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Introduction: Bivalve molluscs are among the most prominent coastal benthic-
suspension-feeders and their farming is the largest and fastest-growing sector of
aquaculture. More than a century of intensive laboratory studies (but surprisingly
few in-situ studies) has yielded the consensus view that bivalves mainly capture
particles >4um. Nonetheless, bivalves thrive throughout the world’s oceans that
are mostly oligotrophic, characterized by low food concentration and dominated
by minute autotrophic picoplankton (<2 pym).

Method: We measured, in situ, the capture efficiency of naturally occurring
planktonic cells by five suspension-feeding bivalve species from four families and
three orders, residing in two oligotrophic basins: the Red Sea and the East
Mediterranean Sea.

Results: Three species captured micron and submicron autotrophic cells with
high efficiency (60-90%), suggesting a wider trophic niche than hitherto
believed. In contrast, two sympatric species captured mainly particles >10 pm.

Discussion: These results suggest that the same basic anatomical tool kit, variably
modulated according to taxa, habitat, or life history traits, enables the remarkable
evolutionary and ecological success of bivalves in trophically-diverse habitats.
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Introduction

The suspension-feeding trophic mode is found in many aquatic taxa, ranging from
protists to whales, using a variety of specialized particle-capture and transport mechanisms
(Signor and Vermeij, 1994). Bivalve molluscs are the principal suspension feeders in many
benthic habitats, and shellfish farming is among the largest and fastest-growing branches of
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the aquaculture industry (Smaal et al., 2019; Naylor et al., 2021). For
these reasons, bivalve feeding has been intensively studied for over a
century, mostly in temperate, productive waters characterized by
high seston loads and nano and microplanktonic cells, i.e., >2 pm
(partially reviewed by Jorgensen, 1966; Ward and Shumway, 2004;
Rosa et al,, 2018). The knowledge base concerning the feeding
mechanisms is incomplete, exceedingly complex, and vigorously
debated, comprising dimensions of anatomy and ultrastructure,
mucopolysaccharide chemistry, and non-Newtonian fluid
mechanics, giving rise to hundreds of scientific papers and
treatises (reviewed by Jorgensen, 1966; Jorgensen, 1975; Jorgensen
et al,, 1988; Ward and Shumway, 2004; Dame, 2013; Gosling, 2015;
Rosa et al., 2018).

The bulk of the knowledge of bivalve feeding comes from
laboratory studies; however, as noted by Jorgensen (1975):
“laboratory data often have restricted value due to uncertainty as
to what extent results obtained in the laboratory represent
unimpeded activity in nature”. Indeed, in some cases, the feeding
rates of bivalves under natural conditions are considerably different
from the results obtained in laboratory experiments (Yukihira et al.,
2000). Among the many reasons for this discrepancy is that natural
food supply fluctuates unpredictably in both quantity and quality
and consists of a complex mixture of organic and inorganic particles
that are impossible to mimic in the laboratory (Hawkins et al., 1996;
Cranford et al., 1998; Riisgard, 2001; Velasco and Navarro, 2005).

Particle size and quality play key roles in capture and feeding
(e.g. Cognie et al., 2003; Beninger and Decottignies, 2005). The
consensus is that large particles are captured at much higher
efficiencies than smaller ones, and the filtration efficiency of most
bivalves studied to date sharply diminish for particles< 4 um
(Mohlenberg and Riisgard, 1978; Riisgard, 2001; and see review
by Ward and Shumway, 2004; Rosa et al., 2018). Nonetheless, many
marine environments, including tropical and subtropical waters, are
characterized by low concentrations of food, organic matter, and
nutrients, and are dominated by minute autotrophic picoplanktonic
cells (< 2 um) (Jackson, 1980; Berman et al., 1984; Siegel et al., 1989;
Falkowski, 2013; Sonier et al.,, 2016). Such water bodies are often
referred to as oligotrophic. Bivalves residing in oligotrophic
environments dominated by picoplanktonic cells (< 2 um) are
thus faced with a dual challenge: the paucity of food and its small
size. Few studies have addressed feeding characteristics and the
strategies employed by bivalves residing in oligotrophic waters
(reviewed by Sara et al., 2003; Yahel et al., 2009).

Israel is located between two of the most oligotrophic and
phosphorous-limited marine basins: the Eastern Mediterranean and
the Red Sea. Surface chlorophyll concentrations in these basins are
usually below 0.5 ug L™ and rarely exceed 1 pg L™ (Krom et al,,
2014; Shaked and Genin, 2018). Large phytoplankton blooms are
rare, picoplankton (<2.0 pm) accounts for the majority of
planktonic biomass (Klinker et al., 1978; Krom et al, 1991;
Acosta et al,, 2013; Ben Ezra et al,, 2021) and picoeukaryotic algae
account for most of the photosynthetic carbon production in both
the Eastern Mediterranean and the Red Sea (Berman et al., 1984;
Dishon et al., 2012).
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Despite the extreme oligotrophic conditions prevailing in both
the Eastern Mediterranean and the Red Sea, bivalves thrive and
flourish in both ecosystems (as they do in many oligotrophic
systems). For example, the mytilid Brachidontes pharaonis
(Fischer, 1870) covers large areas of hard bottom substrate in the
intertidal zone and sometimes at greater depths (Rilov et al., 2004).
In the subtidal zone, the rock ‘oyster’ Spondylus spinosus accounts
for a major part of the macro-invertebrate cover and biomass (Rilov
et al, 2004; Yahel and Frid, 2018). Similarly, the pearl ‘oyster’
Pinctada radiata (Leach, 1814), is very abundant in the Levantine
Sea (Galil, 2000; Galil and Zenetos, 2002; Lodola et al., 2013). In the
Red Sea, the boring mytilid Leiosolenus (Lithophaga) simplex
(Iredale, 1939) has a wide range of coral hosts and tens to
hundreds of bivalves are commonly found in colonies of different
common massive corals (Gohar and Soliman, 1963; Brickner, 1985;
Yahel et al., 2009). Another coral borer, the scallop Pedum
spondyloideum (Gmelin, 1791) is also a common inhabitant of
several coral host species in the Red Sea (Kleemann, 1990). Despite
their high abundance, the particle capturing capacities of these
dominant species have rarely been studied (but see Yahel
et al., 2009).

