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A B S T R A C T

The current impact of global warming in marine habitats is rapidly altering ecosystem functioning at different levels. Marine heat wave and massive mortality events 
are compromising the survivor of active and passive filter feeders. Nevertheless, the scarcity of data on the filtration rate and selectivity of ecologically crucial 
understudied filter feeders is compromising our understanding of the consequences. The endolithic bivalve Lithophaga lithophaga has been largely overlooked in this 
context. Because of this, we experimentally assessed its feeding behaviour by measuring clearance rates with two diatom species (Chaetoceros muelleri and Conticribra 
weissflogii) and a control microalga (Isochrysis galbana) under different concentrations (high 1.1⋅106 cells/ml and low 2.5⋅105 cells/ml) and across two L lithophaga 
size classes. On average, commonly sized individuals (~8 g) exhibited clearance rates of 0.24 L h− 1⋅g− 1, suggesting that dense populations (>100 ind⋅m− 2) could 
filter up to 192 L h− 1⋅m− 2. Notably, we observed for the first time the production of pseudofeces by L. lithophaga when fed diatoms, especially at high concentrations, 
whereas I. galbana was almost entirely ingested, indicating pre-ingestive selection of particles. Moreover, pseudofeces analysis revealed enrichment in silica and 
carbohydrates, pointing to active rejection of frustule-bearing cells and involvement in the biogenic silica cycle in Mediterranean ecosystems. These findings confirm 
the ecological role of L. lithophaga as a relevant filter feeder, contributing to particulate organic matter flux and nutrient cycling. This underscores the importance to 
broad L. lithophaga future conservation and restoration actions in a changing ocean, since its crucial involvement in ecosystem functioning.

1. Introduction

Benthic-pelagic coupling plays a prominent role in aquatic ecosys
tems, allowing the exchange of energy, mass or nutrients from the 
pelagic to the benthic domain. This process is particularly important for 
shallow marine ecosystems, where substantial amounts of energy are 
accumulated on the substrate (Griffiths et al., 2017; Kiljunen et al., 
2020). Here, organic matter is consumed by demersal and benthic or
ganisms, contributing to the biogeochemical cycles of carbon, nitrogen, 
phosphorus and silicon, while strongly modulating species and com
munity composition (Schnack-Schiel and Isla, 2005; Soetaert et al., 
2000). Nutrient release from the benthos and sediment-water in
teractions subsequently recycle energy back to the pelagic domain, 
structuring trophic networks and ultimately regulating ecosystem sta
bility (Kopp et al., 2015; Ricci et al., 2022). In fact, the physical and 
biological processes regulating the transfer of organic matter between 
benthic and pelagic habitats are influenced by particle sinking rates and 
aggregation processes that facilitate exchange between domains and 
promote the transfer of high-quality organic matter to benthic areas 

