MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 294: 201–212, 2005

Published June 9

Grazing of two common appendicularians on the
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ABSTRACT: The clearance rates of co-occurring appendicularian species, Oikopleura longicauda
and O. fusiformis, in Kaneohe Bay, Hawaii, were investigated to evaluate and compare their roles in
a tropical food web. Individual appendicularians were captured in situ and allowed to feed on the
natural plankton assemblage for 60 to 180 min. Feeding rate estimates were based on flow-cytometry
analyses of cell-density changes for heterotrophic bacteria (Hbact), Synechococcus spp. (Syn) and
<13.0 µm autotrophic eukaryotes (Aeuks). Despite morphological differences, O. longicauda and
O. fusiformis cleared the largest prey size-fraction at statistically indistinguishable rates. For the 3
prey categories (Hbact, Syn and Aeuks), mean clearance rates (± 95% CI) were 12 ± 7, 27 ± 6 and 34 ±
18 ml individual (ind.)–1 h–1 and 25 ± 12, 26 ± 15 and 38 ± 20 ml ind.–1 h–1 for O. longicauda and
O. fusiformis, respectively. The mean clearance rates of these 2 species on total sub-micron cells in
Kaneohe Bay were not significantly different; however, O. fusiformis cleared Hbact at a marginally
higher rate (p = 0.07). Only O. longicauda exhibited significantly different retention efficiencies as a
function of prey size, clearing the smallest prey (Hbact) at approximately 36% the rate of the largest
(Aeuks) (p < 0.01). Despite reduced efficiencies on the smallest prey categories, at high abundances
in Kaneohe Bay (often 2 ind. l–1), O. longicauda is capable of removing > 60% of the picoplankton
standing stock from the water column daily. While generally much less abundant, during occasional
peaks of 1 ind. l–1, O. fusiformis can remove an almost equivalent amount (> 50%). Nevertheless, the
consistently higher abundances of O. longicauda make this species a more significant link between
picoplankton production and higher-level consumers (chaetognaths and fishes) in this coastal
tropical embayment.
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Tropical waters have complex multi-level food webs
in which most production originates from, or passes
through, prokaryotes and is dissipated through multiple levels of transfer via a protistan grazing chain (e.g.
Azam et al. 1983, Calbet et al. 2001, Landry & Kirchman 2002). It has been noted, however, that certain
metazoans with the ability to feed directly on bacteriasized particles could short-circuit much of the microbial loop, eliminating several trophic steps (Turner et

