transport rates on FMs' response can be observed
by comparing E‐run5 and E‐run8, which have the same percentage of flow rate variation (i.e., 100 × ΔQ/
Qbp = 266.66): Fa has greater values in E‐run5 characterized by a higher value of Qap which determines a higher
sediment transport rate.

Figure 4. Histogram of the average valves gaping frequency (Fa): (a) in B‐runs and in E‐runs over the entire period; (b) in E‐runs over the two sub‐periods after Tt.
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However, it should be noted that over the gravel substrate, and thus in the absence of sediment transport, the
comparison between E‐run5 and E‐run8 also indicates that Fa assumes greater values for greater Qap (i.e., in E‐
run5). Still, these values of Fa are greater than those obtained in the same run over the sand substrate.

The average opening amplitude (Aa) over the gravel substrate (Figure 5) is lower than 20%, except for E‐run6 and
E‐run7. Under constant discharge (B‐runs), the Aa values are similar regardless of the value of flow discharge
(Figure 4a) and the substrate typology. In the E‐runs, the values of Aa tend to decrease as ΔQ/Qbp increases,
especially over the gravel substrate. Higher values of Aa are generally observed in the first sub‐period (Figure 4b)
and for lower values of Qap (E‐run8) for both the substrates, as well as for lower values of sediment transport rate
over the sand substrate.

Figure 5. Histogram of the average valves gaping amplitude (Aa): (a) in B‐runs and in E‐runs over the entire period; (b) in E‐runs over the two sub‐periods after Tt.
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Fa and Aa average values measured in field‐based experiments (F‐run) before and after the flood peak are
schematized in Figure 6. Fa values were lower than 0.01 Hz before the flood peak and higher after the peak. The
values of the average opening amplitude, Aa, obtained in the F‐run, decrease as ΔQ/Qbp increases, assuming
values below 20% (Figure 6b).

3.2. Statistical Comparison Tests

The results of the statistical comparison tests between the two different substrate compositions (gravel and sand)
in the E‐runs for Fa and Aa data sets are reported in Table S1 in Supporting Information S1.

FMs' response in terms of Fa is statistically not different over the two substrates (Table S1a in Supporting In-
formation S1). However, a difference occurs in the first sub‐period after the instant Tt in E‐run1, E‐run6, and E‐
run7, characterized by low flow discharge variation (i.e., ΔQ ≤ 0.0065 m3/s) either in the absence (E‐run1 and E‐
run6) or in the presence of low sediment transport over the sand substrate (E‐run7). In the second sub‐period, the
FMs' response in terms of Fa differs only in E‐run1, that is, for very low flow discharge variation
(ΔQ = 0.002 m3/s, 100 × ΔQ/Qbp = 33.33). The FMs' Aa (Table S1b in Supporting Information S1) is not
statistically different over the two substrates. However, a difference occurs in both sub‐periods in E‐run2 and E‐
run6 (in the second sub‐period a difference also occurs in E‐run1), that is with low flow discharge variation
(ΔQ ≤ 0.005 m3/s) and/or with low sediment transport.

The comparison of the FMs' response between E‐run6 and E‐run3, characterized by the same ΔQ but a different
ΔQ/Qbp and Qap indicates that, over the gravel substrate (i.e., in the absence of sediment transport) (Table in
Supporting Information S1), the FMs' response is statistically different in terms of Fa and not significantly
different in terms of Aa, confirming that FMs' gaping frequency increases with the flow discharge variation. Over
the sand substrate (Table S3 in Supporting Information S1), on the contrary, the analogous comparison presents
no significant difference in both Fa and Aa in the two sub‐periods after Tt.

The results of the comparison tests for Fa and Aa data sets between the F‐run and the E‐runs conducted over the
gravel substrate are summarized in Table S4 in Supporting Information S1, while those between the F‐run and the
E‐runs conducted over the sand substrate are summarized in Table S5 in Supporting Information S1. The FMs' Fa
response in the field is statistically different from that obtained in the E‐runs with exceptions, over the gravel
substrate, in both sub‐periods of E‐run1, E‐run2, and of E‐run6 and in the second sub‐period of E‐run3 and E‐run7
(Table S4a in Supporting Information S1) and, over the sand substrate, in the second sub‐period of E‐run1, E‐
run2, E‐run6, and E‐run7 (Table S5a in Supporting Information S1).