(Griffiths et al., 2017; Schnack-Schiel and Isla, 2005). Filter-feeding 
organisms such as poriferans, cnidarians, molluscs, polychaetes, and 
ascidians significantly influence the surrounding water column and 
modify the quality of material reaching the seafloor through bio
deposition. Bivalves, in particular, demonstrate remarkable filtration 
rates of up to 19 l h− 1 and produce biodeposits called pseudofeces, 
providing benthic habitats with particles containing phosphorus, ni
trogen, and silica of biogenic origin (Riisgård, 2001; Van et al., 2015). 
Climate change is accelerating biodiversity loss, with global warming 
driving an increase in mass mortality events (MMEs) among both active 
and passive filter feeders (Garrabou et al., 2022). These events, defined 
as the rapid catastrophic die off of organisms (Fey et al., 2019), threaten 
the survival of key species in aquatic ecosystems and may disrupt 
essential ecosystem functions (Fey et al., 2019; Jones et al., 2017). 
However, predicting their cascading effects remains challenging due to a 
lack of quantitative data on the filtering capacity of many ecologically 
important, yet understudied, filter feeding bivalves (Jones et al., 2017). 
Indeed the Mediterranean Sea hosts more than 350 species of bivalves 
(Renda et al., 2022); the role of some of them in the functional coastal 
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benthic ecosystems have long been recognized (e.g. mussels and clams) 
providing data on different filter-feeding behaviors and mechanisms 
such as the formation of acid mucopolysaccharide tubes (AMPS) (Van 
et al., 2015; Beninger et al., 1999). Nonetheless, some species remain 
relatively understudied despite their ecological importance. Among 
these overlooked species, Lithophaga lithophaga (Linnaeus, 1758) is 
widely distributed along the entire Mediterranean coastline, yet remains 
relatively understudied despite being observed since ancient times 
(Fraschetti et al., 2001; Devescovi and Iveša, 2008). This species exhibits 
an endolithic lifestyle, excavating cavities into calcareous rocky surfaces 
(Kleemann, 1974). Although the erosive activity of boring bivalves has 
been described as capable of creating spatial heterogeneity exploited by 
multiple organisms (e.g., Polychaeta, Malacostraca, Maxillopoda, 
Bivalvia, Actinopterygii) (Fraschetti et al., 2001; Bagur et al., 2019; 
Colletti et al., 2020; Fanelli et al., 1994), the role of L. lithophaga playing 
part in benthic-pelagic processes through its feeding behaviour has 
largely been overlooked. Given the multiple anthropogenic threats to 
this protected species, ranging from illegal fishing to climate change, 
deepening our understanding of their filter-feeding behaviour is essen
tial to clarify their ecological role within the food web and to assess the 
potential consequences of their decline on ecosystem functioning 
(Colletti et al., 2020). Such knowledge is critical for developing more 
effective conservation strategies and management plans also for the 
associated community. In the assessment of filtering capacity, primary 
food source for filter feeders must be included; diatoms, foundational 
components of aquatic ecosystem are well known in bivalve diet (Fanelli 
et al., 1994). As major primary producers in both coastal and open ocean 
ecosystems, diatoms play a critical role in the transfer of energy, nu
trients, and organic matter between the water column and sediments, 
helping sustain both pelagic and benthic food webs Their ability to 
exploit silicic acid to build their silica shell (frustule) combined with 
their tendency to form aggregates, contributes to their rapid sinking and 
makes them key agents in the export of both silicon and carbon to the 
ocean floor (Tréguer et al., 2018).

The aim of this study was to evaluate the clearance rate of 
L. lithophaga, by measuring the reduction in the total number of pro
vided diatom cells - specifically Chaetoceros muelleri (Lemmermann, 
1898) and Conticribra weissflogii (Grunow) (K. Stachura-Suchoples & D. 
M. Williams, 2009), which are representative of the phytoplankton 
community in the water column (Totti et al., 2019; Siokou-Frangou 
et al., 2010). The choice of testing the clearance rate was mainly made to 
avoid animal sacrifice, since the clearance rate only considers the 
decrease in particles in the water column, rather than the particles that 
have been effectively metabolized, as is the case with the filtration rate 
(Riisgård, 2001). By complementing the experiment with an analysis of 
the biodeposits produced by the animals, results can provide valuable 
insights into how L. lithophaga may influence the availability and ver
tical distribution of organic matter within the marine environment. 
These aspects have been studied for many freshwater and marine 
bivalve species, but no data are available for L. lithophaga (Prins et al., 
1994; Riisgård et al., 2003). Three younger (smaller) organisms and 
three older (larger) ones were selected to compare clearance activity 
between age groups. Moreover, two different concentrations of diatom 
suspensions were compared to a known commercial microalgal species 
used for bivalve feeding Isochrysis galbana, Parke, 1949 
(Camacho-Rodríguez et al., 2020), to test differences in feeding behav
iour based on L. lithophaga food selection.

2. Materials and methods

2.1. Sampling method

The Conero Promontory, where the sampling was conducted, rep
resents an important naturalistic emergency in the upper Adriatic Sea, as 
it is characterised by a hard substrate in an otherwise sandy coastline 
(Calcinai et al., 2011; Pulido Mantas et al., 2022). The calcareous, rocky 

substrate that characterises the Promontory is subject to the continuous 
action of boring organisms which can increase the biodiversity of the 
area (Calcinai et al., 2011). These boring organisms mainly include 
sponges of the genus Cliona, polychaetes of the genus Polydora and 
numerous bivalves including Lithophaga lithophaga (Calcinai et al., 2011; 
Pulido Mantas et al., 2022). Due to recent evidence of illegal fishing of 
L. lithophaga in the area, which may undermine the health status of the 
local population, and the benthic assemblages’ integrity of the Conero 
Promontory, only exposed or partially exposed shells were collected to 
avoid further damage to the natural environment (permission n. 
0019895 by Italian Ministry of the Environment) (Pulido Mantas et al., 
2023). The samples were collected, from the same population, with 
hands by SCUBA diving operators in Passetto area (43◦37′01.0"N, 
13◦32′06.5"E; Ancona, Italy), and kept in the aquarium for acclimation 
period of 2 weeks before the start of the experiment (Thompson et al., 
2012). The permit granted by the Ministry of the Environment autho
rized the collection of only a very limited number of individuals. For this 
reason, we collected the minimum number necessary to ensure valid 
statistical analysis.

