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ABSTRACT: Appendicularians are abundant planktonic filter feeders that play a significant role 
in the pelagic food web due to their high clearance rates. Their diet and feeding rates have typi-
cally been measured as bulk chlorophyll or cell removal, with some attention given to prey size 
but no differentiation between the microbial phylotypes. Using a combination of in situ and labo-
ratory incubations with flow cytometry and next-generation sequencing, we found species-
 specific differences in clearance rates and diet compositions of 4 common species: Oikopleura 
albicans, O. fusiformis, O. longicauda, and O. dioica. While O. albicans most efficiently removed 
nano-eukaryotic algae, the other smaller species preferentially removed micron-sized pico-
eukaryotic algae. Pico- and nano-eukaryotic cells constituted the major food source of the studied 
appendicularians despite their occurrence in oligotrophic water dominated by prokaryotic cells. 
Across species, pico- and nano-planktonic microalgae biomass comprised 45 to 75% of the appen-
dicularian diets. Although non-photosynthetic bacteria were removed at lower rates than all other 
prey groups, their total contribution to the appendicularian diet was not trivial, representing 5 to 
19% of the planktonic carbon in the appendicularian diet; pico-cyanobacteria contributed an 
additional 9 to 18%. Removal rates and efficiencies of pico-eukaryotes were higher than those of 
prokaryotes of similar size. Strikingly different clearance rates were observed for different 
prokaryotic phylotypes, indicating that factors other than size are involved in determining the 
capturability of the cells. Collectively, our findings provide additional evidence for differential 
retention of microbial prey among mucous-mesh grazers and its substantial effect on the upper-
ocean microbial community.  
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1.  INTRODUCTION 

Appendicularians are globally distributed gelati-
nous grazers, often the second or third most abun-
dant zooplankton taxa in the euphotic zone (All-
dredge 1976a). At times, their abundance can rival 
that of copepods, while their higher feeding and 
growth rates (Lombard et al. 2010a) make their sec-
ondary production rate 35 to 71% higher than that of 
copepods (Hopcroft & Roff 1998). Appendicularians 
are considered microphagous grazers that can cap-
ture pico- and small nano-plankton with unusually 
high efficiency compared to other similarly sized 
mesozooplankton (Sommer et al. 2002, Tönnesson et 
al. 2005). 

The appendicularian prey-to-predator size ratio 
spans 3 orders of magnitude, from ~10−3 to 10−1 
(Lombard et al. 2011). An external mucous filter 
house enables them to collect and ingest a wide 
spectrum of prey sizes, including viruses (Lawrence 
et al. 2018), colloids (Flood et al. 1992), bacteria 
(King et al. 1980, Bedo et al. 1993, Fernández et 
al. 2004, Tönnesson et al. 2005), nano-plankton 
(Gorsky et al. 1999, Tönnesson et al. 2005), and cil-
iates (Lombard et al. 2010b). The sinusoidal beating 
of the animal’s tail drives and controls flow through 
the house (Selander & Tiselius 2003), achieving 
high filtration rates ranging from ~100 to ~1000 ml 
individual−1 d−1 (Alldredge 1981). 

The size, morphology, and chemical composition of 
the house is family- and species-specific (Alldredge 
1976a,b). Houses vary in solidity, from mucilaginous 
to gelatinous, and also in their carbon and nitrogen 
compositions (Alldredge 1976b). The houses of most 
species have inlet filters to exclude large or spinous 
particles from entering them, but a few species, such 
as Oikopleura longicauda and Mesochordaeus ery-
throcephalus, lack these pre-filters (Alldredge 1977, 
Hopcroft & Robison 1999). Within the house, the 
food-concentrating filter traps particles, which are 
conveyed to the pharyngeal filter, the third and final 
filter that captures particles for ingestion (Conley et 
al. 2018a). 

Inherently, this filtration process depends, in part, 
on particle size. The inlet filters, when present, act as 
a coarse sieve to exclude particles at the upper size 
range (Alldredge 1977). This is determined by the 
pore size, pore shape, and variance in relation to the 
prey particles (Silvester 1983, Lombard et al. 2010b). 
The food-concentrating filter acts as a tangential flow 
filter on which smaller particles are more likely to 
remain stuck (Conley et al. 2018a). The pharyngeal 
filter has a coarser pore size than the food-concen-

trating filter (Deibel & Powell 1987), so effective cap-
ture relies heavily on coagulating small particles into 
aggregates larger than the pharyngeal filter pores 
(Deibel & Lee 1992, Tiselius et al. 2003). In addition, 
because appendicularian filtration occurs at low 
Reynolds numbers, particles smaller than the mesh 
pores can be retained via diffusional deposition and 
direct interception (Rubenstein & Koehl 1977, Acuña 
et al. 1996). Since the filtration process does not fol-
low a simple sieve model, other factors, such as sur-
face properties, can affect retention efficiency (Ger-
ritsen & Porter 1982, Conley et al. 2018b and 
references therein). 

Mesh morphology, animal behavior, hydrody-
namics, and particle properties can play important 
roles in determining particle selection by mucous-
mesh grazers (reviewed in Conley et al. 2018b). 
Recent methodological developments have ex -
panded our ability to understand the selectivity of 
pelagic tu nicates (reviewed in Sutherland & 
Thompson 2022). In particular, flow cytometry 
techniques and next- generation sequencing have 
greatly advanced our ability to quantify feeding on 
microbial populations. These tools can provide 
more information on grazer selectivity, with high 
resolution of size and taxonomy (Sutherland & 
Thompson 2022). 

Prior investigations, which pre-dated these newer 
tools, largely considered appendicularian feeding 
as non-selective (Bedo et al. 1993, Dagg et al. 1996, 
Gorsky et al. 1999, Tönnesson et al. 2005). How-
ever, several behavioral and physical mechanisms 
allow appendicularians to reject particles (Lombard 
et al. 2011, Conley et al. 2018b). Furthermore, as 
initially demonstrated by Gerritsen & Porter (1982) 
and recently re-affirmed by Dadon-Pilosof et al. 
(2017) and Jacobi et al. (2021), surface property 
interactions between prey cells and the filter result 
in size-independent retention efficiencies. Taken 
together, the complex morphology, surface proper-
ties, behavior, and hydrodynamics of particle cap-
ture by appendicularians can manifest as apparent 
‘preference’ or ‘selectivity’ toward specific prey 
populations. 

In this study, we examined appendicularian filtra-
tion on a natural assemblage of pico- and nano-
plankton and tested the null hypothesis that removal 
of the different prey types is non-selective. To do so, 
we used a combination of in situ and laboratory in -
cubation experiments with 4 oikopleurid species 
exposed to 2 distinct oligotrophic planktonic prey 
assemblages from the Northwest Mediterranean Sea 
(NWMS) and the North Sea. 
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2.  MATERIALS AND METHODS 

Our study was carried out near the bay of Ville-
franche-sur-Mer, France, in the NWMS (43° 42‘ N, 
7° 18‘ E), where the bottom depth is >100 m. The 
underwater work was carried out at 8 to 15 m depth 
by SCUBA divers during the spring (23 to 30 April 
2014), coinciding with an appendicularian bloom 
in which divers could encounter several individuals 
per minute. A set of in situ experiments (see Section 
2.1) was complemented with laboratory incuba-
tions using freshly collected seawater from the field 
site. 