Figure 6. Histogram of FMs response of the field‐based data during flood on 31March 2022 (F‐run) over the two sub‐periods before and after the flood peak: (a) in terms
of average valves gaping frequency (Fa); (b) in terms of average valves gaping amplitude (Aa).

Water Resources Research 10.1029/2025WR041499

TERMINI ET AL. 10 of 18

 19447973, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025W

R
041499 by C

ochraneItalia, W
iley O

nline L
ibrary on [11/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The Aa response of F‐run is not statistically different from that obtained in the E‐runs except in the first sub‐period
of E‐run7 and E‐run 10 over the gravel substrate (Table S4b in Supporting Information S1) and in the first sub‐
period of E‐run5 and E‐run10, and in the second sub‐period of E‐run1, E‐run4, E‐run6, and E‐run10 over the sand
substrate (Table S5b in Supporting Information S1).

3.3. Threshold Plane and Benchmark Graph for Ecosystem Alarm Criterion

The achieved results suggest that FMs' response to the hydrodynamic stress immediately after the perturbation is
eligible for developing a procedure for an FMs‐Based Early Warning System. This requires identifying and
delimitating a threshold indicative of reaching the alarm level. Figure 7 reports the pair of values [Fa, Aa] of the
first sub‐period after Tt in the P‐, B‐and E‐runs. On the [Fa, Aa] plane, three regions can be identified: region I,
characterized by Fa < 0.01 Hz and Aa < 20%, with an increasing trend of Aa as Fa increases; region II, char-
acterized by Fa < 0.01 Hz and Aa > 20%; region III, characterized by Fa > 0.01 Hz and Aa generally <20%, with
a decreasing trend of Aa as Fa increases. Region I of the figure includes pairs of [Fa, Aa] obtained in P‐run and B‐
runs, which identify the FMs' usual movement activity and the FMs' response, respectively, under a constant
water discharge and in the absence of sediment transport. The pair of [Fa, Aa] values corresponding to FMs'
response recorded before the flood peak (F‐run,bp2) also falls in this region. Region II includes pairs of [Fa, Aa]
values corresponding to the E‐runs on the gravel substrate (i.e., in the absence of sediment transport) and
characterized by low ΔQ/Qbp and Qap (i.e., Qap ≤ Q5, E‐run1, E‐run2, E‐run6, E‐run7). Finally, region III in-
cludes pairs of [Fa, Aa] values obtained in all the remaining E‐runs over both substrates, identifying FMs'
response to high values of ΔQ/Qbp, in runs with or without sediment transport. The pair of [Fa, Aa] relevant to
FMs' response after the flood peak (F‐run,ap1) also falls in this region, as well.

In Figure 8 the Fa values of the E‐runs, grouped for similar Aa values, are plotted against the percentage of the
flow discharge variation ΔQ/Qbp. Three different ranges of Fa‐values can be identified and, within each range, the
[Fa‐ΔQ/Qbp] points can be interpolated by a logarithmic function having the value of the mean gaping amplitude,
Aa,m, as a parameter. Each range includes [Fa‐ΔQ/Qbp] points corresponding to a different level of stress con-
dition: the first level (low level) includes data‐points corresponding to the E‐runs on the gravel substrate, in the
absence of sediment transport, and low ΔQ/Qbp; the second level (medium level) includes data‐points

Figure 7. Threshold [Fa, Aa] plane based on laboratory experiments.
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characterized by percentage of flow discharge variation 100 × ΔQ/Qbp < 100 over both substrates and, thus,
either without sediment transport or with low or medium sediment transport (in case of sand substrate—Table 1);
the third level includes data‐points obtained over both substrates characterized by high values of ΔQ/Qbp and
sediment transport. The value of the parameter Aa,m decreases as the Fa‐values increase. The first range, that is
for Fa‐values less than 0.01 Hz and Aa,m‐value equal to 23% (i.e., greater than 20%), corresponds to low ΔQ/Qbp
(low‐flow perturbation conditions), as well as the points falling in region II of the threshold plane. The second
range, that is for 0.01 Hz ≤ Fa < 0.02 Hz and Aa,m‐value of 17% (i.e., lower than 20%), corresponds to low‐flow
perturbations (100 × ΔQ/Qbp < 300) and low values of Qap (≤Q5—see Table 1). The third range, that is for
Fa ≥ 0.02 Hz and Aa,m value of 13% (i.e., lower than 17%) corresponds to high‐flow perturbations (100 × ΔQ/
Qbp > 300) and high values of Qap (>Q5). Just by way of example in Figure 8, the [Fa‐ΔQ/Qbp] pair corre-
sponding to U. mancus's response in the field after the flood peak (e.g., F‐run,ap1) has been also reported
(Aa = 11.5%). It can be noted that it falls within the third range of Fa‐values below the interpolating curve with
Aa,m value of 13%.