2.2. Experimental set up

To assess the clearance rate of L. lithophaga, the feeding behaviour of 
the animals under controlled laboratory condition was evaluated. Three 
younger individuals (~30 mm in length, smaller) and three older ones 
(between 40 and 50 mm in length, larger) were selected based on shell 
length (Peharda et al., 2015). Each specimen was kept in a separate 
beaker filled with 1.5L of 0.22 μm filtered seawater (20 C◦, 35.193 PSU, 
pH 8.4) with an oxygen aerator. Individuals were starved for 3 days 
prior the experiment to ensure complete elimination of fecal pellets and 
deposits related to prior feeding (Kuehr et al., 2021; De et al., 1976). On 
the 3rd day, each sample was fed with a fixed amount of microalgal 
suspension; since the filtration rate of mussels varies with the concen
tration of algae (Riisgård et al., 2003), the treatment was carried out 
with a final cell suspension ranging from 1.5⋅105 to 1⋅106 cells/ml for 
the high concentration treatment and from 5⋅104 to 2.5⋅105 cells/ml for 
the low concentration treatment. Results were compared to control 
beaker in which no animals were present; the scheme of the experiment 
was resumed in Fig. 1.

Microalgae selected for the experiment were two planktonic diatom 
species (to avoid short retaining time in the water column), Chaetoceros 
muelleri (CCAP 1010/3) and Conticribra weissflogii (DCG 0320), and one 
haptophyte, Isochrysis galbana (RCC 1353). L. lithophaga is able to filter 
objects with peculiar size based on the gills’ morphology and previous 
studies on Mytilidae, efficiently retaining particles from >4 μm an up to 
37 μm (AkşiT et al., 2014; Evan Ward and Shumway, 2004). For this 
reason, all the selected species has a size bigger than 4 μm to maximise 
the percentage of filtered microalgae. Diatom species were selected due 
to their ecological predominance in the coastal ecosystems while 
I. galbana due to its relevance as commercial feed ingredient (Totti et al., 
2019; Siokou-Frangou et al., 2010; Camacho-Rodríguez et al., 2020).

2.3. Clearance rate determination

To assess the clearance rate, the decrease in the total amount of 
microalgal cells in the water column was calculated. Triplicate samples 
of water from each beaker were taken immediately after the microalgae 
addition (T0) and after 0.25–0.5 – 1–2 – 3–4 – 5 h; the last samples were 
taken after 16 h from the initial supply. Cell number in the water sam
ples was measured using a CASY® TT Cell Counter (Innovatis AG, 
Reutlingen, Germany) following the procedure illustrated by Pet
rucciani et al. (2022). Aliquots of 80 μl of seawater were diluted in 8 ml 
of an electrolyte solution (CASY® TON; Innovatis AG). Cells were 
pumped into the cell counter through a 150 μm capillary at a constant 
flow, and the number of cells was determined through the enumeration 
of events measured as change in conductivity. The same instrument was 
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also used to measure the cellular size as the volume of electrolyte so
lution displaced by the passage of cells through a measuring pore 
(Palmucci et al., 2011). The numbers obtained from the cell counts were 
then fitted using a non-linear regression equation called exponential 
decay (1): 

N(t) = N0 ⋅e-kt                                                                                (1)

where N(t) is the resulting number of cells at time t, N0 is the initial 
number of cells and K is the resulting decay constant expressed as 1

hours. K 
decay constants were then used to calculate clearance rate among the 
analysed conditions (Table S1): these values were multiplied per the 
total amount of seawater in the beakers (1.5L) and divided per grams of 
each specimen. Weight of animals were estimated from shell length 
according to Devescovi (2009) (Table S2) avoiding the animal sacrifice. 
Thus, clearance rate efficiency was defined as the ratio between the rate 
of filtered water per gram of animal (Gosling, 2003).