2.1.  In situ incubations 

To study appendicularians feeding in their natural 
habitat and to minimize disturbance to these small 
(<3 mm), fragile planktonic tunicates, we modified 
the indirect clearance rate (CR) method techniques 
described by Riisgård (2001). Using blue-water 
SCUBA, we identified specimens from 3 species 
(Oikopleura albicans, O. fusiformis, and O. longi-
cauda) during drift dives in the open sea. The incuba-
tion cylinders (10 cm long, 2.5 cm diameter) were 
built by gluing together 2 Falcon tubes (20 ml) from 
which the lower conical section was removed. 
Underwater, the open-ended cylinder (~20 ml) was 
carefully positioned over each individual and both 
sides were gently closed. Care was taken to avoid 
any contact between the animal and the tube walls. 
A control sample with no animal inside was immedi-
ately collected using an identical cylinder. The 
closed cylinders were suspended at the depth of col-
lection (8 to 15 m) for ~0.5 to 1.5 h by attaching them 
to a free-drifting frame suspended by a line to 2 sur-
face floats. At the end of the incubation, the cylinders 
were gently transferred to an ice-filled cooler on a 
boat, where a 7 ml water sample was carefully with-
drawn from each cylinder. The sample was with-
drawn using a pipette attached to a tube that was 
gently inserted into the cylinder without touching the 
animal inside. The opening of the tube was covered 
with a piece of mesh (120 μm pore size) to exclude 
larger organisms from the sampled water. The sam-
ples were stored on ice in a dark cooler until labora-
tory processing within 4 h. 

Because accurate species-level identifications were 
difficult underwater, at the end of the incubation, 
each incubator was drained into a Petri dish and 
inspected under a dissecting microscope for the pres-
ence of animals and houses. Each individual was 

photographed for subsequent length measurements, 
and species were identified when possible. Body 
lengths were measured in image analysis (Image J) 
following Lombard et al. (2010a) (see summary in 
Table 1). Using a wire probe, houses were carefully 
transferred into a microtube and kept frozen at 
−80°C. 

2.2.  Particle composition of discarded houses 

Analysis of microbial communities in the discarded 
appendicularian houses was performed to elucidate 
the type of particles that adhere to house filters. Fol-
lowing the completion of the in situ incubation exper-
iments, we collected 12 discarded houses from O. 
albicans and 3 from each of O. fusiformis and O. 
longicauda. From each house, DNA was extracted 
and sequenced for 16S rRNA (see Sections 2.4.2 to 
2.4.4), and the relative abundance of each phylotype 
was compared to its relative abundance in the corre-
sponding ambient water samples taken at the start 
(T0) and end of the incubation (Tf). 

2.3.  Laboratory incubations 

Since O. dioica, a common species in the NWMS 
and other seas, was not encountered during our field-
work, we studied the feeding of this species using 
laboratory incubations and cultured specimens (see 
Section 2.3.1). Laboratory incubations with O. dioica 
were performed both during our study in Ville-
franche-sur-Mer (April 2014) and at the Sars Interna-
tional Centre for Marine Molecular in Bergen, Nor-
way (December 2015), as described in Section 2.3.2. 
It should be noted that the plankton composition in 
these 2 localities was very different; hence, the phylo-
genetic composition of the different planktonic cate-
gories (e.g. ’nano-plankton’ or ’HNA-Hs’ [high nucleic 
acid, high-scatter non-photosynthetic bacteria]) was 
also very different between these 2 experiments. 

2.3.1.  NWMS 

The O. dioica stock for this experiment were ori -
ginally from the Sars International Centre (Espe-
grend Marine Field Station Espelandsvegen, Nor-
way; www.uib.no/en/bio/53898/marine-biological-
station-espegrend), and were grown for 3 gene -
rations at the laboratory in Villefranche. The in -
dividuals for this experiment were from the third 
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generation of cultures reared at Villefranche and 
were all 5 d old individuals. Surface seawater for 
the experiment was collected outside the bay of 
Villefranche-sur-Mer (~14°C) and was pre-filtered 
through a 120 μm nylon mesh into 30 ml polystyrene 
tubes. Five individuals were carefully transferred 
from the 10 l culture beakers into each experimental 
tube (30 ml) with pre-filtered sea water. Incubations 
were performed under low illumination in a tem -
perature-controlled room (15.5°C). After a 1 h incu-
bation, water was carefully sampled from each incu-
bator as described above for the field incubations. 
Three control incubators without animals were also 
sampled at T0 and Tf. 

2.3.2.  North Sea 

Cultured O. dioica (5 d old) grown at the appen-
dicularian culture facility at the Sars International 
Centre for Marine Molecular Biology were used 
for this experiment. Surface water (10 m depth, 
9°C) was collected at the Espegrend Marine Field 
Station Espelandsvegen, Norway (60° 16’ N, 5° 13’ E). 
At the Sars Centre, the seawater temperature was 
slowly raised to 14.5°C using a water bath to 
match culture conditions, then pre-filtered through 
a 21 μm mesh. The experimental design was 
slightly modified from that of the Mediterranean 
spring incubation and included larger incubators 
to mimic culture con ditions, thereby minimizing 
changes to animal be havior. A total of 10 individu-
als were incubated in each of 10 glass Pyrex (1 l) 
beakers containing 1 l of the pre-filtered seawater 
(21 μm). Each beaker was equipped with a slowly 
rotating paddlewheel that mixed the water and 
kept the animals in suspension. The incubation 
was conducted under low illumination on a lab 
bench (16.2°C at T0, 17.7°C at Tf). Water samples 
(~1.5 ml) were collected at T0, and then at 1 and 
2  h after the initiation of the experiment. Five 
identical control incubators without animals were 
sampled at T0 and at each time point during the 
incubation. Sample analysis indicated that the ani-
mals’ filtration during the first hour of incubation 
was much reduced (e.g. see Fig. 3 vs. Fig. S2 in 
the  Supplement at www.int-res.com/articles/suppl/
m706p073_supp.pdf), likely reflecting an acclima-
tion period to the new water and/or building of 
new houses after transfer. Therefore, we consider 
the samples taken 1 h after initiation of the incu-
bation as T0 for this experiment and samples taken 
2 h after incubation as Tf. 

2.4.  Sample analysis 

2.4.1.  Flow cytometry 

Flow cytometry was used to quantify the concen-
trations and cell characteristics of non-photosyn-
thetic microbes (hereafter referred to as non-photo-
synthetic bacteria) and the 4 dominant autotrophic 
groups: Prochlorococcus (Pro), Synechococcus (Syn), 
pico-eukaryotic algae (PicoEuk), and nano-eukary-
otic algae (NanoEuk). We used an Attune® Acoustic 
Focusing Flow Cytometer (Applied Biosystems) 
equipped with a syringe-based fluidic system that 
allows precise adjustment of the injected sample vol-
ume and hence high precision of the measurements 
of cell concentrations (±5%). The optics system con-
tained violet and blue lasers (405 and 488 nm, 
respectively) and was further adapted for the analy-
sis of marine ultra-plankton samples. 

Aliquots of 1.8 ml were collected from each water 
sample and transferred into 2 ml cryovials (Corning 
cat. no. 430659). Samples were first incubated for 
15 min at room temperature with Glutaraldehyde 
50% (electron microscopy grade; Sigma-Aldrich, cat. 
no. 340855) at 0.2% (final concentration) for the more 
productive NWMS water. Samples were frozen in 
liquid nitrogen (at least 60 min) and then stored at 
−80°C until analysis (within a few weeks). 