Measurements of the capture efficiency of bivalves residing in
oligotrophic waters are scarce. Clear exceptions are Pouvreau et al.
(1999) who directly measured the capture efficiency of Pinctada
margaritifera (Linnaeus, 1758) from oligotrophic water and
reported values that ranged from 15% for 1 um particles to 98%
for 5 um particles; and Yahel et al. (2009) that measured in situ the
capture efficiency of L. simplex and reported much higher efficiency
(69%) for Synchococcus cells slightly smaller than 1 pm. The
ecophysiology of B. pharaonis has been intensively studied by Sara
(2006) and Sara et al. (2000); Sara et al. (2003); Sara et al. (2008) in the
western Mediterranean Sea, mostly under controlled laboratory
conditions and with no reference to their capture efficiency. In
more productive waters, Riisgard (1988) studied the capture
efficiency of B. exustus (Linnaeus, 1758) in the lab and found low
(<50%) efficiency for particles smaller than 4 um. The feeding of
Spondylus limbatus (Sowerby, 1847) juveniles has been studied in the
lab using cultured microalgae larger than 3 pm (Marquez et al., 2019).
Mathieu-Resuge et al. (2019) used stable isotopes and fatty acids to
investigate the diet of Spondylus crassisquama (Lamarck 1819), with
no relation to the capture capacity.

To better understand how bivalves thrive in seemingly food-
deprived environments dominated by picoplanktonic cells, we
investigated in situ, the ability of five common bivalve species
residing in the Red Sea and Eastern Mediterranean Sea to capture
naturally-occurring cells ranging in size from 0.2 to ~40 um. To
avoid the potential bias associated with laboratory studies,
especially for coral boring bivalves (e.g., L. simplex and P.
spondyloideum) and bivalves residing in dense macroalgal beds
(e.g., S. spinosus), the improved InEx technique of Morganti et al.
(2016) was used to study the feeding of undisturbed animals in their
local habitat. The present study therefore aimed to elucidate and
frame previously unknown aspects of bivalve feeding in
oligotrophic environments dominated by picoplanktonic cells.
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Materials and methods
Terminology

For the purposes of the present study, microplankton was defined
as cells >20 um, nanoplankton as cells between 2.0 - 20 um, and
picoplankton as cells between 0.2-2.0 um (Sicburth et al.,, 1978).

Study site

On the Israeli coast of the Eastern Mediterranean, sampling was
conducted via SCUBA at 10-m depth, on a rocky ridge 800 m west
of the Michmoret Campus of the Faculty of Marine Science, Ruppin
Academic center (32°24'N, 34°51’E) during May-June and October-
November of 2016 and 2019. At least 10 individuals were assessed
for each of three bivalve species: the mytilid Brachidontes pharaonis
(P. Fischer, 1870), the spondylid Spondylus spinosus (Schreibers,
1793), and the Lessepsian-migrant pearl ‘oyster’ Pinctada radiata
(Leach, 1814), representing three different orders (Mytilida,
Ostreida, and Pectinida, respectively).

At the Northern Red Sea site, sampling was conducted at 12-m
depth via SCUBA on a coral reef next to the Interuniversity Institute
of Eilat (IUI, 29°30°N, 34°55’E). A total of forty individuals of the
boring mytilid Leiosolenus simplex (Iredale, 1939) (order: Mytilida)
from two coral host species, Astreopora myriophthalma (Lamarck,
1816) and Goniastrea pectinata (Ehrenberg, 1834), were sampled
during November-December 2017. Thirteen individuals of the coral
scallop Pedum spondyloideum (Gmelin, 1791) were sampled during
July 2021.

Environmental parameters

Temperature of the ambient water was measured every 30
seconds during the sampling sessions, using a PT100 platinum
resistance thermometer connected to a FireSting®—02 system
(PyroScience, Germany) that was encased in a custom-made
housing. Water samples to assess particulate organic carbon
(POC) concentration, were collected using Niskin bottles and
processed following Knap et al. (1996). Briefly, samples were

TABLE 1 Environmental parameters during sampling sessions.

10.3389/fmars.2023.1184773

filtered immediately in the laboratory (< 2 hr). Each sample was
filtered onto a precombusted (2 hours at 350°C) 25-mm GF/F filter
(Whatman, Cat. No. 1825-021) prefiltration with 100-um nylon
mesh) using a low vacuum. Blank pre-combusted filters with no
samples were used as negative controls. Filters were acidified with
fuming HCI to remove all inorganic carbon, dried at 60°C, cut into
halves, and stored in tin or silver capsules at -80°C. Samples were
analyzed for carbon content using a PDZ Europa ANCA-GSL
elemental analyzer interfaced to a PDZ Europa 20-20 isotope
ratio mass spectrometer (Sercon Ltd., Cheshire, UK), at the Stable
Isotope Facility at the University of California Davis. The
contribution of live particulate organic carbon to total organic
carbon was estimated by multiplying the cell concentrations (see
below) of each prey population (i.e., picoeukaryotic algae,
nanoeukaryotic algae, cyanobacteria and non-photosynthetic
bacteria) by the conversion factors (carbon content per cell)
provided in Table 2 of Houlbréque and Ferrier-Pages (2009).
Salinity and chlorophyll concentrations in the ambient water were
obtained from the local monitoring programs: Israel National
Monitoring Program at the Gulf of Aqaba, (http://.iui-eilat.ac.il/
Research/NMP) and the Ruppin’s Estuarine and Coastal
Observatory at the Mediterranean Sea (RECO, http://
reco.ruppin.ac.il/). Both monitoring stations are<l km from the
work sites. Environmental parameters for each sampling site and
season are provided in Table 1.

In situ sampling

The diet composition of the bivalves was investigated in situ.
Bivalve species, numbers, and locations are summarized in Table 2.
For each bivalve, paired samples of inhaled and exhaled water were
collected to assess diet composition, using a modified and improved
InEx method (VacuSip, Morganti et al., 2016), which is based upon
simultaneous, precise, and controlled collection of the water inhaled
and exhaled by suspension feeders without interfering with the
animals (Figure 1). Use of the InEx technique ensured that only the
first step in the feeding process was targeted for measurement, namely,
particle capture (Ward and Shumway, 2004; Yahel et al., 2009).