The concept inside this graph is that laboratory data obtained in clear water condition may be used as a benchmark
to evaluate the potential impact of disturbances on the ecosystem by observing the displacement between the
expected Aa,m and the measured gaping amplitude, Aa. Under this umbrella, the following gaping index could be
considered:

Ig = 1 −
⃒
⃒
⃒
⃒
Aa,m − Aa

Aa,m

⃒
⃒
⃒
⃒

Ig = [0,1] indicates that if the measured gaping amplitude, Aa, is equal to the expected value obtained in clear
water conditions, Aa,m, Ig is equal to 1; when Aa differs from the expected value Aa,m, the relative number
representing the index Ig is less than 1. A high distance from the Aa,mmeans that something is changing from the
clear water conditions. For the in situ case after the flood peak, being Aa = 11.5% and Aa,m = 13, it is
Ig = 0.88 ≅ 0.9. In other words, the graph can be used as a proxy of alerts for the fluvial ecosystem. It is worth of
stressing that this finding was obtained into an environment totally different from the laboratory one and with a
FMs species different.

Figure 8. Benchmark graph (clear‐water conditions).
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4. Discussion
As it is clear from the Introduction, although FMs' valve movements have been used as a well‐established measure
of the impacts of chemical stressors in aquatic habitats, this technique appears to be underutilized in investigating
the impacts due to hydrodynamic changes. The present study, as part of the national research program PRIN2017,
demonstrates that the valvometric technique could be used as an ecosystem alarm criterion based on mussel
behavior. By using the same FMs' response detecting methodology as that illustrated in previous works (Modesto
et al., 2023; Termini et al., 2023), this paper presents a more general approach, extending the analysis of FMs'
behavior for different substrates and different environments for identifying a preliminary method for defining the
ecosystem alarm criterion in clear water condition.

The analysis is performed using valvometry data collected during both laboratory‐ and field‐based experiments.
The laboratory experiments were especially appropriate for investigating the influence determined by the sub-
strate typology on the FMs' (U. elongatulus) response. The field experiment, conducted at Adunata Bridge along
the Paglia River (Umbria, Italy), allowed us to validate lab‐based results and to investigate the different FMs' (U.
mancus) response in a natural uncontrolled environment.

The laboratory‐based results have indicated that, in the absence of flow discharge variation (e.g., in steady flow
condition), regardless of the substrate typology, the average valves' gaping frequency, Fa, is always below
0.01 Hz, assuming higher values for greater values of flow discharge. The average valve's opening amplitude, Aa
takes almost similar values, ranging between 15% and 18% (i.e., consistently below 20%), for different values of
flow discharge. For the same value of flow discharge, Fa assumes higher values over the sand substrate than those
obtained over the gravel substrate. This difference could be due to the possible mussels' horizontal movement in
the sand substrate, as previously verified in Termini et al. (2023). By isolating the signal determined by the
mussels' horizontal movement (i.e., in the so‐called “movement test”) Termini et al. (2023) verified that it was
different, in terms both of shape and of mean frequency, to that observed under a flow discharge variation. This is
consistent with findings obtained by Pilbala et al. (2024), which compared the behavior of stuck and free U.
mancus specimens in a laboratory flume, highlighting that the signal of stuck mussels shows less complexity
because of their horizontal movement limitation. Over the gravel substrate, the FMs cannot bury and/or hori-
zontally move, and their response is primarily limited to gaping associated with flow discharge variations. As well
as over the gravel bed, the stuck mussels observed by Pilbala et al. (2024) cannot bury and/or horizontally move
and, because of this, their response to flow discharge variations is simpler than that of free mussels.