Each sample was analyzed twice. First, 600 μl of 
the sample water was analyzed at a high flow rate 
(100 μl min−1) for the determination of ultra-phyto-
plankton with a dual threshold (trigger) on the red 
fluorescence channels of the violet and blue lasers. A 
second run was used to analyze cells with no auto -
fluorescence, i.e. non-photosynthetic bacteria. To 
visualize these cells, a 300 μl aliquot of the sample 
water was incubated with the nucleic acid stain 
SYBR Green I (20 to 120 min dark incubation at 
room temperature; 1:104 of SYBR Green commercial 
stock). For this run, we used a low flow rate of 25 μl 
min−1, and the instrument was set to high-sensitivity 
mode. A 755 μl aliquot of the sample water was ana-
lyzed with a dual threshold (trigger) on green fluo-
rescence channels of the violet and blue lasers. 

Taxonomic discrimination was made based on 
orange fluorescence (Bl2, 574 ± 13 nm) of phycoery-
thrin and red fluorescence (Bl3, 690 ± 20 nm and 
VL3, 685 ± 20 nm) of chlorophyll (Tarao et al. 2009). 
Side scatter (SSC) provides a proxy of cell surface 
complexity and cell volume (Marie et al. 1999), 
whereas forward scatter (FSC) is considered the best 
proxy of cell size (Cunningham & Buonnacorsi 1992, 
Simon et al. 1994). As a rough proxy of the cell size of 
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each planktonic cell population, we used the ratio of 
the median FSC of the respective cell population to 
the median FSC of reference beads (Polysciences™, 
cat. no. 23517; Flow Check High-Intensity Green 
Alignment 1.0 μm) that were used as an internal 
standard in each sample. While this ratio provides 
a relatively robust estimate of cell size for cells 
larger than 1 μm, it very likely underestimates the 
sizes of submicron particles. See Dadon-Pilosof et al. 
(2019) for a further discussion of the accuracy of size 
estimates. 

Where possible, the non-photosynthetic bacteria 
were further divided based on their green fluores-
cence (a proxy for nucleic acid content) and FSC (the 
proxy for size) into 3 groups: low nucleic acid, non-
photosynthetic bacteria (LNA); high nucleic acid, low-
scatter non-photosynthetic bacteria (HNA-Ls); and 
high nucleic acid, high-scatter non-photosynthetic 
bacteria (HNA-Hs) (Zubkov et al. 2004). Similarly, 
the eukaryotic algae were separated into PicoEuk 
and NanoEuk (Simon et al. 1994). For PicoEuk, we 
followed Worden & Not (2008), which suggested a 
size range of up to 3.0 μm, while larger eukaryotes 
were designated as NanoEuk (3.0 to 20 μm). The lit-
erature regarding Syn size is vague but the reported 
size range is 0.3 to 1.2 μm (e.g. Uysal 2001, Garcia et 
al. 2016). A cluster of Pro-like particles (PLPs) with 
low FSC (very small size), significant red fluores-
cence, and low or null orange fluorescence was pres-
ent in all water types and seasons. The ratio of the 
median FSC of this cell population to the median 
FSC of 1 μm yellow-green reference beads that were 
run with each sample ranged from 0.01 to 0.3. This 
ratio is considerably lower than the best estimates for 
Pro cell size that were made on cultures and pro-
vided a range of 0.5 to 0.8 μm for length and 0.4 to 
0.6 μm for width (Partensky et al. 1999). Therefore, 
while this low ratio is most likely a consequence of a 
low refractive index of these cells, we conservatively 
refer to these very small particles as PLPs. 

2.4.2.  DNA extraction 

The relative abundance of the different prokary-
otic taxa (phylotypes) in the seawater, before and 
after being filtered by the appendicularians and/or 
adhering to their houses, was quantified using next-
generation sequencing of the 16S V1−V3 region in 
order to detect any differential filtration of different 
phylotypes. Due to the limited volume of water avail-
able, we applied the small volume extraction method 
developed by Dadon-Pilosof et al. (2017). Briefly, a 

small amount of seawater (5 to 10 ml) was collected 
from each incubator and filtered on a 25 mm, 0.2 μm 
polycarbonate membrane (GE Healthcare Bio-
sciences, cat. no. 110606) under low vacuum and 
frozen in 1.5 ml micro-tubes at −20°C until analysis. 

DNA from each filter was extracted using the 
DNeasy ’Blood & tissue kit’ (Qiagen, cat. no. 69504), 
with the following modifications to the manufac-
turer’s protocol: ATL buffer (180 μl) and 20 μl of Pro-
teinase K were added and samples were incubated at 
56°C for 1 h. Then, 200 μl of AL buffer and 200 μl of 
95 to 100% ethanol were added to the sample and 
the mixture was pipetted into spin columns and placed 
in a 2 ml collection tube. Tubes were centrifuged at 
6000 relative centrifugal force (RCF) for 1 min. The 
flow-through was discarded and 500 μl of AW1 buffer 
was added to the column, centrifuged at 6000 RCF 
for 1 min, and the flow-through again discarded. This 
step was repeated for a third time, with 500 μl buffer 
AW2 and a spin of 18 000 RCF for 1 min to dry the 
membrane before elution. For the elution step, the 
spin column was placed on a new collection tube. 
Then, 200 μl of buffer AE, preheated to 56°C, was 
pipetted at 3 steps (50, 50, and 100 μl) into the col-
umn; each step was followed by 6000 RCF centrifu-
gation for 1 min. The sample was then incubated at 
room temperature for at least 1 min and stored at 
−20°C. 

2.4.3.  Next-generation sequencing 

Samples were amplified for sequencing using a 
forward and reverse fusion primer (28F-519R, 16S 
V1−V3 region). The forward primer was constructed 
with (5’−3’) the Illumina i5 adapter (AAT GAT ACG 
GCG ACC ACC GAG ATC TAC AC), an 8 to 10 bp 
barcode, a primer pad, and the 5’-GAG TTT GAT 
CNT GGC TCA G-3’ primer. The reverse fusion 
primer was constructed with (5’−3’) the Illumina i7 
adapter (CAA GCA GAA GAC GGC ATA CGA 
GAT), an 8 to 10 bp barcode, a primer pad, and the 
5’-GTN TTA CNG CGG CKG CTG-3’ primer. Primer 
pads were designed to ensure the primer pad/primer 
combination had a melting temperature of 63 to 
66°C, according to methods developed by the lab of 
Patrick Schloss (www.mothur.org/w/images/0/0c/
Wet-lab_MiSeq_SOP.pdf). Amplifications were per-
formed in 25 μl reactions with Qiagen HotStar Taq 
master mix (Qiagen), 1 μl of each 5 μM primers, and 
1 μl of the template. Reactions were performed on 
ABI Veriti thermocyclers (Applied Biosystems) under 
the following thermal profile: 95°C for 5 min, then 35 
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cycles of 94°C for 30 s, 54°C for 40 s, 72°C for 1 min, 
followed by 1 cycle of 72°C for 10 min and 4°C hold. 

Amplification products were visualized with eGels 
(Life Technologies). Products were then pooled 
equimolar, and each pool was size-selected in 2 
rounds using Agencourt AMPure XP (Beckman -
Coulter) in a 0.7 ratio for both rounds. Size-selected 
pools were then quantified using the Qubit 2.0 fluo-
rometer (Life Technologies) and loaded on an Illu-
mina MiSeq (Illumina) 2 × 300 flow cell at 10 pM. 