al. 1998). If so, such organisms could be disproportionately important to higher-level consumers and a potentially significant energy pathway in tropical plankton
systems.
Appendicularians are small pelagic tunicates with this
short-circuiting potential. Their mucous ‘houses’ include
complex internal filtering-structures made of fine glycoprotein and carbohydrate filaments, which can retain
particles as small as 0.13 µm in diameter (Flood et al.
1992, Deibel 1998). They are themselves subject to predation by a wide variety of vertebrates and inverte-
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inlet-filters for O. longicauda and the larger house-tobody size ratio of O. fusiformis, which is approximately
twice that of O. longicauda (Fig. 1). The larger house
size and internal filtering area of O. fusiformis suggests
that its maximum filtering capability should exceed
that of O. longicauda. The ~1 mm inlet holes of O.
longicauda are 2 orders of magnitude greater in diameter than the 13 µm-mesh filters of O. fusiformis (Alldredge 1977). O. longicauda also possesses a unique
mucous hood that covers the entirety of its trunk and
may afford it some as yet undetermined advantage
during grazing (e.g. Alldredge 1977). It is possible, for
example, that such a hood could help to deflect or
shield the appendicularian from potentially harmful
large cells that occasionally enter through its unrestricted inlets, although it should not be as effective as
the inlet filters of O. fusiformis in preventing internal
filter clogging by large cells.
While these 2 species are commonly considered to
be warm-water species, they are found in almost every
ocean with the exception of the Arctic, and tend to be
among the most abundant appendicularians wherever
they occur (Fenaux et al. 1998). In fact, Oikopleura
longicauda is often reported as the dominant appendicularian in both coastal and open-ocean waters
(Lohmann & Hentschel 1939, Tokioka 1960, Fenaux
1968, Fenaux & Dallot 1980, Taguchi 1982, Tomita et
al. 2003) and has been observed in swarms of up to
3600 ind. l–1 (Owen 1966, Alldredge 1982). In addition to their numerical dominance, López-Urrutia et al. (2003)
(a)
(b)
recently found that these 2 species
together had the greatest grazing
impact among appendicularians on
phytoplankton populations in the
temperate open ocean. However,
based on the relative temporal and
spatial distributions of O. longicauda and O. fusiformis, it appears
that they may be maximally successful under different environmental conditions (Acuña &
Anadón 1992, Acuña 1994, Fenaux
1998, Scheinberg 2004).
It has previously been determined that Oikopleura fusiformis,
with its small body size and disproportionately large house, is
well adapted for exploiting ultraoligotrophic waters dominated by
picoplankton at low standing biomass (Scheinberg & Landry 2004).
However, despite the apparent
Fig. 1. (a) Oikopleura longicauda and (b) O. fusiformis in houses. T: trunk; Ta: tail;
success of O. fusiformis in openIO: incurrent opening; IF: incurrent filter; H: hood. Hood of O. longicauda is not visible
in (a). Images courtesy of A. Alldredge; line drawings modified from Alldredge (1977)
ocean influenced waters along the
brates, such as larval fishes and chaetognaths (Shelbourne 1962, Kimmerer 1984, for review see Purcell et al.
2004). Appendicularians therefore bridge a relatively
wide size range of food web components.
While it has been previously suggested that the large,
gelatinous feeding structures of pelagic tunicates are
a general adaptation to the low food concentrations
of oligotrophic environments (Harbison 1992, Acuña
2001), distinct morphological differences in these structures among appendicularian species (Alldredge 1977)
suggest that there may be unique adaptations to particular niches within the oligotrophic environment. Although numerous studies have investigated the rates at
which appendicularians can clear and/or ingest particles from temperate, subarctic and arctic waters (Acuña
et al. 1999, López-Urrutia et al. 2003, Fernández et al.
2004), only a handful have been conducted with warmwater species (Alldredge 1977, 1981, Sato et al. 2004)
and almost all utilized proxies for natural prey, such as
latex beads or ink particles.
The goal of our study was to determine the relative
rate capabilities of 2 common warm-water appendicularians, Oikopleura longicauda and O. fusiformis, grazing on natural prey, and to gain more insight into the
reasons for their relative abundances in tropical waters.
These species have distinct morphological characteristics with respect to the size and structure of their
mucous feeding apparatus. The most remarkable of
these differences are the unique absence of house
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NW coast of Oahu, this species is less abundant than
O. longicauda in coastal sites with a greater terrestrial
influence, higher nutrient concentrations and reduced
circulation. To better understand the ecological importance of these species in tropical environments, feeding experiments were conducted in a mesotrophic
embayment. Experiments were conducted to measure
clearance rates on natural picoplankton and nanoplankton prey, and a sampling station was established
to determine relative abundances during the experimental period. Our findings suggest that differences
in house structure, and possibly tail length, width and
musculature, may allow O. longicauda to deal better
with higher prey concentrations and episodic blooms.

MATERIALS AND METHODS
Study site and sampling protocol. Fig. 2 shows a
map of our sampling and experimental study sites in
southern Kaneohe Bay on the NE coast of Oahu,
Hawaii. The sampling station was chosen based on its
highly representative nature with respect to the plankton community of the southern Kaneohe basin. Results
from 8 mo of weekly sampling at 4 approximately
equidistant stations in southern Kaneohe Bay indicated that the plankton community at Stn SB was not
significantly different from the experimental site used
in the present study (Student’s t-test, p > 0.05; R.
Scheinberg unpubl. data). Sampling was conducted
approximately every 2 wk over a 5 mo period prior to
and following appendicularian feeding experiments
(see next subsection) to determine the relative biomass
and abundances of Oikopleura longicauda and O.
fusiformis. Gentle vertical tows were made from 12 m
(station depth 15 m) with a 0.5 m diameter (64 µm
Nitex mesh) conical plankton net to minimize damage to the fragile gelatinous animals. The net was
equipped with a polyvinyl chloride cod-end bucket
with 64 µm Nitex mesh windows for filtration. The
small mesh allowed the collection of all life-history
sizes, beginning with the first developmental stage
after hatching (Fenaux 1998). Net tow samples were
preserved in the field with borax-buffered formalin
(5% final concentration). In the laboratory, a minimum
of 100 individuals of each species were counted and
measured. Water samples were also collected every
3 m from the surface to 12 m using a 1 l Niskin bottle.
For chlorophyll a analyses, 25 ml aliquots were filtered
onto Whatman GF/F glass-fiber filters, and pigments
were extracted in 5 ml of 90% acetone in the dark
at –20°C for 24 h. Chlorophyll a was quantified using
a TD 700 fluorometer calibrated against HPLCdetermined concentrations (Holm-Hansen & Riemann
1978).