When an abrupt variation of flow discharge occurs, regardless of the substrate typology, the FMs' average valve
gaping frequency, Fa, increases as the percentage of flow discharge variation, ΔQ/Qbp, increases. For a given
value of ΔQ/Qbp, the highest value of Fa is obtained suddenly after the flow perturbation (i.e., in the first sub‐
period). This demonstrates the quick FMs' response to the hydrodynamic stress, regardless of the substrate ty-
pology. Results also show that while in the presence of a low‐flow perturbation (i.e., low values of ΔQ/Qbp) the
values of Fa over the gravel substrate are lower than those over the sand substrate, as well as in steady flow
condition, the opposite happens in the presence of a high‐flow perturbation (i.e., high values of ΔQ/Qbp). While
for low‐flow perturbations over the gravel substrate, Fa is always lower than 0.01 Hz, over the sand substrate, Fa
is lower than 0.01 Hz only for very low flow discharge variation. In the presence of high‐flow perturbations (i.e.,
high values of ΔQ/Qbp) Fa always exceeds 0.01 Hz over both substrates, with higher values over the gravel
substrate for the same ΔQ/Qbp. This is consistent with Pilbala et al.’ (2024) findings, obtained during laboratory
experiments with stuck (i.e., without possible horizontal movement, as it is over the gravel substrate) mussels,
demonstrating that they experience a stimulus stronger than free mussels due to the impossibility of actively
searching for shelter at the event time. The lower Fa‐values obtained over the sand substrate are likely because
FMs can bury in the substrate to find shelter from water flow and sediment transport. On the contrary, in both
substrates the Aa values tend to decrease as ΔQ/Qbp increases, generally assuming values lower than 20%. For the
same ΔQ/Qbp, greater Aa values are obtained for a lower flow rate after the perturbation, Qap.

The comparison tests performed for the same flow discharge variation (ΔQ) but different ΔQ/Qbp and Qap values,
indicate that over the sand substrate the FMs' response is not different, because FMs may move or find a shelter in
the substrate; on the contrary, over the gravel substrate, where FMs' horizontal movement is hindered, the FMs'
response is different in terms of Fa.
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In the field experiment, the average valves' gaping frequency, Fa, of the stuck FMs assumed values lower than
0.01 Hz before the flood peak and greater than 0.01 Hz after it, as observed in the laboratory experiments. Just
after the flood peak, Fa values were like those measured in the laboratory, especially over the gravel substrate. In
the field, Aa decreased as the flow discharge increased, always assuming values below 20%, as well as in the
laboratory tests.

The comparison between the laboratory‐based and the field‐based data sets indicated that the response of the stuck
FMs in the field is not significantly different from that obtained in the laboratory over the gravel substrate (where
the FMs' movement was also hindered) in terms of Aa; in terms of Fa, it was not significantly different only for
values of the percentage of discharge variations lower than those obtained during the flood event. This could be
related to the fact that while the laboratory‐based data sets were collected in clear water conditions, suspended
materials were present in the field (Brouwer et al., 2023).

The achieved results have suggested it could be appropriate to construct a dedicated procedure for using FMs'
response for an early warning system. Based on the pairs of U. elongatulus [Fa, Aa] values of all the laboratory
experiments (i.e., in clear water conditions), three different conditions could be identified: the so‐called “no
stress” condition (region I) including [Fa, Aa] pairs corresponding both to FMs' standard activity or under steady
flow conditions; the so‐called “no alert” condition (region II) corresponding to [Fa, Aa] pairs obtained for low‐
flow perturbations, ΔQ/Qbp, and in the absence of sediment transport; the so‐called “alerting condition” (region
III) including (Fa, Aa) pairs corresponding to FMs' response under high‐flow perturbations, ΔQ/Qbp, both in the
absence and the presence of sediment transport. It is interesting to note that the field‐based U. mancus [Fa, Aa]
pairs confirmed the conditions identified on the above‐mentioned [Fa, Aa] threshold plane, considering that the
[Fa, Aa] pair obtained before the flood peak of 31 March 2022 fell within region I and the [Fa, Aa] pair obtained
after the flood peak fell within region III.