2.4. Pseudofeces and feces analysis

At the end of the experiment (after 24 h), the feces and pseudofeces 
produced by the animals were collected and analysed once they had 
been correctly distinguished. Pseudofeces are light, cloud-like, deposits, 
whereas feces are densely packed (Galimany et al., 2018). Visible 
pseudofeces were transferred with a plastic Pasteur pipette to a falcon 
tube and all the seawater of the beakers was filtered with a mesh size of 

30 μm to collect all the fecal pellets. Once obtained, the material was 
washed twice with a 0.5M solution of ammonium formate to remove the 
seawater salts and used for quantification. A fixed amount of fecal/
pseudofecal suspension was dried in pre-weighted tubes at 80 ◦C till a 
stable dry weight was attained.

Pseudofeces deriving from animals fed with diatoms were further 
analysed to assess their organic and inorganic composition. Since a 
negligible amount of pseudofeces were produced when the animals were 
fed with I. galbana, this group was excluded from the analyses. Aliquots 
of the suspensions were transferred to a silicon window and dried at 
80 ◦C to acquire FTIR spectra with a Tensor 27 FTIR spectrometer 
(Bruker Optics, Ettlingen, Germany). Spectra were normalized on the 
common peak of amide I (~1,650 cm− 1) and the relative abundances of 
lipids, carbohydrates, proteins, and silica were observed after bands 
assignment to cellular pools (Palmucci et al., 2011). The absolute 
abundance of silicon in pseudofeces was measured using a total reflec
tion X-ray fluorescence spectrometer (S2 PICOFOX®, Bruker AXS® 
Microanalysis GmbH, Berlin, Germany) and compared to those in living 
diatoms following the procedure described by Petrucciani and coauthors 
in 2022 (Petrucciani et al., 2022). Both sampled diatoms and pseudo
feces were washed twice with an ammonium formate solution isosmotic 
to the culturing media and resuspended in 250 μl of dH2O. A solution of 
0.1 g l− 1 Ga (Sigma-Aldrich, St. Luis, MO, USA) in 5 % HNO3 was added 
as internal standard to a final concentration of 0.5 ml l− 1. The suspen
sion was carefully vortexed, and an aliquot of 10 μl was deposed on a 
plastic sample holder, dried on a heating plate, and measured for 1,000 

Fig. 1. Experimental set-up. A total of 6 specimens of L. lithophaga were selected to have three younger organisms and three older ones. All of them were fed with 
Chaetoceros muelleri, Conticribra weissflogii and Isochrysis galbana at two different concentrations, giving a total of 6 independent treatments.
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s. Spectral deconvolution and quantification of elemental abundances 
were performed by the Spectra 6.1 software (Bruker AXS Microanalysis 
GmbH, Berlin, Germany).

2.5. Statistical analysis

A two-way analysis of variance (ANOVA) was applied to look for 
significant differences among the means of dependent variables (i.e. 
clearance rate and Si content in pseudofeces) in different concentration 
of algal suspension (independent variable) and for each L. lithophaga size 
(independent variable). The analysis was followed by Tukey’s post-hoc 
test and the level of significance was set at 0.05. GraphPad prism 
8.0.2.263 was used to perform the tests (GraphPad Software, San Diego, 
CA, United States). Multivariate permutational analyses of variance 
(PERMANOVA) (Anderson et al., 2008), tested hypothesis about species- 
and concentration-selection of particles and L. lithophaga size affecting 
clearance rate. PERMANOVA was run setting 9,999 permutations with 
Bray–Curtis dissimilarity matrices that were produced on untransformed 
matrices and used (i) concentration of nutrients (high; low), (ii) 
L. lithophaga size (large; small) and (iii) microalgal species (C. mullerei; 
C. weissflogii; I. galbana) as fixed factors. Additionally, data were visu
alized using non-metric multi-dimensional scaling (nMDS) on the dis
tances among relevant centroids using ‘bubble’ plot option.

3. Results

3.1. Clearance rate determination

The clearance rate of L. lithophaga was determined across different 
species and concentrations of microalgal suspensions. The study 
revealed an average clearance rate of 0.24 ± 0.18 L h− 1⋅g− 1, with the 
highest rate observed in smaller individuals fed with a low concentra
tion of C. muelleri, reaching 1.2 L h− 1⋅g− 1 (Fig. 2, Fig. S1, Table S1).