Fig. 2. Map of southern Kaneohe Bay, Hawaii study site. SB:
routine sampling station; HIMB: Hawaii Institute of Marine
Biology on Coconut Island

Feeding experiments. Grazing impacts of Oikopleura
longicauda and O. fusiformis were investigated using
individuals and seawater collected from a deep channel approximately 10 m offshore on Coconut Island in
Kaneohe Bay. Field experiments were conducted in
February and March 2002 to determine clearance rates
on heterotrophic bacteria, Synechococcus spp. and
autotrophic eukaryotes. Individual appendicularians
were gently captured in situ in 265 ml wide-mouth,
polycarbonate bottles. Each experiment (n = 10) consisted of 2 to 4 bottles with 1 appendicularian each and
2 control bottles with ambient seawater without
appendicularians. All bottles were incubated onshore
in plastic chambers maintained at ambient temperature (24 ± 1°C) by periodic addition of seawater to the
chambers. Incubation times ranged from 60 to 180 min.
Prior to incubation, initial 1 ml aliquots were taken
from each bottle, preserved in cryogenic tubes with
paraformaldehyde (PFA; 4% final concentration) and
frozen in liquid nitrogen for later analysis of picoplankton prey abundance. Additional 1 ml aliquots were
taken from each bottle approximately every 60 min, or
until the appendicularian no longer maintained a
steady feeding current in an inflated house. Aliquots of
50 ml were also removed from each bottle prior to incubation and upon termination of the experiments. These
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samples were preserved with PFA (4% final concentration) and stored on ice for later analysis of nanoplankton prey. After the experiments were terminated,
the appendicularians were removed from the bottles,
preserved (borax-buffered formalin; 5% final concentration) and brought back to the nearby laboratory
(Hawaii Institute of Marine Biology) for immediate
measurement and identification.
Appendicularians were identified according to Bückmann & Kapp (1975) and Fenaux (1993) and measured
to the nearest 20 µm using a Leica MZ 9.5 stereomicroscope with an ocular ruler. Appendicularian trunk
length was defined as the distance from the tip of the
mouth to the posterior edge of the trunk. Shrinkage of
preserved specimens was determined by measuring 50
live individuals and then re-measuring them up to 1 yr
following preservation. Biomass estimates were determined from the ash-free dry weight (W, µg) to trunk
length (TL, µm; corrected for shrinkage) relationships
of Hopcroft et al. (1998) for Oikopleura longicauda,
log W = 2.47 log TL – 6.10, and Alldredge (1976) for O.
fusiformis, log W = 4.21 log TL – 11.35, as reported in
Hopcroft et al. (1998). Biomass was converted to carbon (C) assuming a C:W ratio of 0.52, as in Alldredge
(1981). House lengths were estimated using the house
length (L) to trunk length (T) relationships of Alldredge (1977), where L = 4.1 T + 1.2 for O. longicauda
and L = 9.9 T – 0.4 for O. fusiformis.
Measurement of clearance rates. Clearance rates
were determined from changes in prey cell densities
over the incubation period as measured using flowcytometry (FCM). Frozen 1 ml aliquots from the grazing experiments were thawed and stained with
Hoechst 33342 (0.8 µg ml–1 final concentration) for
30 min before analysis (Monger & Landry 1993). Each
aliquot was spiked with a mixture of Polysciences Fluoresbrite YG 0.57 and 0.98 µm visible-beads and
0.46 µm UV-beads to normalize light-scatter signals to
consistent size references. Subsamples of 100 µl were
enumerated on a Coulter EPICS 753 flow cytometer
equipped with dual argon lasers and MSDS II automatic sampling. The lasers were aligned colinearly
with the first laser tuned to the UV range to excite
Hoechst-stained DNA. The second laser was tuned to
488 nm at 1.0 W to excite the pigments of autotrophic
cells. Picoplankton populations were distinguished
from each other by differences in light-scatter and
fluorescence emission. Heterotrophic bacteria (Hbact)
showed DNA staining but no red (680 ± 40 nm) fluorescence. Synechococcus spp. (Syn) were characterized
by the presence of orange (575 ± 40 nm) fluorescence
(phycoerythrin), and autotrophic eukaryotes (Aeuks)
were identified by higher forward and right-angle
light-scattering (indices of cell size) and enhanced red
fluorescence compared to Syn.