2.4.4.  Bioinformatics 

All sequence reads were processed by the next-
generation sequencing analysis pipeline of the SILVA 
rRNA gene database project (SILVAngs 1.3; Robert-
son & Button 1989). Each read was aligned using the 
SILVA Incremental Aligner (SINA v.1.2.10 for ARB 
SVN, revision 21008) (Robertson & Button 1989) 
against the SILVA SSU rRNA SEED and quality con-
trolled (Pruesse et al. 2012). Reads shorter than 50 
aligned nucleotides and reads with more than 2% of 
ambiguities, or 2% of homopolymers, respectively, 
were excluded from further processing. Putative con-
tamination and artefact reads with a low alignment 
quality (50 alignment identity, 40 alignment score 
reported by SINA) were identified and excluded 
from downstream analysis. After these initial steps of 
quality control, identical reads were identified (de -
replication), the unique reads were clustered into 
operational taxonomic units (OTUs) on a per-sample 
basis, and the reference read of each OTU was clas-
sified. Dereplication and clustering were done using 
cd-hit-est v.3.1.2 (www.bioinformatics.org/cd-hit) 
(Quast et al. 2013) running in accurate mode, ignor-
ing overhangs, and applying identity criteria of 1.00 
and 0.98, respectively. The classification was per-
formed by a local nucleotide BLAST search against 
the non-redundant version of the SILVA SSU Ref data 
set (release 123; www.arb-silva.de) using BLASTn 
v.2.2.30+ (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with 
standard settings (Li & Godzik 2006). 

The classification of each OTU reference read was 
mapped onto all reads that were assigned to the 
respective OTU. This yields quantitative information 
(number of individual reads per taxonomic path) 
within the limitations of PCR and sequencing tech-
nique biases as well as multiple rRNA operons. 
Reads without any BLAST hits or reads with weak 
BLAST hits, where the function ‘% sequence iden-
tity + % alignment coverage)/2’ did not exceed the 
value of 93, remained unclassified. These reads were 

assigned to the meta-group ‘No Relative’ in the 
 SILVAngs fingerprint and Krona charts (Camacho 
et al. 2009). 

The SAR11 OTUs were renamed using the widely 
recognized clades initially described by Suzuki et al. 
(2001) (clades I and II), later expanded by Morris et 
al. (2005) (clades II and IV), and subsequently used 
by recognized authors in the SAR11 field (e.g. Carl-
son et al. 2009, Brown et al. 2012, Vergin et al. 2013). 
The OTUs were reassigned by inserting representa-
tive sequences from each SILVA SAR11 clade into a 
SAR11 phylogenetic tree constructed in the ARB pro-
gram using full-length sequences that defined clades 
I to IV (e.g. Vergin et al. 2013). The OTUs defined by 
SILVA as SAR11 S1 and S1* were grouped in the 
same surface clade I. To avoid a mixture of general 
and specific labels, the OTU classed as ‘SAR11’ that 
did not fall into a defined cluster was classed as 
SAR11_Unclassified. 

2.5.  Data analysis 

Our experimental setup was designed to test the 
null hypothesis of non-selective removal of the differ-
ent prey types. This setup was especially robust due 
to its pairwise nature (simultaneous incubation vs. 
control) and the concurrent comparison of the 
removal of multiple prey taxa that co-occur naturally 
in the ambient water. Data were therefore analyzed 
using within-subject comparisons tests, i.e. paired t-
test and repeated-measures ANOVA (RM-ANOVA), 
with the CRs of the different prey types as the 
repeated measures. To circumvent the need to meet 
RM-ANOVA assumptions of lack of sphericity and 
compound symmetry, we used Wilks’ multivariate test 
for RM-ANOVA (Davis 2002). Where the assump-
tions of normality and homogeneity of the variance 
were not met, we used the nonparametric alterna-
tives: Wilcoxon signed-rank test and Fried man RM-
ANOVA on ranks. In cases where the RM-ANOVA 
showed significant differences between the removal 
efficiencies of different prey types, the Bonferroni 
post hoc procedure was used to test for differences 
between all pairs of prey types. 

CR is a common measure of grazing rate in many 
studies of suspension feeding (e.g. Deibel 1985, Riis-
gård 2001). It is defined as a virtual volume of water 
that would have been cleared of all prey cells by an 
individual grazer per unit of time if the filtration effi-
ciency of these cells was 100%. In cases where the 
filtration efficiency is indeed 100%, the CR is equal 
to the pumping or water processing rate (Riisgård 
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2001 and references therein). In this study, the CR 
(ml ind.−1 h−1) for prey type i was calculated as: 

                                             (1) 

where V is the incubator volume (ml), n is the num-
ber of individual appendicularians in the incubator, t 
is the incubation time (h), and Ci, Inc and Ci, con are the 
concentrations of the i th prey type in the incubator 
with appendicularians and without appendicularians 
(control), respectively, by the end of the experiment. 

Unlike flow cytometry, which provides exact con-
centrations of each taxonomic group, Illumina se -
quencing provides much finer taxonomic resolution 
(phylotype level) but only a relative frequency 
of  each OTU (phylotype). Therefore, to calculate 
microbe-specific CRs, we estimated the concentra-
tion of each phylotype (Ci) as the product of its rela-
tive frequency and the total bacterial cell counts 
obtained from the flow cytometer. 

A measure termed ‘relative retention efficiency’ 
(RE’i,j) was calculated for each prey type (i) in each 
sample ( j) by normalizing its CR to that of the prey 
with the highest CR: 

                                           (2) 

where CR is the measured clearance rate and jmax 
is the prey population that was retained at the 
highest rate in that sample (Harbison & McAlister 
1979). Note that where the same prey type j was 
always removed at the highest efficiency, its aver-
age RE will be exactly 100%, (e.g. the RE of O. 
fusi formis for PicoEuk was 100%; see Fig. 2), 
whereas where different taxa are removed at the 
highest efficiency in different incubations, the av -
erage RE will be <100% (e.g. the RE of NanoEuk 
by O. albicans; see Fig. 1). 

Hereafter, the use of the terms ‘selectivity’ and 
‘preference’ are limited to their technical definition 
(Chesson 1978, 1983), i.e. the removal of a prey type 
in higher proportion than its proportional presence in 
the environment relative to other food types present. 

The total number of specimens sampled underwa-
ter was 47, 21, and 7 for O. fusiformis, O. albicans, 
and O. longicauda, respectively. In many incubations 
(25, 5, and 5, respectively), we found no evidence of 
active cell removal, defined as the removal of >10% 
of PicoEuk. These cases were excluded from our 
analysis in order to examine differential prey re -
moval only by actively feeding animals. Appendicu-
larians are quite sensitive to disturbance — for exam-
ple, Alldredge (1976c, p. 37) described how some 

species of oikopleurids cease filtering ‘when they 
sensed the divers’ presence, thus biasing filtering 
observations’ — but otherwise feed continuously when 
undisturbed (Alldredge 1976c, 1981). We therefore 
conservatively opted to exclude individuals with 
<10% cell removal under the assumption that this 
lack of feeding behavior may reflect experimental 
artefacts. Previous incubation experiments with ap -
pendicularians have similarly excluded samples where 
animals did not exhibit active feeding (Schein berg et 
al. 2005). Because of the low sample size for O. longi -
cauda, excluding non-feeding individuals rendered 
only 2 successful replicates for this species. There-
fore, the detailed results for this species are reported 
in the Supplement. 

Throughout the text, data are presented as means 
± 95% confidence intervals unless stated otherwise. 