To ensure that sampled individuals were active and that the
sampling tubes were appropriately positioned, the pumping activity

Species Temperature °C Chloro&h . Salinity Flote 4 e PO?

(Mg L) (umol L) (umol L)
GOE/A Leiosolenus simplex Winter 23.4 +£0.03 0.46 + 0.02 40.8 + 0.4 47 +2 1.6 £ 0.4
GOE/A Pedum spondyloideum/Leiosolenus simplex Summer 26.7 + 0.05 0.22 + 0.05 412+ 0.6 1.1+£0.2
Med Spondylus spinosus Spring 231+6 0.36 + 0.1 39105 8.6 £35 2105
Med Spondylus spinosus Autumn 27.6 £ 1.1 0.28 £0.2 39.5 +0.07 9.4 +2.02 1.5+0.3
Med Brachidontes pharaonis Autumn 269 +0.7 0.19 + 0.05 39.6 + 0.04 08 +04
Med Pinctada radiata Spring 225+02 1.01 39.2 +£0.02 14+03 14+03

POC, Particulate organic carbon; MED, East Mediterranean Sea; GOE/A, Gulf of Eilat/Aqaba. All values are presented as mean + 95% confidence intervals.
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of each specimen was visualized before and after sample collection.  provided a clear indication of the pumping activity (Yahel et al,
Fluorescein-dyed seawater was gently released approximately 2 cm  2005). After ensuring that the sampled specimen was active and
from the inhalant aperture of the test specimen, using a syringe filtering (Figure 1D), 5-mL water samples were collected by
equipped with a filter. The speed and magnitude of the exhalant jet  carefully positioning minute PEEK (polyetheretherketone) tubes

TABLE 2 Information for each species of bivalve in the study and number of individuals sampled, along with data for each prey taxa identified,
including mean concentrations, FCS sizes of cells (the median forward scatter of the respective cell type normalized to the forward scatter of 1-um
polystyrene microspheres) in the inhaled and exhaled water; mean capture efficiency; and R? for the linear regression of the number of cell captured
from each mL of water pumped (calculated as the concentration difference between the inhaled and exhaled water) and prey concentration in the
inhaled water.

Bivalve Host/Season  Basin Prey  Cell size Inhaled Exhaled Capture R? Chesson
species type (um) conc. conc. efficiency (In vs electivity index
(10% cells  (10° cells (%) In-Ex)
mL™") mL™")
Leiosolenus 25 Astreopora GOA/E = Neuk 4+0.6 1.4 +0.74 0.25 +£0.23 85+ 5 0.98 0.22
simplex myriophthalma/
Winter Peuk 0.9 +0.03 4+09 0.98 £ 0.31 74+6 0.92 0.13
Syn 0.2 +0.02 20 £ 4 5+1.35 75 %5 0.93 0.14
Pro 0.15 £ 0.01 22+9.7 9.6 £ 3.6 48 £ 10 0.96 -0.14
Bact 0.1 +0.003 204 + 38 163 + 32 19+6 0.37 -0.58
Leiosolenus 7 Goniastrea GOA/E = Neuk 4+06 1.1+£02 0.2 £01 80 + 10 0.64 0.24
simplex pectinata/
Winter Peuk 0.9 +0.03 44074 13+04 69+7 0.82 0.15
Syn 0.2 £0.02 16 + 4 55+ 3.4 67 + 14 0.44 0.13
Pro 0.15 + 0.01 74+ 1.1 41+2 44 + 26 0.30 -0.14
Bact 0.1 +0.003 195 + 25 164 + 34 15+ 16 0.01 -0.63
Pedum 13 Summer GOA/E = Neuk 12+ 1.6 0.4 +0.08 0.12 £ 0.07 80 +8 0.56 0.62
spondyloideum
Peuk 22+02 1.1 £0.15 0.71 £ 0.11 39+6 0.51 0.14
Syn 0.3 £0.01 20+ 3.1 16.9 +2.08 15+ 11 0.61 -0.40
Pro 0.3 £0.02 157 £ 4.4 14.6 £ 4.3 9+38 0.16 -0.61
Bact 0.4 +0.01 434 + 66 386 £ 72 13+9 0.01 -0.47
Spondylus 16 Spring East Neuk 6.3 £ 0.6 1.8 £0.6 04+02 80+5 0.97 0.17
spinosus Med
Peuk 1+£0.08 3.7+08 1.5+04 61 +7 0.79 0.06
Syn 0.22 + 0.02 254+78 78 +4 74+ 7 0.80 0.12
Pro 0.19 £ 0.0 39 +10.2 14+6 64 + 10 0.72 0.03
Bact 0.2 £ 0.005 231 + 34 164 + 21 27+ 8 0.61 -0.44
Spondylus 9 Autumn East Neuk 6.1+0.5 1.5+ 0.5 03 +0.1 77 £ 12 0.92 0.09
spinosus Med
Peuk 1.5+ 0.16 1.4 +0.26 0.4+02 75+ 11 0.65 0.08
Syn 0.27 £ 0.02 19.6 + 2.6 43+16 77 + 11 0.76 0.09
Pro 0.19 £ 0.01 52+73 153 £ 4.8 69 + 12 0.77 0.02
Bact 0.1 £ 0.002 260 + 59 162.7 + 38 34+ 15 0.66 -0.37
Brachidontes 9 Autumn East Neuk 224+ 03 03+02 0.06 + 0.05 73 £ 16 0.94 0.03
pharaonis Med
Peuk 0.7 £ 0.11 21+08 03+0.1 80 + 14 0.98 0.09
Syn 0.3 £0.02 85+37 28 +27 70 + 16 0.47 0.00
Pro 0.26 + 0.02 1.8 +£0.7 0.25+0.1 85+ 6 0.98 0.13
(Continued)
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TABLE 2 Continued