Prey size and carbon estimates. The size composition of prokaryotic and eukaryotic prey was determined using both epifluorescence microscopy and flowcytometry according to the methods of Scheinberg &
Landry (2004). To avoid problems in distinguishing
Syn from other groups of larger, phycoerythrincontaining cells microscopically, Syn size was determined via FCM analysis of size-fractionated water
from Kaneohe Bay. Picoplankton prey abundance was
converted to biomass equivalents using biovolume to
carbon conversion factors of 380 fg µm– 3 (Lee &
Fuhrman 1987) and 235 fg µm– 3 (Shalapyonok et al.
2001) for Hbact and Syn, respectively. Biovolumes
of autotrophic eukaryotes (BV, µm3) were converted
to biomass (pg C) based on Eppley et al. (1970):
log10(pg C) = 0.76 log10(BV) – 0.29 and log10(pg C) =
0.94 log10(BV) – 0.60 for diatoms and flagellates,
respectively. These equations do not take into account
cell shrinkage due to preservation and thus yield
minimum estimates of cell carbon content. We set an
upper limit to prey size of 13 µm (maximum diameter)
for the purposes of a clearance rate comparison
between Oikopleura longicauda and O. fusiformis,
based on the house inlet-filter pore size of O. fusiformis
(Flood & Deibel 1998). This upper limit may have led to
an underestimation of the possible impact of O. longicauda on >13.0 µm prey. Total available prey biomass
was determined as the sum of the carbon estimates for
picoplankton categories plus those from microscopic
analyses of <13 µm autotrophic and heterotrophic
nanoplankton.
Clearance and ingestion rate calculations. Clearance rates were calculated according to the equations
of Frost (1972). Clearance rates, defined as the volume
of water effectively cleared of a particular particle size
by both the house and the tunicate over time (Deibel
1998), were determined from the rates of disappearance of cells in experimental incubations relative to
controls. Successful experiments were defined as those
with actively feeding appendicularians, interpreted as
experiments that resulted in a measurable decrease
(> 2%) in the largest prey-size fraction, Aeuks. This size
fraction was chosen as the determining factor based on
the results of previous experiments on Oikopleura
fusiformis, which showed that the large cells were retained with maximum efficiency (Scheinberg & Landry
2004). The number of houses produced during the incubation period was multiplied by the house-production
time (approx. 1 min; R. Scheinberg unpubl. data) and
subtracted from the total incubation time to determine
net grazing time. Clearance rates for heterotrophic
eukaryotes (Heuks) were assumed to be equivalent to
the measured clearance rates on similarly sized Aeuks,
and the biomass components of auto- and heterotrophs
were combined (Euks = total <13 µm eukaryotes) to
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calculate ingestion rates. Statistically significant differences between mean cell-density changes in control
and experimental bottles were determined using
paired t-tests at p = 0.05. Coefficients of variation of
replicate FCM abundance estimates averaged 1.5% for
natural bacterial concentrations (Monger & Landry
1993). Experiments with a < 2% change in any prey
category between initial and final samples were considered to have zero net change. Relative clearance efficiency was calculated assuming a maximum efficiency
of 100% for >1.0 µm prey (Scheinberg & Landry 2004).
Ingestion rates of Oikopleura longicauda and O. fusiformis were determined indirectly using measured
clearance rates and assuming that 30 ± 5% of the particles cleared were retained on the filtering apparatus
and not ingested, as determined by Gorsky (1980) and
Gorsky et al. (1984). This number is close to the mean of
the range of 0 to 80% particulate adhesion reported in
the literature (Acuña & Kiefer 2000). The size-specific
and taxon-specific adhesion of particles to appendicularian houses is unknown. The fraction of cleared cells
that adhere to the mucous house and do not enter the
pharynx of the tunicate was thus assumed to be independent of both size and prey taxon. In addition, it was
assumed that Synechococcus spp. passed through the
appendicularian gut intact (Gorsky et al. 1999) and
were returned intact to the environment in fecal pellets
without contributing to the nutrition of the organism.
Synechococcus spp. was thus excluded from the calculation of total daily ration. All margins of error represent
the 95% confidence intervals for the mean estimates.
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cantly over the experimental period (Fig. 3; p < 0.001).
Although least abundant, small eukaryotes dominated
in terms of biomass, with a mean of 8.0 ± 1.1 µg C l–1 for
autotrophs and 6.6 ± 2.2 µg C l–1 for heterotrophs. Net
growth rates of 0.06 ± 0.02 and 0.03 ± 0.01 d–1 were
measured in experimental controls for heterotrophic
bacteria and Synechococcus spp., respectively. There
was no significant change in prey abundance in the
controls for Aeuks (p > 0.1). Epifluorescence microscopy and FCM-analyzed size-fractionation experiments were used to determine the size range of each
prey category. Prey size varied little over the experimental period. The mean equivalent spherical diameters (ESDs) of <13 µm eukaryotes were 3.6 ± 0.3,
4.0 ± 0.1 and 3.3 ± 0.2 on February 20 (Experimental
Day 1), February 21 (Day 2) and March 11 (Day 3),
respectively. Hbact had a mean ESD of 0.5 ± 0.03 µm
and approximately 93% of all Syn were between
0.8 and 1.0 µm in diameter.
Chlorophyll a concentrations ranged from 0.2 to 1.6 µg
l–1 in Kaneohe Bay between January and May, with a
mean of 0.8 ± 0.3 µg l–1 (n = 9). The maximum coincided
with blooms of the large, chain-forming diatoms Chaetocerus spp. and the dinoflagellates Ceratium spp. on
Experimental Days 1 and 2, respectively. Day 3 had a
comparable chlorophyll a concentration of 1.3 µg C l–1.