Grouping the Fa‐values for similar Aa values (Figure 8), a [Fa, ΔQ/Qbp] benchmark graph was defined. In this
graph, the Fa values are related to the percentage of the flow discharge variation, ΔQ/Qbp, through logarithmic
curves whose parameter is given by the mean gaping amplitude, Aa,m. It should be noted that this benchmark
graph, which is based on laboratory data, is limited to clear water conditions. Although we considered U. mancus
for field data, to show the concept beneath the analysis, it has been verified that the pair [Fa‐ΔQ/Qbp] corre-
sponding toU. mancus's response, after the flood peak in field‐experiment, falls close, and precisely below, to the
interpolating curve with parameter Aa,m = 13%. This point is found below the interpolating curve. This could be
because in the field the water was not clear and suspended materials were present. It should also be considered that
two different species have been used in the laboratory and the field with a possible different response to the
hydraulic variations. However, the obtained benchmark graph could be helpful in guiding the selection of the
ecosystem alarm criterion in clear water conditions through the identification of the gaping index. Thus, this
analysis paves the way for further developing a BEWS even for more complex situations, such as natural rivers.
The possibility of defining a benchmark graph exerts a crucial role in the continuous monitoring of the status of
the aquatic environment, facilitating the direct and uninterrupted detection of dangerous flow variation conditions
based on the FMs' behavior.

5. Conclusion
Based on the above results, the main conclusions can be drawn:

‐ FMs' response, both in terms of average gaping frequency (Fa) and in terms of average gaping amplitude (Aa) to
the hydrodynamic variations, is generally not different for different conditions of the bed substrate;

‐ the average gaping frequency, Fa, increases as the percentage discharge variation, ΔQ/Qbp, increases,
demonstrating the quick FMs' response to the hydrodynamic stress, regardless of the substrate typology.
Because of the possible FMs' horizontal movement over the sand substrate, the values of Fa are higher for low
flow discharge variations than those obtained over the gravel substrate. For high values of the percentage
discharge variations, the opposite behavior occurs because of the presence of sediment transport.

‐ the response of the stuck FMs recorded in the field‐based experiment during the flood of 31 March 2022
compares well to that obtained in the laboratory over the gravel substrate especially in terms of Aa and in terms
of Fa. To understand these outcomes, we must remember that in the experiments the values of the percentage
discharge variations, ΔQ/Qbp, were lower than those relevant to the flood and the presence of suspended
materials only in the field;
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‐ both the laboratory‐based and field‐based results indicate that: (a) before the occurrence of the hydrodynamic
perturbation and in the absence of sediment transport, Fa increases as the flow discharge increases, but it
maintains values always below 0.01 Hz; the Aa assumes almost similar values, below 20%, for different values
of flow discharge; (b) after the occurrence of the hydrodynamic perturbation, both in the absence and the
presence of sediment transport, Fa increases as the percentage of flow discharge variation increases, assuming
values greater than 0.01 Hz; Aa tends to decrease as the percentage of flow discharge variation increases but
maintains values consistently below 20%.

‐ a [Fa, Aa] “so‐called” threshold plane related to U. elongatulus reaction to the hydrodynamic perturbation in
laboratory‐based experiments is defined. Three regions corresponding respectively to the “no stress” condition,
“no alerting” and “alerting” conditions are identified in this plane. After the flood event, theU. mancus response
obtained in the field‐based experiment validates the regions' identification on this plane.

‐ a preliminary [Fa, ΔQ/Qbp] benchmark graph has been defined on the basis of laboratory [Fa, Aa] data. This
graph could be a guide for a first setting of the ecosystem alarm criterion, by considering that each curve
identifies a range of level of alarm condition in clear water of the examined system so that the greater the
distance from the curve within each range, the greater the probability that for such a condition the water is not
clear. This graph constitutes a base for future development in more turbid water, such as in natural rivers.

In summary, the present study further confirms that FMs are efficient bio‐indicators for detecting the impacts of
hydrodynamic variations in rivers. The benchmark graph presented in this work identifies for the first time a
dedicated alarm criterion associated to FMs reaction. This confirms the possibility to use of FMs as real‐time
BEWS for identifying potential threats to the aquatic ecosystem.

Thus, the present work paves the way to get a BEWS for the ecosystem's disturbance by investigating FMs's
behavior. But, future works should be conducted to extend the results obtained in other contexts, especially with
unclear water conditions. Specifically, laboratory tests aiming to combine hydrodynamic stressors and other types
of stressors (such as pollutants, suspended materials, etc.) impacting the ecosystems quality, must be carried out
in‐depth. A more comprehensive analysis will be also conducted for a deeper examination of the feedbacks
between the local hydrodynamic conditions and mussels, along with the verification into whether/how a single
species can reflect the overall ecosystem response.
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