10.3389/fmars.2023.1184773

Bivalve N  Host/Season  Basin Cell size Inhaled Exhaled Capture R? Chesson
species (pum) conc. conc. efficiency = (Invs  electivity index
(103 cells (103 cells (%) In-Ex)
mL™) mL™)
Bact 0.26 + 0.01 180 + 95 99 + 50 4120 0.83 -0.31
Pinctada 13 Spring East | Neuk 14.8 + 2.9 02 +0.03 0.07 + 0.04 64+ 10 035 0.51
radiata Med
Peuk 1+0.15 12+04 0.77 +0.2 31+9 0.79 0.04
Syn 0.47 +0.06 151+ 67 97 +38 24+13 0.76 -0.12
Pro 039 +0.04  603+302 | 544276 13+6 0.55 ‘ -0.44
Bact 034 + 0.09 320 + 56 270 + 36 14+6 0.69 -0.40

Bact, Non photosynthetic bacteria; Syn, Synechococcus; Pro, Prochlorococcus; Peuk, Picoeukariotic algae; Neuk, Nanoeukariotic algae; CE, capture efficiency. Values are presented as mean +
95% confidence intervals. Bolded R? values indicate data sets not congruent with the null hypothesis of no correlation. Chesson electivity index (e;) are reported in the last column. Values of €;
range from -1 to 1, where -1 indicates that none of the respective particle type is retained and €; of 1 indicate cases when the respective particle type is the only one selected. Zero is the expected
value of ¢ if there is no selection (Chesson, 1983, see Yahel et al., 2009 for more information). Bolded ¢; values are values 0.4, and grey shaded ¢; values are values <-0.4.

FIGURE 1

Inhaled water

The VacuSIP apparatus used for direct in situ sampling of the water inhaled and exhaled by bivalves. (A) The full experimental setup used for the
measurement of the diet composition of the coral-boring bivalve Leiosolenus simplex (siphon diameter<3 mm). (B) The tubes were positioned using
custom-made micromanipulators, allowing for minute movements and exact positioning within the inhalant and exhalant jets. (C) A close-up of the
sampling tubes positioned in the bivalve-generated inhalant and exhalant jets. (D) A generalized scheme of in situ sampling. Photos: a - c: Rei Diga,

d: Shahar Chaikin.

(external diameter 1.6 mm, internal diameter 0.27 mm, IDEX Cat.
No.1531) inside the exhalant opening and next to the inhalant
opening of the sampled bivalve. The tubes were positioned using
custom-made manipulators and water suction was initiated by
piercing the septum of an evacuated 10.5 mL test tube (Greiner
BioOne 455007). The external pressure forced water into the vessel
through the sampling tube, and the tube’s small inner diameter
ensured a slow and controlled sampling rate. The sampling rate was
adjusted to ~1 mL min™', ensuring integration of the feeding activity
and the inherent patchiness of plankton concentrations over several
minutes. This process allowed for the simultaneous collection of
pairs of inhaled and exhaled water samples and thus minimized

Frontiers in Marine Science
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sampling biases and errors, as the paired samples were subjected to
identical conditions, handling, and analytical processes.

Flow cytometry

The concentrations and characteristics of non-photosynthetic
bacteria and four dominant autotrophic groups [Prochlorococcus
(Pro), Synechococcus (Syn), picoeukaryotic and nanoeukaryotic
algae (PEuk and NEuk)] were analyzed using an AttuneNXT®
acoustic focusing flow cytometer (Applied Biosystems) equipped
with a syringe-based fluidic system that allowed precise adjustment
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of the injected sample volume and hence high precision of the
measured cell concentrations (+ 5%). The optical system contained
violet and blue lasers (405 and 488 nm, respectively). Duplicates of
1.8 mL were collected from each water sample and transferred into
2-mL cryovials (Corning, Cat. No. 430659). Samples were incubated
for at least 15 min at room temperature (~25°C) with 0.1%
glutaraldehyde (final concentration) using 50% electron
microscopy grade glutaraldehyde (Sigma-Aldrich, Cat No.
340855), frozen in liquid nitrogen (> 60 min), and then stored at
-80°C until analyzed (within one month).

Each water sample was analyzed twice. First, 600 pL of the
sample were analyzed at a high flow rate (100 pL min™) to
determine the presence of pico and nano-phytoplankton with a
dual threshold (trigger) on the red-fluorescence channels of the
violet and blue lasers. A second analysis was used to detect cells with
no autofluorescence, i.e., non-photosynthetic microbes. To visualize
these cells, a 300-pL aliquot of the water sample was incubated with
the nucleic acid stain SYBR Green I (20-120 min dark incubation at
~25°C, 1:10* dilution of the SYBR Green commercial stock). For
this analysis, a low flow rate of 25 uL min™" was used and the
instrument was set to high sensitivity mode. A 75-pL sample was
analyzed with a dual threshold (trigger) on green-fluorescence
channels of the violet and blue lasers. Taxonomic discrimination
was made based upon orange fluorescence (BI2, 530 + 30 nm) of
phycoerythrin and red fluorescence (Bl3, 695 + 40 nm) of
chlorophyll. Side-scatter (SSC) was used as a proxy of cell surface
complexity and cell volume, and forward-scatter (FSC) was used as
a proxy of cell size (Jacobi et al., 2021 and references therein). Given
the very weak chlorophyll fluorescence of Prochlorococcus in near-
surface waters, especially in summer, full separation of their
population from the noise signal was not always possible.
Reference microspheres (PolysciencesTM, Cat. No. 23517, Flow
Check High-Intensity Green Alignment 1.0 um) were used as an
internal standard in each sample (Dadon-Pilosof et al., 2017).

Data analyses

Data files from flow cytometric measurements were processed
with “FCS express 4” software (De-Novo'™), to quantify the nano-
and pico-eukaryotic algae, Prochlorococcus, Synechococcus, and
non-photosynthetic bacteria. The median size of each planktonic
cell population was estimated as the ratio of the median forward
scatter (MFSC;) of the respective planktonic cell population (i) to
that of the median forward scatter of standard 1-um non-
fluorescent polystyrene spheres (MFSCj,.4,, Molecular probes, Cat
No. F13838, F13839) that were included in each flow cytometry run:
FCS size; = MFSC;/ MFSCy,aqs Because the refraction index of the
polystyrene calibration spheres differs from that of planktonic cells
by an unknown extent, it is possible that the FCS size deviates
somewhat from the true cell size (Foladori et al., 2008), especially
for the smaller, sub-micron groups (i.e., non-photosynthetic
bacteria, Prochlorococcus, and Synechococcus). These size
estimations are thus termed ‘FCS size’ in the present work: The
mean ( + confidence interval of 95%) of the median value of the
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forward scatter of all particles in each defined group in each inhaled
water sample. It should be noted that the size distribution of each
group is usually very wide, as exemplified in Figures 2C, D of Jacobi
et al. (2018).