Appendicularian community composition
Analyses of net-collected samples confirmed the
presence of either Oikopleura longicauda or O. fusiformis in each of the experimental bottles. In addition,

RESULTS
Prey community composition
The abundance, size and biomass estimates of
appendicularian prey during the grazing experiments
are reported in Table 1. The smallest size fraction of
prey, Hbact, dominated in abundance and was the
only prey type for which abundance varied signifiTable 1. Mean size ranges (µm, n ≥ 100), abundances (cells
ml–1), and biomass concentrations (µg C l–1) of appendicularian
prey during experimental period. Abundance and biomass of
heterotrophic bacteria was significantly different (p < 0.001)
over 2 of the experimental days and is thus presented as a
range of values
Prey type

Size

Heterotrophic bacteria
0.3–0.7
Synechococcus spp.
0.8–1.0
Autotrophic eukaryotes
1–13
Heterotrophic eukaryotes 1–13

Abundance Biomass
2.5–4.6 × 105
1330 ± 890
1720 ±120
1970 ± 760

2.7–8.7
1.4 ± 0.1
8.0 ±1.1
6.6 ± 2.2

Fig. 3. Abundance of heterotrophic bacteria (Hbact), Synechococcus spp. (Syn). and <13.0 µm eukaryotes (Euks) in
Kaneohe Bay, Hawaii, over 3 experimental days. Error bars
represent upper 95% confidence intervals of the mean (n = 26)
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analyses of net samples from southern Kaneohe Bay
established that they were the only 2 appendicularian
species in the bay over the 5 mo sampling period.
Details on the size, biomass and abundance of these
species are given in Table 2. O. longicauda dominated
the appendicularian community in terms of abundance
during all grazing experiments and on 9 out of 10 sampling days (Fig. 4). Peak appendicularian abundance
(2.6 ind. l–1) occurred on Day 3 of the experiment. The
sizes of the experimental individuals, as indicated by
trunk length (TL), were representative of the general
appendicularian population, with a range of 0.4 to
0.9 mm (mean = 0.7 ± 0.2) and 0.4 to 1.0 mm (mean =
0.8 ± 0.2) for O. longicauda and O. fusiformis, respectively. The sizes of both species were corrected using
the mean shrinkage value of 13 ± 2%. Mean biomass
was 2.8 ± 1.9 µg C ind.–1 for O. longicauda and 4.2 ±
2.6 µg C ind.–1 for O. fusiformis. Despite similarities in
TL, adult O. longicauda had a wider and more muscular tail than O. fusiformis, and the mean house length
of O. fusiformis was almost 2 times larger than that of
O. longicauda (7.0 ± 1.3 vs. 3.9 ± 0.5 mm).