3.  RESULTS 

3.1.  In situ incubations 

Cell counts obtained with a flow cytometer indi-
cated that Oikopleura albicans exhibited size-depen-
dent filtration, with preferential removal and high 
CRs of prey larger than 1 μm (24 ± 11 and 14 ± 6.5 ml 
ind.−1 h−1 for NanoEuk and PicoEuk, respectively; 
RM-ANOVA, Wilks’ λ = 0.27, F6,8 = 3.7, p = 0.046; 
Fig. 1a,b, Table 1). The more abundant small pico-
cyanobacteria (PLPs and Syn) (3.7 × 104 ± 1.8 × 104 
cells ml−1) and bacteria with high nucleic acid con-
tent (i.e. HNA-Hs) (7.8 × 104 ± 4.1 × 104 cells ml−1) 
were removed at a reduced CR (8.5 ± 4.2 and 8.7 ± 
7.3 ml ind.−1 h−1 for pico-cyanobacteria and HNA-Hs, 
respectively; Fig. 1a,b). No significant removal was 
observed for the LNA (2.1 ± 2.9 ml ind.−1 h−1; Fig. 1c) 
that are usually associated with the SAR11 clade 
(Mary et al. 2006). Surprisingly, within the NanoEuk, 
smaller algae were removed more efficiently than 
larger nano-eukaryotes, as reflected by a >25% shift 
of the median FSC of this group in the incubators in 
comparison to the controls (data not shown). In con-
trast, within the PicoEuk, the largest cells were pref-
erentially removed. 

The ambient concentration of microbial cells for 
the O. albicans experiments was 5.4 × 105 ± 1.1 × 105 
cells ml−1 with 20 phylotypes (clustered at 98% iden-
tity), accounting for 94% of the total 16S rRNA gene 
reads sequenced. The SAR11 clade and pico-cyano-
bacterial phylotypes accounted for 44 and 33% of the 
total reads, respectively (pink and green shades, 
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respectively, in Fig. 1c). While the water sampled at 
the end of the incubation had a significantly reduced 
frequency of pico-cyanobacteria reads (paired t-test, 
p < 0.001), the frequencies of reads attributed to the 
SAR11 OTUs increased, suggesting high removal of 
pico-cyanobacteria but not SAR11 (Fig. 1c). 

In contrast to O. albicans, in situ incubations 
showed that O. fusiformis preferentially removed 
PicoEuk (7.4 ± 2.1 ml ind.−1 h−1; Fig. 2a,b, Table 1) 
over both the larger NanoEuk and smaller pico-
cyanobacteria (post hoc Bonferroni correction tests, 

p < 0.001; Fig. 2a,b), despite the higher abundance 
of these latter 2 groups (Table 1). The abundant non-
photosynthetic bacteria groups HNA-Ls, HNA-Hs, 
and LNA, which numerically dominated the plank-
tonic community, were removed by O. fusiformis at 
significantly lower CRs (1.3 ± 0.7, 1.0 ± 1.1, and 0.8 ± 
0.5, respectively; post hoc Bonferroni test, p < 0.05; 
Fig. 2a,b). O. fusiformis cleared the smaller fraction 
of both the NanoEuk and PicoEuk more efficiently 
than larger cells, as reflected by a ~25% shift of the 
FSC of these groups in the incubators in comparison 
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Fig. 1. Differential clearance rates of the appendicularian Oikopleura albicans on marine microbes, measured by in situ incu-
bations in the Northwest Mediterranean Sea (NWMS) during April 2014 (n = 16). (a) Clearance rates of different prey types 
were counted with flow cytometry. Eukaryotic cells — NanoEuk: nano-eukaryotic algae and PicoEuk: pico-eukaryotic algae. 
Pico-cyanobacterial taxa — Syn: Synechococcus and PLP: Prochlorococcus-like particles. Non-photosynthetic bacteria are 
sub divided into HNA-Ls: high-nucleic acid low-scatter cells; HNA-Hs: high-nucleic acid high-scatter cells; and LNA: low-nu-
cleic acid cells. Horizontal lines: medians; box limits: 25th and 75th percentiles; whiskers: 1.5× the inter quartile range from the 
25th and 75th percentiles; dots: outliers. (b) Relation between retention efficiency of different prey types and their relative 
size, calculated as the ratio of cells’ forward scatter (FSC) to the FSC of 1 μm beads, color-coded as in (a). Vertical error bars: 
lower and upper quartiles of retention efficiency; horizontal error bars: lower and upper quartiles of the FSC normalized to the 
FSC of 1 μm beads. (c) Clearance rates of the 20 most abundant prokaryotic operational taxonomic units (OTUs) in the water. 
Grey lines divide OTUs into taxonomic categories. α: Alphaproteobacteria; β: Betaproteobacteria, γ: Gammaproteobacteria; 
Bact: Bacteroidetes; Act: Actinobacteria; Cyan: Cyanobacteria. Pink: members of the SAR11 clade; green: autotrophs; blue: 
other non-photosynthetic bacteria. Vertical line: expected clearance rate assuming equal clearance rate probability for all cells 
(the average over all phylotypes). Circle size represents relative abundance in ambient water  during sampling (circles in up-
per right show the scale for 5 and 25% of total reads). Error bars: 95% CI. Squares: median clearance rates. Reproduced from  

Dadon-Pilosof et al. (2017) Nature Microbiology
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to the controls (data not shown). The ambient con-
centration of non-photosynthetic bacteria cells was 6 
× 105 ± 1.2 × 105 cells ml−1 with 20 phylotypes (clus-
tered at 98% identity), accounting for 94% of the 
total 16S rRNA gene reads sequenced. The SAR11 
clade and pico-cyanobacterial phylotypes accounted 
for 52 and 25% of the total reads, respectively (pink 
and green shades, respectively, in Fig. 2c), and O. 
fusiformis cleared both at low rates (Fig. 2c). 

Only 2 reliable samples were obtained from in situ 
incubations of O. longicauda. These 2 specimens 
showed trends similar to those observed for O. fusi -
formis, with preferential removal of the PicoEuk 
(19.2 ± 50 ml ind.−1 h−1; Fig. S1a,b in the Supplement, 

Table 1) over both the larger NanoEuk and smaller 
pico-cyanobacteria (13 ± 10 and 10 ± 2.9 ml ind.−1 h−1 
respectively; Fig. S1a,b). The abundant non-photo-
synthetic bacteria groups that numerically domi-
nated the planktonic community were removed at 
CRs lower (2.7 to 4 ml ind.−1 h−1) than PicoEuk or 
NanoEuk (Table 1, Fig. S1a,b). 