The capture efficiency of each planktonic group by individual
bivalves was calculated as

CE = ((Cin — Cex) / Cex)*100

where CE is the capture efficiency, and C;,, and C,, are the
concentrations of a given planktonic group in the inhalant and
exhalant water, respectively. To avoid the potential bias associated
with collecting water samples from bivalves that stopped pumping
during the sampling period, and thus contaminating those samples
with ambient water, paired water samples that did not exhibit at least
50% of the highest capture efficiency measured for any of the
planktonic groups were eliminated from analysis. This procedure
resulted in elimination of ~ 10% of the paired water samples collected
(Table S2). Chesson’s selectivity (o;) and electivity (e;) indices
(Chesson, 1983) were calculated as described in Yahel et al. (2009),
using the mean capture efficiencies for each planktonic group.

Much of the present study was necessarily observational in nature,
since the previous knowledge base was virtually nonexistent, rendering
hypothesis testing impossible at this point (see Beninger et al., 2012 for
review). Because all measurements were conducted in situ, we
consider the results as reliable reflection of the natural variability of
the activity of the bivalves during the sampling periods. It should be
noted that the focus of this study was the comparison of the capture
efficiencies for different prey types within each bivalve species. As not
all bivalve species were sampled in the same location, time, or ocean,
the comparison between the capture efficiencies of the different bivalve
species should be considered with caution.

A “within subject” design (i.e., Repeated Measures Analysis of
Variance [ANOVA], and its nonparametric alternative: Friedman
ANOVA on Ranks), was used to test the null hypothesis of
nonselective retention of the different cell types. To meet the
assumptions of normality and homogeneity of variance (tested with
Levene’s test), capture efficiency data (%) was logit transformed and
analyzed using Repeated-Measures ANOVA with the five prey types
(i.e., Nanoeukaryotic algae, Picoeukaryotic algae, Prochlorococcus,
Synechococcus, and non-photosynthetic bacteria) as repeated
measures (within-subject variables). Differences in the capture
efficiency of different-sized planktonic cells by the bivalves were
tested using non-parametric tests since the data violated the
assumption of homogeneity of variance. Data are reported as mean
values + 95% confidence intervals, unless stated otherwise. A
significance level of o = 0.05 was used in all analyses.

Results
Environmental conditions
The Gulf of Eilat/Agaba (GoE/A)

Temperature remained very stable over the sampling sessions,
with mean (+ 95% confidence intervals) values of 23.4 + 0.003°C
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FIGURE 2

Capture efficiency of the dominant planktonic groups by five different bivalve species as measured in situ at the Gulf of Eilat/Agaba, Red Sea and at
the Eastern Mediterranean Sea. The median forward scatter (proxy of cell size) of each group was normalized to the forward scatter of 1.0 ym
reference spheres (X axis, note the logarithmic scale). Error bars are 95% confidence intervals. Asterisks indicate statistically significant differences
(i.e., data sets not congruent with the null hypothesis of no difference with respect to all other data sets) in capture efficiency of the planktonic
group from all other groups (***p<0.001, Repeated Measures ANOVA). (A) Brachidontes pharaonis (n=9); (B) Leiosolenus simplex from Astreopora
myriophthalma host during winter (n=25) and summer (n=12); (C) Leiosolenus simplex from Goniastrea pectinata host (n=7); (D) Spondylus spinosus
during spring (n=16) and autumn (n=9); (E) Pedum spondyloideum (n=11); (F) Pinctada radiata (n=17).

during the 2017 winter sampling session and 26.7 + 0.05°C during
the 2021 summer session. The maximum chlorophyll a
concentration was 0.6 ug L™, with a mean value of 0.5 + 0.02 ug
L™ during the winter of 2017, and 0.20 + 0.05 pg L' during the
summer of 2021. The planktonic community was numerically
dominated by picoplanktonic cells, comprising >99% of the
community in all ambient water samples. The ambient
concentration of the rare nanoeukaryotic algae (<0.6% of the
community), with a mean FSC size of 4.1 * 0.6 um, ranged
between 0.6 x 10° to 6.9 x 10° cells mL™" (Table 2; Figure 3).
Within the picoplankton community, the minute non-
photosynthetic bacteria, accounted for most of the planktonic
cells (> 80% of cell counts). The majority of the pico-
phytoplanktonic community during 2017 was composed of
Prochlorococcus (18.9 x 10° + 7.9 x 10% cells mL™!, mean *
confidence intervals), and Synechococcus (19 x 10° + 34 x 10°
cells mL!, Table 1).
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East Mediterranean Sea

Water temperature fluctuated more in the East Mediterranean
sites compared to the Red Sea site, with values during the 2016 and
2020 spring sampling sessions ranging between 22.0 to 23.0°C,
while values during the 2016 and 2020 autumn sampling sessions
ranged from 26.1 to 27.4°C and 26.8 to 28.2°C, respectively. Apart
from spring 2016, in which the average chlorophyll a concentration
was 1.0 ug L™, the chlorophyll concentration was less than 0.4 ug L™
during all sampling sessions (Table 1). Concentrations of
particulate organic matter in the ambient water in the East
Mediterranean Sea site were two times higher than those
measured in the Red Sea (Table 1), with a mean concentration of
8.6 £ 3.5 uM and 9.4 + 2.02 pM for spring and autumn, respectively;
however, phytoplankton accounted for less than 20% of this matter.
The planktonic community during all sampling sessions was
composed of >99% picoplanktonic cells, of which 22-32% were
phototrophic cells (Table 2). The size of these cells differed between
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FIGURE 3

Bivalve response to variation in prey concentration in oligotrophic water. The number of captured cells per mL of water pumped (calculated as the
difference between the inhalant and exhalant concentrations) is plotted against the cell concentrations in the ambient (inhaled) water. Different
bivalve species are indicated by different colors. Dashed lines represent slope=1; i.e., 100% capture efficiency. Number of samples and Regression R?

are indicated in Table 2

sampling seasons (Table 2). Non-photosynthetic bacteria, with a
mean FCS size of 0.1 to 0.2 um (spring and autumn, respectively)
accounted for >75% of the community in both seasons during 2020.