Clearance rates

and Syn were not statistically different (p > 0.1). In contrast, O. fusiformis cleared all prey at statistically indistinguishable rates (range = 6 to 78 ml ind.–1 h–1, mean =
30 ± 9 ml ind.–1 h–1, p > 0.1). Despite their different
size-dependent tendencies, O. longicauda and O.
fusiformis did not clear any of their prey fractions at
statistically different rates from each other (p > 0.05). A
p-value of 0.07 for the comparative clearance rate of
Hbact by both species suggests that this smallest size
fraction may be an exception. The single rate measured for O. fusiformis on Experimental Day 3 fell
within 2 standard deviations of the mean for all prey
types on the first 2 experimental days and is thus
included in our results. Our small sample size did
not allow us to determine a significant relationship
between trunk length and clearance rate for either
species.

Ingestion estimates
Based on measured clearance rates and our assumptions regarding size- and taxon-independent cell losses
to house adhesion, Oikopleura longicauda and O. fusiformis ingested the majority of their carbon from the
largest and least abundant size fraction of planktonic
prey, 1 to 13 µm Euks. For both species, ingestion rates
of eukaryotic prey were significantly higher than for all
other prey combined on all experimental days (p < 0.05,
Fig. 7). Although assumed to be indigestible, Synechococcus spp. is included in Fig. 7 to illustrate the
potential magnitude of carbon removal for this size
fraction of prey. Hbact and Euks represent the total

Appendicularians exhibited significant feeding in
61% of the grazing bottles. Failure to build a new
house following capture was the most common reason
for the lack of feeding. Only the results of successful
experiments are given here, i.e. those in which the
tunicates built a new house following capture and
were observed to maintain a steady feeding current.
Experimental bottles contained an
average of 1.2 ± 0.5 discarded houses.
Table 2. Oikopleura longicauda and O. fusiformis. Size distribution, weight,
Clearance rates were variable, but did
house diameter, filter mesh, abundances and biomass of the 2 species of appennot differ significantly between experdicularian in Kaneohe Bay, Hawaii. For size and abundance, n ≥ 100. Tail width
represents tail-muscle band and excludes the often-damaged fin-like expanimental dates for Oikopleura longisions on both sides. Individual biomass and house lengths were calculated from
cauda (n = 10) or O. fusiformis (n = 7)
trunk length according to relationships of Alldredge (1976) and Alldredge (1977),
(p > 0.1; Fig. 5). Clearance rates are
respectively. nd: no data
not reported for O. longicauda on Day
3 of the experiment, as terminal bloom
Species
O. longicauda
O. fusiformis
conditions of this species prevented
Range
Mean ± CI
Range
Mean ± CI
the collection of healthy, feeding
Trunk length (mm)
00.4–0.90 0.7 ± 0.1
0.4–1.0
0.8 ± 0.2
individuals. Mean clearance rates on
Tail width (mm)
0.07–0.50 00.2 ± 0.03
0.04–0.30 00.2 ± 0.04
each prey type over the experimental
Tail length (mm)
0.8–6.0
2.7 ± 0.5
0.8–5.1
2.4 ± 0.6
period are illustrated in Fig. 6. O. longBody wt (µg C ind.–1)
0.9–8.8
2.8 ± 2.0
0.2–9.2
4.8 ± 2.6
icauda exhibited their highest clearHouse diameter (mm)
2.7–5.0
3.9 ± 0.5
3.6–9.3
7.0 ± 1.3
ance rates on the largest size fraction
Inlet-filter mesh
length × width (µm)
Absent
13 × 13a
of prey, Aeuks, with a maximum rate
c
–1 –1
Food-concentrating filter
610 × 150
nd
of 85 ml ind. h (mean = 34 ± 18 ml
meshb length × width (µm)
ind.–1 h–1), and cleared both Aeuks and
–1
Abundance (ind. l )
0.01–2.60 1.2 ± 0.5
0.00–0.90 0.3 ± 0.2
Syn at significantly higher rates than
Biomass (µg C l–1)
0.02–3.70 1.8 ± 0.1
0.00–1.40 0.4 ± 0.1
Hbact (mean = 12 ± 7 ml ind.–1 h–1; p <
a
Alldredge (1977); brepresents lower filter screen; c Deibel & Powell (1987)
0.05). Mean clearance rates on Aeuks
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digestible prey in mean ingestion rate and daily ration
calculations for O. longicauda and O. fusiformis. Mean
rates did not differ significantly over the experimental
period (p > 0.1) or between species (p > 0.5). O. longicauda had an overall mean ingestion rate of
0.4 ± 0.2 µg C ind.–1 h–1, while O. fusiformis ingested
prey at a mean rate of 0.5 ± 0.2 µg C ind.–1 h–1. Weightspecific ingestion rates of O. longicauda were lower on
the second experimental day, but were not statistically
different between days (p > 0.1, n = 10). Specific ingestion rates of O. fusiformis did vary significantly, ranging from 0.04 ± 0.03 to 0.3 ± 0.1 µgC µg–1 C h–1 (p < 0.05;
n = 7). Nonetheless, the daily rations of O. longicauda
and O. fusiformis were not significantly different over
the experimental period, at 4.6 ± 2.6 µg C µg–1 C d–1
and 3.7 ± 2.4 µg C µg–1 C d–1, respectively (p > 0.5).
Fig. 4. Oikopleura longicauda and O. fusiformis. Abundance
in southern Kaneohe Bay over a 5 mo period