Results highlighted smaller bivalves showing a higher clearance rate 
as compared to larger ones, significantly evident when specimens were 
fed with low concentration of I. galbana (p = 0.01) (Fig. 2). Although not 
statistically significant, animals fed with C. muelleri showed higher 
clearance rate when lower concentration of suspension was supplied 
(Fig. 2). In contrast to the other species, treatments with C. weissflogii 
resulted in more consistent clearance rate values.

3.2. Pseudofeces and feces analysis

The amount of pseudofeces released by L. lithophaga varied 
depending on the species and concentration of microalgae provided. 
However, the size of the animals did not appear to influence the 

proportion of particles expelled. When fed with C. muelleri at high 
concentration, both smaller and larger organisms produced greater 
amount of pseudofeces, releasing ~70 % of filtered cells as biodeposits 
(indicated by black segment of the rings in Fig. 3). In contrast, when C. 
muelleri was supplied at low concentration, the production of pseudo
feces dropped significantly, amounting to only about ~5 %, 1/5 of that 
released at high concentration. In the case of the other diatom 
C. weissflogii, the quantity of biodeposits remained consistent regardless 
of supplied concentration, with both low and high treatments resulting 
in the release of approximately 30 % of the filtered cells as pseudofeces. 
Notably, when L. lithophaga was fed with I. galbana at both concentra
tions, pseudofeces production was negligible in comparison to the two 
diatoms examined (Fig. 3). Indeed, at high concentration, only about 2 
% of the filtered cells were expelled as biodeposits, and this value 
dropped to 0 % when the algal suspension was supplied at a lower 
concentration (Fig. 3).

The non-metric multi-dimensional scale (nMDS) plots (Fig. 4) 
pictured the spatial distribution of clearance rate and pseudofeces pro
duced data based on Bray–Curtis similarity among treatments with 
different microalgal species. Moreover, in Fig. 4B the area of the dots is 
proportional to both these dependent variables; thus, wider is the area, 
higher is the clearance rate and/or pseudofeces weight produced. Data 
points clearly clustered according to microalgal species provided: in 
particular, specimens fed with I. galbana formed a distinct group that 
was statistically different from that fed with diatoms at both high (H) 
and low (L) concentrations (Fig. 4A, Bray–Curtis dissimilarity, p < 0.05). 
Specimens fed with C. muelleri did not form a homogeneous group; 
instead, a separation was observed between high and low concentration 
treatments. Notably, data from animals fed with high concentrations of 
C. muelleri clustered with those fed with C. weissflogii (Fig. 4A, 
Bray–Curtis dissimilarity, p < 0.05; Table S3); in particular, bubble blot 
size indicates a high production of pseudofeces with relative low 
clearance rate (Fig. 4B). On the other hand, data related to organisms fed 
with C. muelleri at low concentration and I. galbana at high and low 
concentration showed wider clearance rate with lower pseudofeces 
produced, indicating that these specific combinations of food type and 
concentration promoted efficient clearance (Fig. 4B).

Since pseudofeces production in diatoms was abundant, FTIR anal
ysis was conducted on these biodeposits and compared to spectra from 
the cultured microalgal suspension. All spectra were normalized to a 
common peak at 1,650 cm− 1, associated with the protein pool, to 
facilitate comparison of other spectral features. Notably, both red lines 
representing pseudofeces exhibited increased peak intensity in the 
900–1200 cm− 1 range (Fig. 5), relative to the blue lines representing the 
microalgal suspension. This region is typically attributed to the carbo
hydrate pool (Palmucci et al., 2011). However, in diatoms, absorbance 

Fig. 2. Bar plot showing clearance rates, reported as liters per hour per gram of animal. Larger specimens are represented with white dots and light grey bars while 
smaller specimens are represented with black dots dark grey bars. Letters represent significant differences among the treatments (Two-way ANOVA).
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from silica also occurs around 1,075 cm− 1, within this same range. 
Accordingly, the peak at this wavelength in C. muelleri pseudofeces 
(Fig. 5A) is markedly higher than that observed in the cultured sus
pension, likely reflecting a combined contribution from both carbohy
drates and silica (Palmucci et al., 2011).

The silicon content in pseudofeces, expressed as milligrams of Si per 
milligram of pseudofeces, is shown in Fig. 6. Interestingly, the amount of 
silicon in the pseudofeces appeared to be independent from animal size, 
as no significant differences were observed across samples produced by 
animals of varying sizes for either diatom species (p > 0.05). Addi
tionally, the concentration of the algal suspension did not appear to 
affect silicon content. However, a slight reduction in Si levels was noted 
when C. weissflogii was provided, compared to the other diatom species.