Both study sites were exposed to ambient water from the open
sea and experienced continuous water exchange. Sampling was
conducted under low-medium currents, usually in the range of
0.05-0.1 m sec™ (T. Amit, unpublished data).

Particle capture efficiency

Rare nanoeukaryotic algae were captured efficiently (>60%) by all
bivalve species. The spondylid Spondylus spinosus and the two mytilids,
Leiosolenus simplex and Brachidontes pharaonis, exhibited high capture
efficiency for picophytoplankton cells (smaller than 2.0 um), removing
on average 67 to 77% of the ~1.0 um (FSC size) Synechococcus cells,
and 61 to 80% of the picoeukaryotic algae (Table 2; Figures 2A-D). In
contrast, the pearl ‘oyster’ Pinctada radiata and the scallop Pedum
spondyloideum were much less efficient at capturing
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picophytoplankton cells, removing less than 24% of the
Synechococcus cells and less than 39% of the picoeukaryotic algae
(Figures 2E, F). Non-photosynthetic bacteria were captured at lower
efficiency by all bivalves (15-41%) despite their numerical dominance
in the plankton, and despite having a comparable size range to that of
some photosynthetic groups (Table 2; Figure 2). Nonetheless, it should
be noted that S. spinosus and B. pharaonis captured more than 25% of
this particle type. These trends remained similar between different
sampling periods despite seasonal differences in both size and
concentration of the different prey taxa.

Particle capture efficiency by L. simplex from both coral host
species, Astreopora myriophthalma and Goniastrea pectinata, did
not differ significantly with respect to prey taxa or season
(Figures 2B, C). However, L.
myriophthalma host captured significantly lower amounts of non-

simplex living in the A.

photosynthetic bacteria. Both species of bivalve captured the
picoeukaryotic algae and Synechococcus at >65% efficiency and
exhibited lower efficiency (<48%) for the smaller Prochlorococcus
cells (Table 2; Figures 2B, C). The mussel B. pharaonis removed the
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minute pico-cyanobacterium Prochlorococcus with high efficiency
(85 + 6%) and the similar FCS size pico-cyanobacterium
Synechococcus with an efficiency of 70 + 16%.

Similarly, the two mytilids and the spondylid S. spinosus
captured all phototrophic cells, including those< 2.0 pm, at
greater than 60% efficiency (Figure 2D). Nanoeukaryotic algae
were rare and were captured with more than 75% efficiency. The
non-photosynthetic bacteria were captured with the lowest
efficiency (27 + 8% and 34 + 15% for spring and autumn,
respectively; Table 2).

Compared to the other species of bivalves studied, the coral-
dwelling scallop P. spondyloideum exhibited the lowest capture
efficiency for all picophytoplankton groups, capturing
Prochlorococcus, for example, at an efficiency of only 9 + 8%. The
highest capture efficiency (80 + 8%, Table 2; Figure 2E) was recorded
for the nanoeukaryotic algae. The pearl oyster, Pinctada radiata,
showed capture efficiency similar to that of Pedum spondyloideum,
capturing rare nanoeukaryotic algae with 64 + 10% efficiency, whereas
all smaller cells (<2.0 pum) were captured with less than 31% efficiency
(Figure 2F). In contrast to the other bivalve species in this study, it was
not possible to reject the null hypothesis of non - selective retention of
the Prochlorococcus and the non-photosynthetic bacteria.

Relationship between prey concentration
and cell capture

To examine the relationship between prey concentration and cell
capture, we plotted, for each prey type, the number of cells removed
from each mL of exhaled water versus the concentrations of prey cells
in the ambient (inhaled) water (Figure 3). It should be noted that
these values are independent of the pumping rate. For most prey
types and bivalve species, the capture efficiency of phytoplanktonic
cells was constant and independent of their concentration in the
ambient water (F test for linear regression, degrees of freedom of the
residuals ranged from 5 to 23, pending on the taxa; see Table 2 for
more details). In contrast, for the oyster P. radiata the capture
efficiency of Synechococcus, picoeukaryotic, and nanoeukaryotic
algae increased with an increase in ambient concentrations.

Discussion
In situ capture of picoplankton

The data of the present study demonstrates the ability of the
studied, undisturbed bivalves to capture picoplankton at high
efficiency (41-85%) in their natural habitat. Two mytilids
(Brachidontes pharaonis and Leiosolenus simplex) and the
spondylid Spondylus spinosus captured picoplanktonic cells (<2.0
pm) with high efficiency (>60%), as previously demonstrated by
Yahel et al. (2009) at the same sites as the current study, providing a
rare demonstration of true replication in marine ecology (Johnson,
1999; Kruschke, 2010; Beninger et al., 2012). Although sampling
and analyses were conducted using slightly different methods, the
authors measured similar capture efficiency for the small
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photosynthetic bacteria Synechococcus and Prochlorococcus of
69% (£ 14 SD) and 41% (+ 19 SD), respectively (Yahel et al., 2009).

In contrast, the coral scallop Pedum spondyloideum, which
shares the same habitats with L. simplex, and the pearl ‘oyster’
Pinctada radiata, which shares the same habitats with B. pharaonis
and S. spinosus, captured picoplanktonic cells at a much lower
efficiency. This finding suggests that different bivalve taxa may be
utilizing different feeding strategies/mechanisms in oligotrophic
waters dominated by extremely small particles.

The mussel B. pharaonis is a successful invader in the eastern
Mediterranean Sea that displaces and eliminates native species from
their habitats (Rilov et al., 2004; Rilov, 2009). In an extensive series
of experiments (Sara et al., 2000; Sara et al., 2003; Sara, 2006; Sara
et al., 2008), it was shown that B. pharaonis can assimilate a wide
range of foods (Sara, 2006) and exploit multiple trophic levels (Sara
etal., 2003; Sara et al., 2008). The results presented here support this
conclusion, as B. pharaonis had the highest capture efficiency for
picoplanktonic cells, including non-photosynthetic bacteria, of all
studied species.