DISCUSSION
Our findings represent the first comparative feeding
study of small, warm-water appendicularians on their
natural prey assemblages. In addition, we report
clearance rates of one of the most globally abundant
oikopleurids, Oikopleura longicauda, on naturally occurring nano- and picoplankton prey. O. longicauda
comprised > 80% of the abundance and biomass of
appendicularians in Kaneohe Bay over the experimental period, yet, despite the relative abundances and
morphological differences between the 2 species, O.
longicauda and O. fusiformis cleared their largest size

Fig. 5. Oikopleura longicauda and O. fusiformis. Clearance
rates of heterotrophic bacteria (Hbact), Synechococcus spp.
(Syn) and <13.0 µm autotrophic eukaryotes (Aeuks) on 3
experimental days (n = no. of experimental bottles). Error bars
represent upper 95% confidence intervals of the mean

Fig. 6. Oikopleura longicauda and O. fusiformis. Mean clearance rates on heterotrophic bacteria (Hbact), Synechococcus
spp. (Syn) and <13.0 µm autotrophic eukaryotes (Aeuks) over
the experimental period. Error bars represent upper 95%
confidence intervals of the mean (n = 17)
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Fig. 7. Oikopleura longicauda and O. fusiformis. Weightspecific ingestion-rate estimates on heterotrophic bacteria
(Hbact), Synechococcus spp. (Syn) and <13.0 µm eukaryotes
(Euks) in Kaneohe Bay. Ingestion rates were determined indirectly using measured clearance rates and assuming that
30 ± 5% of the particles cleared were retained on filtering
apparatus and not ingested. Error bars represent upper 95%
confidence intervals of the mean

fraction of prey at statistically indistinguishable rates
(p > 0.5; Fig. 6) and ingested comparable amounts of
total prey carbon per body weight (p > 0.5). It thus
appears that their abundance differences must be
determined by factors other than their relative feeding
capabilities.

Clearance rates on nanoplankton
The few studies that have investigated the feeding
capabilities of both Oikopleura longicauda and O. fusiformis varied both in methodology and results (Alldredge 1977, López-Urrutia et al. 2003) (Table 3).
López-Urrutia et al. (2003) found that O. longicauda
and O. fusiformis ingested phytoplankton at comparable rates in temperate waters with chlorophyll a concentrations similar to those in Kaneohe Bay. In contrast, based on in situ estimates of water flow-through
rates, Alldredge (1977) noted that O. fusiformis could
process water at twice the rate of O. longicauda under
warm temperature and low food conditions. We have
similarly found discordant results for these species. In
the present experiments in Kaneohe Bay, their feeding
rates were very similar. In previous experiments with
O. fusiformis from the NW coast of Oahu, however,
their maximum clearance rates were substantially
higher than in Kaneohe Bay (143 ml ind.–1 h–1; Scheinberg & Landry 2004).