3.2.  Particle composition on appendicularian houses 

DNA extracted and sequenced (16S rRNA) from 
discarded houses at the end of in situ incubations 
showed marked differences between the 3 appendic-
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Appendicularian   N    Date and     Individual        Prey     Ambient concentration (cells ml−1)       Clearance rate 
species                           sampling           size              type                       Mean ±                 Median ±       (ml ind.−1 h−1) 
                                           site              (mm)                                          95% CI                   95% CI       Mean ± 95%CI    Median 
 
Oikopleura            16    Apr 2014     1.99 ± 0.31   NanoEuk      2.05 × 103 ± 4.75 × 102     1.90 × 103         24.02 ± 10.89      22.58 
 albicans                        NWMS           (1.99)         PicoEuk       1.64 × 103 ± 5.85 × 102     1.59 × 103         14.36 ± 6.53         9.82 
                                        (in situ)                                 Syn           5.29 × 104 ± 2.59 × 103     5.53 × 104           9.09 ± 6.28         6.17 
                                                                                     PLP           2.18 × 104 ± 6.18 × 104     2.71 × 104             7.8 ± 3.68         8.00 
                                                                                 HNA-Ls       1.27 × 105 ± 3.77 × 104     1.38 × 105           3.13 ± 4.51         0.00 
                                                                                 HNA-Hs       7.97 × 104 ± 4.18 × 104     6.74 × 104           8.74 ± 7.3           7.38 
                                                                                    LNA          3.28 × 105 ± 6.56 × 104     3.24 × 105           2.18 ± 2.9           0.44 

O. fusiformis          22    Apr 2014     0.63 ± 0.06   NanoEuk      2.16 × 103 ± 3.69 × 102     1.96 × 103           2.54 ± 1.06         1.89 
                                        NWMS           (0.67)         PicoEuk       2.34 × 103 ± 5.68 × 102     2.02 × 103           7.36 ± 2.08         6.44 
                                        (in situ)                                 Syn           4.95 × 104 ± 4.03 × 103     4.87 × 104           1.31 ± 0.87         0.19 
                                                                                     PLP           2.39 × 104 ± 3.75 × 103     2.43 × 104           3.38 ± 1.21         2.66 
                                                                                 HNA-Ls       1.59 × 105 ± 1.64 × 104     1.61 × 105           1.33 ± 0.74         0.75 
                                                                                 HNA-Hs       4.60 × 104 ± 1.62 × 104     3.51 × 104           1.01 ± 1.16         0.00 
                                                                                    LNA          4.15 × 105 ± 6.17 × 104     3.92 × 105             0.8 ± 0.55         0.03 

O. longicauda        2     Apr 2014     1.97 ± 0.68   NanoEuk      1.90 × 103 ± 5.15 × 103     1.90 × 103         13.07 ± 106.56    13.07 
                                        NWMS           (1.97)         PicoEuk       1.06 × 103 ± 4.29 × 103     1.06 × 103         19.18 ± 50.31      19.18 
                                        (in situ)                                 Syn           4.92 × 104 ± 1.69 × 103     4.92 × 104           7.05 ± 87.4         7.05 
                                                                                     PLP           1.93 × 104 ± 1.00 × 105     1.93 × 104         13.14 ± 3.92        13.14 
                                                                                 HNA-Ls       1.32 × 105 ± 3.17 × 105     1.32 × 105             3.6 ± 25.58       3.60 
                                                                                 HNA-Hs       6.33 × 104 ± 4.15 × 105     6.33 × 104           3.96 ± 43.03       3.96 
                                                                                    LNA          3.00 × 105 ± 9.57 × 105     3.00 × 105           2.66 ± 28.32       2.66 

O. dioica                11    Apr 2014     0.54 ± 0.05   NanoEuk      8.53 × 102 ± 0.00 × 100     8.53 × 102           1.44 ± 0.58         1.12 
                                        NWMS           (0.52)         PicoEuk       6.38 × 102 ± 0.00 × 100     6.38 × 102           2.28 ± 0.96         2.62 
                                    (laboratory)                             Syn           4.82 × 104 ± 0.00 × 100     4.82 × 104           1.54 ± 0.43         1.30 
                                                                                     PLP           1.38 × 104 ± 0.00 × 100     1.38 × 104           1.31 ± 0.45         1.18 
                                                                                 HNA-Ls       1.74 × 105 ± 0.00 × 100     1.74 × 105           0.78 ± 0.39         0.73 
                                                                                 HNA-Hs       2.30 × 104 ± 0.00 × 100     2.30 × 104           0.62 ± 0.36         0.56 
                                                                                    LNA          4.37 × 105 ± 0.00 × 100     4.37 × 105           1.46 ± 0.45         1.29 

O. dioica                10    Dec 2015       0.95 ± 0      NanoEuk       1.6 × 102 ± 2.93 × 101     1.59 × 102         55.19 ± 31.23      58.21 
                                     North Sea        (0.95)         PicoEuk       4.27 × 102 ± 5.75 × 101     4.29 × 102         18.52 ± 9.77        16.89 
                                    (laboratory)                             Syn           1.66 × 103 ± 1.79 × 102     1.71 × 103         15.43 ± 6.8          17.08 
                                                                                     PLP           3.77 × 102 ± 4.52 × 101     4.11 × 102           12.1 ± 10            8.14 
                                                                                 HNA-Ls       1.12 × 105 ± 7.39 × 103     1.11 × 105           6.55 ± 6.76         2.12 
                                                                                 HNA-Hs       6.65 × 104 ± 5.57 × 103     6.62 × 104           6.36 ± 9.1           0.00 
                                                                                    LNA          5.89 × 104 ± 6.30 × 103     6.12 × 104           6.57 ± 6.38         2.12

Table 1. Appendicularian clearance rates from in situ and laboratory experiments. N: number of incubation containers in each 
experiment. Animal sizes are reported as means ± 95% confidence intervals for the mean and median. Bold indicates 

clearance rates that were significantly different from zero (p < 0.05). All abbreviations are as in Fig. 1
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ularian species. Due to the low sample sizes, no 
absolute trends can be deduced. Nevertheless, results 
show that the most abundant microbial phylotypes 
(except SAR11-II, NS4, and Balneola) accumulated in 
O. albicans houses (Table S1). The degree of accumu-
lation (relative to ambient seawater) varied across 
phylotypes but was especially high for the K189A 
clade, Pseudo alteromonas, and Ralstonia (Table S1). 
The few houses from O. fusiformis and O. longicauda 
contained a very different microbial composition, 
with minimal change in the relative abundance of 
most phylotypes between the ambient water and the 
house. A notable exception was again the K189A 
clade, which was highly accumulated in the houses of 
all 3 species (Table S1). 

3.3.  Laboratory incubations 

3.3.1.  NWMS 

Laboratory incubations of O. dioica at Ville-
franche-sur-Mer also revealed significant differential 
prey removal with no correlation to particle size (Fig. 

3c), RM-ANOVA, Wilks’ λ = 0.06, F6,5 = 13.1, p < 0.01). 
Small and abundant prey types, such as pico-cyano-
bacteria and LNA bacteria (Table 1), were removed 
at similar efficiency (Syn: 63 ± 17%; PLP: 55 ± 10%; 
LNA: 60 ± 17%) to the larger and much less abundant 
NanoEuk (55 ± 18%; Fig. 3a,c), while the intermedi-
ate-sized PicoEuk were removed at higher efficiency 
than all other cells (78 ± 22%; Fig. 3a,c). O. dioica 
removed bacteria from the HNA-Hs and HNA-Ls 
clusters, which are about the same size as Syn and 
LNA, respectively, with lower efficiencies (HNA-Hs: 
21 ± 12%; HNA-Ls: 28 ± 11%; Fig. 3a,c). 