Another important type of biodeposit produced by these animals is 
fecal pellets. During the experiment, it was observed that L. lithophaga 
produced a negligible quantity of fecal pellets when fed with diatoms, 
possibly due to the higher production of pseudofeces recorded under 
these conditions (Figs. 3 and 4). In contrast, feeding with I. galbana 
resulted in substantial fecal pellet production without pseudofeces 
releasing, highlighting an inverse correspondence of this two bio
deposits (Fig. 7). A comparison of pellet weights revealed a positive 
relation between algal cell concentration and feces production (Table 1), 
a trend not consistently observed for pseudofeces, particularly in the 
case of C. weissflogii (Figs. 3 and 4). Again, unlike pseudofeces produc
tion, which appeared independent of animal size (Figs. 3 and 4), fecal 
pellet production showed that larger L. lithophaga individuals excreted 
approximately twice the fecal mass compared to smaller ones at both 
algal concentrations.

4. Discussions

Given the limited information on the ecology of L. lithophaga, our 
results offer the first insights into its feeding preferences and ecological 
role, particularly considering the importance of filter feeders in influ
encing the surrounding water column and altering the quality of mate
rial reaching the seafloor. In particular, experiments in controlled 
laboratory environment allowed to observe the feeding behaviour of 
L. lithophaga. For the first time in this species, the expulsion of pseudo
feces was observed, a phenomenon well documented in other Mytilidae 
(Riisgård et al., 2003; Galimany et al., 2018). This bivalve produced a 
loosely packed, cloud-like deposit (Fig. 7), particularly when fed with 

diatoms. Pseudofeces production was inversely related to fecal pellet 
expulsion, the latter consisting of well-packed, metabolized algal cells 
that were primarily observed when I. galbana was supplied.

4.1. Clearance performance

Results of laboratory experiments revealed that the concentration of 
microalgal suspension deeply affected L. lithophaga feeding behaviour, 
with the maximum value of clearance rate (1.2 L h − 1 g-1) performed by 
one of the smaller L. lithophaga when fed with low concentration of 
C. muelleri (Fig. 2), and the highest percentage of released cells when 
specimens were supplied with high concentration of the same species 
(Fig. 3). In general, the decline in clearance rate at higher algal con
centrations may reflect a physiological response to digestive system 
saturation, as observed in other bivalves (Gosling, 2003). Conversely, at 
lower concentrations, more representative of natural Adriatic phyto
plankton levels (Totti et al., 2000), clearance efficiency increased due to 
the longer time needed to reach satiation. This behaviour aligns with 
previous findings by Gosling (2003), who reported an 85 % reduction in 
filtration rate in mussels fed with high concentrations of C. weissflogii, 
and a 56 % reduction with I. galbana, highlighting particle concentration 
as a key regulator of ingestion.

Animal size also affected clearance rate and fecal pellet production 
(Fig. 2 and Table 1). Smaller and younger individuals exhibited higher 
clearance rates and lower fecal output when fed with I. galbana. (Fig. 2
and Table 1). This observation could be attributed to a higher metabolic 
activity per unit mass in juveniles, requiring greater particle intake to 
meet higher energy demands, as supported by previous studies on other 
Mytilidae (Denis, 1999; Widdows, 1978). Indeed, as body size decreases, 
the filtration rate increases in relation to body weight, leading to a 
greater intake of food particles with lower production of feces per unit of 
body mass (Peharda et al., 2015; Lorrain et al., 2004).

Besides the notable differences linked to food concentration and 
animal size, the species supplied emerged as the most influential vari
able in the experimental outcomes. L. lithophaga exhibited extensive 
particle rejection when fed with both diatom species, while almost no 
particles were expelled when fed I. galbana (Figs. 3 and 4). This indicates 
a capacity for pre-ingestion selection, defined as the ability to collect and 
transport particles toward the mouth and eliminate unwanted material 
from the pallial cavity, was observed in L. lithophaga (Ward and Shum
way, 2004). Such selection may result from specific interactions 