It should be noted that the sampling methods used in the current
study are sensitive to factors that could introduce biases. If the bivalve
ceases pumping momentarily during sampling, or if the tube
collecting the exhalant water is positioned in such a way that the
exhalant sample becomes ‘contaminated’ with ambient seawater, the
resulting calculated capture efficiency will be underestimated. With
this in mind, capture efficiency measured in this study never reached
100%, even for cells > 10 um (Figure 2E, Table 2). In contrast,
available data demonstrate that most bivalves capture particles
greater than 6 um at close to 100% efficiency (Rosa et al., 2018).
This discrepancy suggests that the samples in the current study may
have been ‘contaminated’ to some extent with ambient water, thus the
capture efficiency values reported here are underestimated.
Alternatively, the data presented here, obtained by direct sampling
underwater, may suggest that under field conditions, bivalves rarely
reach 100% efficiency, even for nanoeukaryotic algae.

Surface chlorophyll concentrations in both the Red Sea and the
East Mediterranean Sea are usually below 0.5 pug L™ (Krom et al,
2014; Shaked and Genin, 2018), and large phytoplankton blooms
are rare and short lived (Al-Najjar et al., 2007). While the
contribution of such rare events to the diet of bivalves can be
substantial (McCammon, 1969; Cowen, 1971), its quantification is
challenging, due to the sporadic and short-lived nature of these
events. While temperature can vary widely in both studied habitats,
during the sampling sessions temperature was stable, and ranged
between 22-28°C across all sampling sessions and sites (Table 1). It
is therefore unlikely that variation in temperature or salinity had a
significant effect on the variation in the measured capture efficiency.

Modulation of picoplankton capture

The results of the present study suggest that, as previously reported
(Yahel et al, 2009), size is not the only factor determining capture
efficiency, since all studied bivalves captured non-photosynthetic
bacteria at lower efficiency than similar-size phototrophic
picocyanobacteria (Synechococcus and Prochlorococcus). In fact, an
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important effect of particle surface properties on the capture efficiency of
bivalves has been previously reported (Hernroth et al., 2000; Riisgard
and Larsen, 2010; Rosa et al., 2013; Dadon-Pilosof et al., 2017; Rosa
et al, 2017), especially in the smaller size range (Rosa et al, 2018).
Dadon-Pilosof et al. (2019) and Jacobi et al. (2021) reported a similar
phenomenon for several tunicates and suggested that some planktonic
cells have a non-sticky cell surface, which may enable them to evade
capture by suspension feeders.

In the eastern Mediterranean and in the GOE/A, bivalve species
with overlapping distribution and habitats were sampled (Kleemann,
1990; Mienis et al., 1993; Galil et al., 2013; Shabtay et al., 2015; Diga
et al, 2022). At the Red-Sea coral reef, P. spondyloideum and L.
simplex share the same habitat, burrowing inside live coral hosts, and
often can be found adjacent to each other in the same host colony (T.
Amit and G. Yahel, personal observations). Similarly, on the rocky
coast of the Mediterranean Sea, P. radiata can be found throughout
the littoral zone, where it shares its habitat with B. pharaonis (Diga
et al., 2022). In the subtidal zone, it also can be found attached to the
shells of S. spinosus (T. Amit, personal observations). The size
spectrum and the electivity index of the particles captured by
Pedum spondyloideum and Pinctada radiata was, however,
considerably different than that of neighboring L. simplex, B.
pharaonis, and S. spinosus. The ability of L. simplex, B. pharaonis,
and S. spinosus, but not Pedum spondyloideum and Pinctada radiata,
to capture the most abundant picoplanktonic cells suggests a trophic
niche separation between the species. Whereas L. simplex, B.
pharaonis, and S. spinosus can utilize the smallest and most
abundant cells, the sympatric species Pedum spondyloideum and
Pinctada radiata, respectively, cannot, as can also be seen from the
large differences in electivity indices (Table 2). Thus, these species may
rely upon different physiological strategies such as elevated filtration
(pumping) rate (Hawkins et al., 1998; Pouvreau et al, 1999), the
capture of rare, larger, and more nutritious cell aggregates (Kach and

10.3389/fmars.2023.1184773

Ward, 2008; Ward and Kach, 2009), better usage of coral-derived
organic matter (Shafir and Loya, 1983; Naumann et al., 2010), and/or
reduced metabolic rate (Riisgard et al., 2003; Sokolova et al., 2012).

For Pedum spondyloideum and Pinctada radiata, capture efficiency
of picophytoplankton increased as cell concentrations increased. A
concentration-dependent efficiency was also demonstrated by Palmer
and Williams (1980) for the bay scallop Argopecten irradians for
particles of 1.7 to 3.4 um. The authors suggested that the change in
capture efficiency was a result of an increase in mucus production by
the ctenidia of the scallop. Both Pedum spondyloideum and Pinctada
radiata may be adjusting their capture process to intercept the smaller
picoplankton only when the concentration of these cells is high enough
to compensate for the energetic expenditure required for such
adjustments and maintenance.

Comparison with picoplankton capture by
bivalves from productive habitats

The comparison presented in Figure 4 underscores the paucity
of published data regarding the capture efficiency of submicrometer
cells. It also shows the high efficiencies with which picoplanktonic
cells were captured by some, but not all, of the bivalve species in the
current study. Finally, the comparison demonstrates the low
efficiencies with which all studied bivalves captured the non-
photosynthetic picoplanktonic cells (i.e., ‘Bact’ in Figure 4)
despite the size overlap with the picoplanktonic cells (see also
Yahel et al., 2009; Dadon-Pilosof et al., 2017; Dadon-Pilosof et al.,
2019; Jacobi et al., 2021), suggesting a pre-capture negative selection
with respect to these cell types.