The 16S sequencing showed that 20 phylotypes 
accounted for 93% of total 16S rRNA gene reads. 
Pico-cyanobacteria and the SAR11 clade dominated 
the microbial community (21 and 53%, respectively). 
Significant differences in removal efficiencies were 
found within the SAR11 clade. While O. dioica did 
not appreciably remove SAR11-I (0.3 ± 0.1 ml ind.−1 
h−1; Fig. 3c), which accounted for 45% of the popula-
tion, it cleared the less abundant members of that 
clade at significantly higher CRs (SAR11-II: 1.5 ± 0.4; 
SAR11-IV: 2.3 ± 0.6; and an unclassified SAR11: 2.1 ± 
0.6 ml ind.−1 h–1; Fig. 3c). 
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Fig. 2. Differential clearance rates of Oikopleura fusiformis on marine microbes, measured by in situ incubations in the NSMS  
during April 2014 (n = 22). See Fig. 1 for further details
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3.3.2.  North Sea 

Ambient surface water collected in the winter from 
the North Sea coast of Norway (latitude: 60.2° N) 

contained low cell concentrations, consisting of only 
a few hundred eukaryotic algal cells per ml (Nano -
Euk: 1.1 × 102 ± 2.3 × 101; PicoEuk: 3.9 × 102 ± 2.7 × 
101 cells ml−1) (Fig. 3b,d, Table 1) and low concentra-
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Fig. 3. Differential clearance rates of the appendicularian 
Oikopleura dioica on marine microbes, measured under 
controlled laboratory conditions at (a,c,e) Villefranche-sur-
Mer using ambient seawater during April 2014 (n = 11) and 
(b,d) the Sars International Centre for Marine Molecular 
Biology in Bergen, Norway, during December 2015, using 
seawater from the Espegrend Marine Field Station, Bloms-
terdalen, North Sea (n = 10). See Fig. 1 for further details
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tions of non-photosynthetic bacteria (2.3 × 105 ± 7.6 × 
103 cells ml−1). 

Unlike our O. dioica incubation experiments using 
water from the NWMS, O. dioica incubated in water 
from the North Sea showed size-dependent selectiv-
ity, removing NanoEuk (84 ± 26%) and PicoEuk (46 ± 
27%) at higher efficiencies than smaller Syn (36 ± 
22%; PLP: 27 ± 27%) and non-photosynthetic bacte-
ria (HNA-Hs: 15 ± 25%; HNA-Ls: 14 ± 17%; LNA: 13 
± 15%; Fig. 3b,d). These differences were not statis-
tically significant, likely due to the small number of 
prey cells that introduced high variance in flow 
cytometry cell counts. 

4.  DISCUSSION 

Appendicularians are important mesozooplankton 
with high individual filtration rates, but there are rel-
atively few studies of their feeding in situ (Alldredge 
1981, Landry et al. 1994, Acuña et al. 1999, López-
Urrutia et al. 2003). These prior studies used syn-
thetic particles (Alldredge 1981) or relied on gut pig-
ment analysis (Landry et al. 1994, Acuña et al. 1999, 
López-Urrutia et al. 2003). The former technique iso-
lates only the effect of prey size, while the latter tech-
nique has limited taxonomic resolution and misses 
non-pigmented microbes. Flow cytometry techniques 
and next-generation sequencing are relatively new 
tools that address some of these methodological limi-
tations and have greatly advanced our ability to 
quantify feeding on microbial populations (reviewed 
in Sutherland & Thompson 2022). Our measurements 
revealed species-specific differences in appendicu-
larian prey preferences: some species removed prey 
in a more size-dependent manner (Oikopleura albi-
cans, O. dioica in the North Sea) while others did not 
(O. fusiformis, O. longicauda, O. dioica in NWMS). 
This is the first evaluation of the natural diet of O. 
albicans. The size ratio of appendicularians to their 
preferred prey (>1000:1) is higher than previous 
work suggests (e.g. 100:1; reviewed in Lombard et al. 
2011). 

It should be noted that the results provided for O. 
dioica were obtained using laboratory analysis only. 
Moreover, the setting of the North Sea and NWMS 
experiments differs to some extent (different temper-
atures, salinities, and incubation vessels). More im -
portantly, the laboratory experiment with O. dioica in 
the NWMS was conducted simultaneously with the 
in situ experiments, using the same water and hence 
the same microbial community. In contrast, the 
microbial community introduced to the O. dioica dur-

ing laboratory experiments at the North Sea was very 
different. These caveats hindered direct comparison 
between the results obtained for O. dioica and those 
for the animals that were found in the in situ experi-
ments (O. albicans, O. fusiformis, O. longicauda). 

Our results showed less efficient removal of the 
larger NanoEuk cells compared to PicoEuk for 3 of 
the 4 appendicularian species examined (O. dioica, 
O. fusiformis, and O. longicauda). This decreased 
retention efficiency for larger particles is similar to 
that observed by Fernández et al. (2004), who 
found small O. dioica exhibited decreased filtration 
rates for particles 3 to 6 μm. Fernández et al. 
(2004) suggested these results were most likely 
due to exclusion by the inlet filter, which limits the 
entrance of prey cells larger than the inlet filter 
mesh into the appendicularian’s house. However, 
the appendicularians in our study were generally 
larger than the small O. dioica in Fernández et al. 
(2004), and it is more difficult to determine if parti-
cle size-selection by the inlet filters is the sole 
mechanism for our results. The pore size of the 
inlet filters of O. dioica scales linearly with the 
animal’s body size (Lombard et al. 2010b). There-
fore, pre-filter aperture size in individuals with an 
average body size of 0.5 mm, as used in our labo-
ratory incubations (Table 1), is expected to be ~15 
× 45 μm (Lombard et al. 2010b). This means that 
most of the NanoEuk (2 to 20 μm) should pass 
through this filter, with some caveats depending 
on particle shape relative to the mesh dimensions, 
variability of the mesh pores, and the effective 
mesh pore size, which may be reduced if large 
particles aggregate on the inlet filters. 

Likewise, O. fusiformis removed the smallest frac-
tion of the NanoEuk (5 to 7 μm) with lower efficiency 
than PicoEuk. Although the dimensions of the filter 
apertures in O. fusiformis are unknown, its larger 
body size (average 0.67 mm in the specimens we 
used) suggests the mesh pores of the pharyngeal fil-
ter are likely larger than those of O. dioica (Deibel & 
Powell 1987). Since patterns of cell removal in O. 
longicauda and O. fusiformis were similar and since 
O. longicauda has no inlet filters, we suggest that O. 
longicauda does not use size-dependent mechanical 
filtration for larger cells. 

A different pattern was observed for O. albicans, 
the largest species (1.99 mm) we worked with, which 
generally removed particles in correlation with size. 
However, within the submicron-size class of parti-
cles, O. albicans retained submicron bacteria with 
different efficiencies depending on phylotypes (Fig. 1). 
In particular, members of the SAR11 clade, SAR116, 
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and Pseudoalteromonas were retained at signifi-
cantly lower efficiency, whereas pico-cyanobacteria 
were ‘preferentially’ removed. Since it is unlikely 
that these differences are related to the cell sizes, 
this suggests other mechanisms such as cell sur -
face properties are involved in the observed differen-
tial re tention efficiencies for submicron particles 
(Dadon-Pilosof et al. 2017). 

CRs are a common measure of suspension-feeding 
rates that are essentially a product of the organism’s 
water processing (pumping) rate and filtration effi-
ciency. In the appendicularian literature, CRs are 
represented in one of 2 ways: (1) as a single value 
representing the volume of water cleared of plank-
tonic cells per unit time (e.g. Tiselius et al. 2003), 
often used synonymously with pumping rates; or (2) 
as multiple values, each specific to a particular prey 
population (Sommer et al. 2002, Fernández et al. 
2004, Tönnesson et al. 2005). Our findings of differ-
ential retention suggest that appendicularian CRs 
cannot be calculated as a single number; instead, 
prey-specific rates should be used. 