Fig. 3. Ring chart showing the total amount of filtered microalgae in grey and the total amount of released cells in black. (H) represent high concentration treatment 
while (L) low concentration treatment.
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Fig. 4. Non-metric MDS plot highlighting data distribution based on Bray-Curtis similarity. Three colours represent three microalgal species: C. muelleri (blue), 
I. galbana (green), C. weissflogii (red). High and low concentrations are represented with H and L letters respectively.
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between cell surface polysaccharides and cilia and mucus of bivalves 
ctenidia (Ward and Shumway, 2004; Miranda-et al., 2022). Neverthe
less, given the frequent rejection of diatoms, we cannot rule out that 
frustule presence could be connected to the elevated proportion of 
particles discharge. Indeed, bivalve’s feeding behaviour could be 
directed towards actively excluding silica from its digestion, confirming 
previous studies on other bivalves (Gosling, 2003; Ward and Shumway, 
2004; Jørgensen, 1996). The composition of pseudofeces (Fig. 5) sup
ports this hypothesis: they were enriched in carbohydrates and silica, 
indicating the presence of carbohydrate-rich mucopolysaccharides, 
possibly similar to acid mucopolysaccharides (AMPS), which aid in 
particle handling (Beninger et al., 1999), and a selective avoidance of 
silica, confirming a low preference for diatoms. In contrast, when fed 

with I. galbana, pseudofeces production ceased, especially at low algal 
concentrations, implying complete ingestion and digestion of this 
preferred food source. Results thus highlighted the importance of diet 
quality, in the sorting and elimination processes of the mucus-bound 
particles, indicating the ability of L. lithophaga to select between 
different phytoplankton species, presumably depending on microalgal 
cell composition (Miranda-Arizmendi, 2022). However, although 
L. lithophaga rejected diatoms under high-concentration and in 
controlled laboratory experiments, its natural exposure to low concen
trations of Chaetoceros species may indicate an adaptive capacity to 
utilize certain diatoms with thinner frustules (Totti et al., 2019; Waite 
et al., 1995; Moschino and Marin, 2006). Reduced pseudofeces pro
duction at low concentrations of C. muelleri (Fig. 3) supports the 

Fig. 5. FTIR spectra of C. muelleri (A) and C. weissflogii (B) pseudofeces (red line) compared to that of the cultured algae (blue line).

Fig. 6. Bar plot representing the quantified silica abundance in pseudofeces (expressed as milligrams of silica per milligrams of pseudofeces). In large animals, higher 
standard deviation resulted from an outlier specimen with a general greater clearance rate and pseudofeces production.
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hypothesis that L. lithophaga may selectively filter diatoms based on 
frustule ultrastructure.

Despite broad similarities with other mytilids, Lithophaga lithophaga 
exhibited a distinct feeding-related behaviour in our trials. In mytilids, 
starved individuals typically open the valves, extend siphons and rapidly 
increase clearance rate immediately after algal addition (Widdows, 
1978; Riisgård, 1991; Kamermans, 1993). In contrast, in our experi
ments L. lithophaga individuals that had been handled or approached by 
operators, delayed valve opening by several minutes after the distur
bance (data not shown). Moreover, upon the algal pulse they first closed 
the valves briefly before resuming filtration, and this response was in
dependent of body size (data not shown). We interpret this heightened 
reactivity as consistent with the species’ endolithic niche (living bur
rowed within shaded rock crevices) where individuals are less accus
tomed to abrupt environmental change and show strong responses to 
mechanical/light stimuli (Devescovi and Iveša, 2008; Colletti et al., 
2020). Documenting these behavioural responses is important because 
valve-gape dynamics and siphon extension provide a rapid, 
non-destructive proxy of physiological state, offering an indirect quali
tative metric of health and experimental viability in the lab. Comparable 
behavioural indicators are widely used in bivalves (valvometry as a 
stress and performance proxy) and, by analogy, in other benthic in
vertebrates such as sponges (osculum contraction/pumping arrests) and 
cnidarians (polyp expansion–retraction) to flag sublethal stress and 
ensure data quality (Escobar-Calderon et al., 2022; Kumala et al., 2017; 
Gregorin et al., 2025).