Most of the published information on bivalves reports low capture
efficiency for particles smaller than 4 um (Mohlenberg and Riisgard,
1978; Jorgensen et al., 1988; Riisgard, 1988; Ward and Shumway, 2004;
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FIGURE 4

The relationships between the size of small (<10 pm) planktonic cells (X-axis) and their capture efficiency (Y axis) presented as a mean trend line
(blue line) with 95% confidence interval (shaded blue) for published data (29 species, mostly from productive waters, see Table S1). Colored labels
present data from the current study (5 species). Bact, Non photosynthetic bacteria; Syn, Synechococcus; Pro, Prochlorococcus; Peuk,
Picoeukaryotic algae; Neuk, Nanoeukaryotic algae. Prey size was estimated differently in different studies (see Table S1) and is presented here on a

logarithmic scale.
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Rosa et al., 2018 and see Table S1). In the few cases where high values of
capture efficiency of small particles and cells have been reported,
outside of tropical or Mediterranean waters, the bivalve species
occurred in freshwater or reduced-salinity environments (Riisgard,
1988; Langdon and Newell, 1990; Silverman et al,, 1995). Qiao et al.
(2022) recently reported high levels of nano- and picophytoplankton in
the digestive system of three bivalve species in high-productivity waters.
Despite several factual and contextual errors in that publication that are
unrelated to this point, their results, along with our own ongoing
observations, suggest that efficient capture of small particles by some
taxa may be occurring under some conditions in highly productive
habitats. An attempt at the reconciliation of these contradictory
observations is presented below.

Underlying mechanisms for
picoplankton capture

The universality of the basic pallial organs in autobranch bivalves
suggests that the same anatomical structures may be used in the
optimization of particle capture at the size ranges that are dominant
in the normal habitats of the particular bivalve species. It is well
established that different bivalve taxa, especially at or above the family
level, have different adult gill morphologies and types that enable them
to capture different sizes of particles at varying efficiencies (see review
by Ward and Shumway, 2004). Presumably, the same types of
structures are used in all cases, including: (1) variously configured
gills (2) variously-configured cilia (simple, compound, composite, J-
cilia lengths, densities, and numbers), and (3) mucus of varying types
that relate to function and anatomical context (Beninger et al., 1992;
Beninger et al., 1993; Beninger and St-Jean, 1997; Beninger et al., 1997;
Beninger et al., 2003). A summary of the available data concerning the
taxonomy and gill structure (type of gill and associated ciliary tracts) of
the studied species is presented in Table 3. The most efficient capture of
small cells was found in the two mytilid species and in the spondylid,
while the least efficient was found in the pectinid and margaritid
species. It is tempting to conclude that the presence of laterofrontal cirri
(compound cilia) is responsible for enhanced capture efficiency of
picoplankton, since bivalves that possess such cirri (e.g., mytilids) are

10.3389/fmars.2023.1184773

known to capture smaller plankton more efficiently in habitats
dominated by large particles and cells (Riisgird et al., 1996;
Silverman et al,, 1999; Riisgird, 2002) compared to bivalves that do
not possess these complex structures (e.g. pectinids, margaritids).
However, to date there is no published data concerning the status of
laterofrontal cirri in spondylids; such information is therefore a high
research priority.

The contradiction between the above-mentioned studies showing
declining capture efficiency for nanoplankton, and the studies showing
strong capture of picoplankton, may be explained by the possible
utilization of different capture mechanisms for the two size classes
‘micro-nano’ and ‘pico’: the former being captured mainly by the
action of the laterofrontal ciliary tracts in species which possess such
tracts (Vahl, 1972; Jorgensen, 1976; Jorgensen et al., 1984; Jorgensen,
1989; Ward et al., 1998). Below the threshold of 3-4 um, however, this
capture mechanism appears to be inefficient for all bivalves tested
(Mghlenberg and Riisgard, 1978; Riisgard, 1988; and reviewed by Ward
and Shumway, 2004; Rosa et al.,, 2018). It may be that such particles are
simply absorbed onto the abundant mucus present on the gills, and
thus represent somewhat ‘incidental’, but nonetheless consequential
captures (Beninger et al., 2003; Beninger et al., 2007). With two such
available feeding mechanisms, overlap may be expected at the size
range interfaces, and some taxa in some habitats may specialize more in
one mode than the other.

In the present study, B. pharaonis, L. simplex, and S. spinosus all
demonstrated picoplankton capture (<2.0 um) of natural
phytoplanktonic cells at a much higher efficiency than that reported
in the literature for bivalves from productive waters that are dominated
by nano- and microphytoplankton (Figure 4, Table S1, and references
therein). Taken together, the studies cited above, and the findings
reported here, suggest that picoplanktonic cells, including those < 1.0
pm, may be a more important planktonic component for some bivalve
species than previously considered, especially in oligotrophic
environments dominated by small cells. It is noteworthy that while
picoplankton numerically dominated the cells captured by some of the
bivalves, the biovolume of an e.g., 0.8 pm picoplanktonic cell is ~120
times smaller than that of a 4 um eukaryotic algae. Therefore, despite
the low abundance of microalgae larger than 4 um, the contribution of
microalgae to the bivalves’ diet is substantial. The exact contribution of

TABLE 3 A summary of the available data regarding taxonomy and gill structure of the studied species.

Gill Structure

Particle-
. Filament . Latero- Capture efficiency of
Family . Plicate o EmpadiEEs ap Y
complexity frontal cirri picoplankton
Ventral = Dorsal
Brachidontes | Mytilidae Mpytilida Homorhabdic * * >70%
Leiosolenus Mytilidae Mpytilida ~ Homorhabdic * * >67%
Spondylus Spondylidae | Pectinida = Heterorhabdic * ? ? * >74%
Pedum Pectinidae Pectinida =~ Heterorhabdic * * >15%
Flat principal
Pinctada Margaritidae = Ostreida Heterorhabdic * * * filaments >24%

Asterisks indicate the trait is present in the particular species; blank cells indicate that the trait is absent in the particular species. Question marks indicate that there is no available data regarding that trait.
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each cell population to the bivalves’ diet is not reported here due to our
limited ability to accurately determine the size of the cells smaller than
1 pym.

The plasticity in capture efficiency arising from the
considerations outlined above may enable the different bivalve
taxa to thrive as functional groups in native waters of vastly
different particulate organic matter characteristics - no doubt
contributing to the remarkable evolutionary and ecological
success of this group of suspension-feeders.
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