In our analysis, the prey population is defined 
either by the cytometric divisions based on prey 
size, fluorescence, and cell content or by the 
sequencing analysis down to the OTU level (phy-
lotype level). Using this analysis, we suggest that 
the maximal prey-specific CRs recorded per appen-
dicularian species should be used as the best esti-
mate of the water processing (pumping) rate. Our 
results showed that for O. fusiformis, O. longi-
cauda, and O. dioica, PicoEuk cells were removed 
at the highest CRs (7.4 ± 2.1, 19.2 ± 50.3, and 2.3 ± 
1.0 ml ind.−1 h−1, respectively), which are similar to 
or higher than previously reported values (Deibel 
1997, Sato et al. 2004). 

CR quantifies which prey the appendicularians 
removed from the water and at what rate, but not 
all removed prey are necessarily ingested. Some of 
the prey populations may be retained in the house 
(Gorsky et al. 1984, Bochdansky & Deibel 1999, Fer-
nández et al. 2004, Conley & Sutherland 2017, Con-
ley et al. 2018a). This results in at least 4 different 
potential fates for the retained prey populations: (1) 
prey cells that are ingested by the animal will con-
tribute to appendicularian biomass and metabolism 
and the by-product of fecal pellets (Fig. 4); (2) con-
centrated microbes attached to the appendicularian 
house can be eaten by larger zooplankton and small 
fish that would not otherwise be able to filter small 
particles directly from the water (Alldredge 1976b); 
(3) cells that are retained in the house but have not 
been ingested will sink with it when it is discarded 

(Table S1) and contribute to differential export of 
planktonic carbon to depth as marine snow (All-
dredge & Silver 1988); and (4) some cells will be 
released from the disintegrating house back to the 
water column as a plume of particles (Lombard & 
Kiørboe 2010) and may return to the active micro-
bial community, potentially enriched with nutrients 
excreted by the appendicularians (Lundgreen et al. 
2019). This differentiation emphasizes the impor-
tance of using prey-specific CRs and also analyzing 
the microbial composition of freshly discarded 
houses (Table S1). By defining CR in relation to 
prey type, together with the composition of what is 
not actually ingested but retained within discarded 
houses, we can better quantify the contribution of 
specific prey to appendicularian physiology and to 
biogeochemical cycles in the oceans. 

When considering the contribution of different prey 
types to the diet and growth processes of appendicu-
larians, the biomass and abundance of each prey type 
in the ambient water should be considered. We calcu-
lated the contribution of each prey type to the appen-
dicularian diet as the product of its CR, measured 
concentrations, and the carbon content per cell esti-
mated using conversion factors from Houlbrèque et 
al. (2006) and Buitenhuis et al. (2012), as detailed in 
Table 2. Although non-photosynthetic bacteria were 
removed at lower rates than all other prey groups 
(Figs. 1 to 3), due to their high abundance, their total 
contribution to the appendicularian diet was not triv-
ial: it represented 5 to 19% of the planktonic carbon in 
the appendicularian diet. This contribution was simi-
lar to, and sometimes even higher than, the contribu-
tion of the much ‘preferred’ but less-abundant Pico -
Euk (Tables 1 & 2) that appendicularians cleared at 
the highest efficiency. Due to their large biovolume, 
NanoEuk accounted for most of the planktonic car -
bon removed by the appendicularians (40 to 70% of 
the total), despite generally lower numerical abun-
dances (Table 2). The relative removal of prey types 
and their contributions to diet are thus driven by both 
differential capturability and available background 
prey. During blooms, appendicularians can remove 
more than half of the marine microbial populations in 
a matter of days (Alldredge 1981, Scheinberg et al. 
2005), thus playing a central role in pelagic food webs 
(D’Alelio et al. 2016). Information on prey prefer-
ences provides us with the capacity to predict re -
moval rates for different ambient prey assemblages. 

Appendicularians can exhibit considerably lower 
prey-to-predator ratios than most planktonic groups 
(compare Lombard et al. 2011 to Boyce et al. 2015), 
and thus they shorten the food chain by directly 
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transferring pico-planktonic biomass and energy 
to higher levels of the food web (Gorsky & Fenaux 
1998). This ratio becomes even more important in 
oligotrophic systems, where pico-planktonic cells 
dominate the planktonic communities (Gorsky & 
Fenaux 1998). Our findings revealed prey−predator 

size ratios similar to those cited by Boyce et 
al.  (2015) only when assuming that the large 
Nano Euk are the main prey type of the appendic-
ularians (Fig. 5, black downward-facing triangles). 
Previous studies may have indiscri minately aver-
aged all prey types together, and the much larger 
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Group                                                                                 Northwest Mediterranean Sea                                                         North Sea O. dioica 
                    CC (fg       Amb.                   Average clearance rate                           Carbon content in diet                      Amb.         Clearance          Carbon 
                   C cell−1)      conc.                             (l ind.−1 h−1)                                           (μg ind.−1 h−1)                            conc.              rate         content in diet 
                                  (cells ml−1)     O. albicans   O. dioica   O. fusiformis     O. albicans   O. dioica   O. fusiformis     (cells ml−1)   (l ind.−1 h−1)    (μg ind.−1 h−1) 
 
NanoEuka     7628      1.7 × 103            0.024           0.001            0.003                0.319           0.019            0.034             1.1 × 102          0.055                0.046 
PicoEukb       1319      1.4 × 103            0.014           0.002            0.007                0.027           0.004            0.014             3.9 × 102          0.019                0.010 
Synb               154       5.0 × 104            0.009           0.002            0.001                0.070           0.012            0.010             1.6 × 103          0.015                0.004 
PLPb                60        1.9 × 104            0.008           0.001            0.003                0.009           0.002            0.004             3.8 × 102          0.012                0.000 
Bacta                14        5.7 × 105            0.004           0.001            0.001                0.028           0.009            0.010             2.3 × 105          0.006                0.020 

aHoulbrèque et al. (2006); bBuitenhuis et al. (2012)

Table 2. Estimated contribution of dominant microbial populations to planktonic biomass in appendicularian diets as sampled in the 
Northwest Mediterranean Sea for Oikopleura albicans, O. dioica, and O. fusiformis and in the North Sea for O. dioica. Calculations are 
based on the measured concentration of each prey population and published conversion factors. This is a summary table; detailed sta-
tistics for each parameter are reported in Table 1 and group acronyms are defined in Fig. 1. Amb. conc.: average ambient concentra- 

tion; CC: conversion factor–carbon content per cell
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 Nano Euk would clearly dominate 
such calculations. Our strategy of 
calculating a separate CR for each 
prey type reveals much lower 
prey-to-predator size ratios, rang-
ing be tween ~1:1000 and 1:2000 
(Table 2, Fig. 5), as was also re -
ported by Gorsky & Fenaux (1998). 
The re moval of micron and sub-
micron prey at high rates under-
scores the influence that appen-
dicularians have on the microbial 
loop (Gor sky et al. 1999, Calbet 
& Landry 2004). 

Appendicularians have one of 
the most complex filtration pro-
cesses in the animal kingdom. In 
addition to the physical complex-
ity of the filter, our results in -
dicate that there is also complex-
ity in terms of how this filter 
interacts with biological particles —
revealing some intriguing selec-
tivity patterns that do not de -
pend solely on particle size. The 
impact of appendicularians on 
marine microbial assemblages, 
especially during their blooms, 
de pends on the structure of the 
in let, food-concentrating, and pharyngeal filters 
and also on the degree to which particles are con-
centrated, attached, or may slip through those dif-
ferent layers of mesh. Appendicularians can also 
actively reject prey based on the chemical charac-
teristics of the particles (Lombard et al. 2011). Col-
lectively, our results show how these processes 
may manifest in the natural diet of these species at 
the prey phylotype level. Prey-specific filtration 
should be considered in future models of marine 
food webs. 
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