4.2. Ecological implications of L. lithophaga feeding behaviour

Beside the well described role of L. lithophaga as habitat former 
(Fraschetti et al., 2001; Colletti et al., 2020), our results provide insights 

in their role in supplying nutrients to the benthic compartment. Despite 
the limited sample size and the potential influence of biotic and abiotic 
factors, which were not accounted for due to the controlled laboratory 
conditions, the findings of this study provide valuable insights into the 
ecological role of this species. Indeed, the high percentage of algal 
particles processed and compacted by our experimental specimens 
(Figs. 3 and 4) and found at the bottom of the beakers suggested that 
such aggregated particles can sink rapidly and provide benthos with 
organic matter. The role of other filter feeders in nutrient recycling is 
well represented in literature as force in modulating community 
composition, structuring the trophic network and influencing ecosystem 
stability (Kopp et al., 2015; Giordani et al., 2002). These organisms cycle 
large amounts of particulate matter (PM), actively pumping carbon, 
nitrogen and also biogenic silica into the water column until to the 
benthic compartment, potentially increasing PM flux fourfold compared 
to passive sinking (Griffiths et al., 2017; Chauvaud et al., 2000). Indeed, 
different species rely on the organic PM flux, starting from zooplankton 
to suprabenthos, benthic suspension feeders, surface deposit feeders, 
and a cluster of fishes, cnidarians and polychaetes, also organised in 
different trophic groups (Kopp et al., 2015; Giordani et al., 2002). 
Furthermore, considering that L. lithophaga abundance can reach more 
than 100 individuals per square metre (Pulido Mantas et al., 2023), 
multiplying the average clearance rate recorded (0.24 L g − 1 h− 1) of the 
most common individuals (almost 8 g of weight, Peharda et al., 2015), is 
possible to obtain 192 L h− 1⋅m− 2 of clearance rate per unit of area. This 
value further underscores the role of L. lithophaga as an important 
nutrient recycler, particularly considering that each kilogram of or
ganisms can exhibit a clearance capacity of approximately 240 L h− 1. 
Extrapolating this data enables a quantitative assessment of the species’ 
contribution to key ecological processes such as benthic-pelagic 
coupling, that regulate energy flow in marine ecosystems and support 
local biodiversity. Consequently, a decline in population, increasingly 
driven by climate change, could lead to the collapse not only of the 
habitat-associated community but also of the broader food web sus
tained by its filter-feeding activity (Fraschetti et al., 2001; Fanelli et al., 
1994).

Moreover, the high rejection rate of diatoms observed in these ex
periments (Fig. 3), along with the corresponding high silicon content 
found in pseudofeces (Fig. 6), underlines the potential role of this filter 

Fig. 7. Pictures of L. lithophaga (large individuals) fed with high concentration of (A) I. galbana and (B) C. muelleri (24 h after algal supply). In (A) is possible to 
observe in the bottom of the beaker fecal pellet, well packed biodeposits formed by metabolized algal cells; in (B) a loosely packed, cloud-like deposit was found 
(pseudofeces).

Table 1 
Fecal pellet in milligrams (mg) excreted by larger and smaller L. lithophaga after 
fed with Isochrysis galbana, at high and low concentrations.

​ Isochrysis galbana feces (mg)
High concentration Low concentration

Large specimens 1.19 ± 0.62 0.61 ± 0.42
Small specimens 0.57 ± 0.27 0.36 ± 0.12
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feeder in the biogenic silica cycle. Given the significant contribution of 
diatoms to global silicon fluxes, producing approximately 240 Tmol Si 
per year, with an estimated export of 78.8 Tmol Si per year to sediments 
and 26.2 Tmol Si per year to the deep sea (Tréguer et al., 2021), 
L. lithophaga and its demonstrated feeding preferences may influence the 
spatial distribution of silicon in the Mediterranean Sea. Consequently, 
the increased availability of biogenic silica in the benthic compartment 
may contribute to ecosystem biodiversity by providing a valuable 
resource for the formation of sponge spicules (Maldonado et al., 2005), 
Conversely, a collapse of the L. lithophaga population would likely 
disrupt this process, further impacting benthic community structure and 
function.

Finally, understanding the feeding preferences and behaviour of 
L. lithophaga, along with the ecosystem services it provides, such as 
water filtration, facilitation of chemical and organic matter fluxes, and 
the restoration of water quality, can support assessments of the growth 
and development of natural populations. These processes depend not 
only on the availability of suitable substrate for habitation but also on 
the availability of food sources (Griffiths et al., 2017; Kleemann, 1974). 
Therefore, recognizing and protecting populations of L. lithophaga is 
crucial not only for biodiversity conservation but also for maintaining 
critical ecosystem functions and nutrient cycles, ultimately supporting 
the resilience of Mediterranean benthic ecosystems and including this 
information in future restoration projects (Bekkby et al., 2020).
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