The virtually identical methods employed in our
present and previous experiments and the differences
in plankton size structure and biomass between our 2
study sites offer some potential insight into the responses of Oikopleura fusiformis to environmental
conditions. The plankton community of Oahu’s NW
coast is typically dominated by sub-micron cells in
terms of abundance and biomass, and chlorophyll a
concentrations are comparable to ultra-oligotrophic
waters of the central North Pacific subtropical gyre
(mean = 0.23 µg l–1; Karl et al. 2002, Scheinberg &
Landry 2004). In contrast, our experiments in Kaneohe
Bay were conducted at yearly maximum chlorophyll a
concentrations (1.6 µg l–1; Scheinberg 2004) during
a bloom of relatively large, chain-forming diatoms
(Chaetocerus spp.) and dinoflagellates (Ceratium
spp.). Both chlorophyll a concentrations and the biomass of <13.0 µm cells were approximately 4-fold
higher in Kaneohe Bay than during our previous study.
There are 2 possible scenarios that may have led to
the comparatively reduced clearance rates of Oikopleura fusiformis on large cells in Kaneohe Bay: (1)
feeding saturation or (2) reduced inlet-filter porosity
due to clogging. The comparable ingestion rates
of O. fusiformis in mesotrophic Kaneohe Bay and
oligotrophic NW Oahu suggest a saturated feeding
response, other factors (e.g. particle adhesion and
digestion efficiency) being assumed equal. Acuña &
Kiefer (2000) and Tiselius et al. (2003) observed such
an effect for O. dioica feeding in temperate and subarctic waters, respectively. Although prey concentrations in their experiments were over 3 times those in
our study, the saturated weight-specific ingestion rates
for O. dioica (0.16 and 0.20 µg C µg–1 C h–1, respectively) were remarkably similar to those of O.
fusiformis in Kaneohe Bay and NW Oahu (0.15 and
0.21 µg C µg–1 C h–1, respectively). We would intuitively expect maximum specific ingestion rates of
comparably sized appendicularians to be greater in
warmer waters. However, the bulk ingestion rates of
O. fusiformis are clearly understated in our estimates,
which assume 30% house losses and do not account for
the intake of indigestible Syn or detritus. Our results
for O. fusiformis are therefore compatible with a foodsaturation feeding or processing explanation, but further research is needed to confirm if such a constraint
actually exists and how it might be influenced by
site differences in the quantity and quality of small
suspended particulates.
As an alternative explanation, direct inhibition of
appendicularian feeding by large diatoms has been
observed by both Knoechel & Steel-Flynn (1989) and
Acuña et al. (1999), who found negative relationships
between diatom abundance and clearance rates and
gut fluorescence, respectively. Feeding inhibition was
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also observed by López-Urrutia et al. (2003) for Oikopleura fusiformis feeding in temperate waters during
periods of increased large cell abundance within the
chlorophyll a range of our experiments. Moreover, O.
fusiformis was the only species in the study of Lópezurrutia et al. (2003) for which the abundance of > 30 µm
cells had a strong, statistically significant effect when
total ingestion was considered (their Fig. 6). Selander
& Tiselius (2003) further determined that behavioral
responses to the abundance of large cells, such as a
decrease in tail beats min–1 and an increase in tail
arrests min–1 (the periodic arrest of tail motion during
feeding), contributed to reduced clearance rates. The
possibility of filter-clogging by large diatoms and
dinoflagellates is consistent with the fact that the dominant genera, Chaetocerus spp. and Ceratium spp.,
both have particularly spiny cells or form chains that
may stick to, and thus clog, the mucous inlet-filters of
appendicularians (Tiselius et al. 2003). We thus suggest that the lower clearance rates of O. fusiformis on
>1.0 µm cells in Kaneohe Bay compared to those previously measured off of the NW coast of Oahu are, at
least in part, a consequence of abundant large, sticky
cells in Kaneohe Bay.

Clearance rates on picoplankton
While both Oikopleura longicauda and O. fusiformis
clear tropical waters of a wide range of prey sizes, the
efficiency with which they remove different size fractions varies (Fig. 5). Of the 2 species in Kaneohe Bay,
only O. longicauda exhibited significantly different
clearance efficiencies relative to prey size, retaining
Hbact at approximately 36% of the rate for Aeuks
(p < 0.05). The variability in prey removal efficiencies
cannot be explained by animal size, prey abundance or

prey size. The most significant relationships observed
were on the experimental day with the highest number
of replicates (O. longicauda, Day 2). These results are
similar to those found previously for O. fusiformis in
oligotrophic waters off NW Oahu (n = 50; Scheinberg &
Landry 2004), as well as in studies of O. dioica and O.
vanhoeffeni using latex microspheres (Deibel & Lee
1992, Fernández et al. 2004).
The mean clearance rates of Oikopleura fusiformis
and O. longicauda on total sub-micron cells in Kaneohe
Bay were not significantly different; however, a p-value
of 0.07 suggests that O. fusiformis cleared Hbact at a
higher rate. It thus appears that, despite its larger
house size, O. fusiformis is at least as equally efficient
as O. longicauda at retaining its smallest prey. Deibel
& Powell (1987) noted that the pore size of the internal
food-concentrating filter tends to be related to trunk
length, rather than to house size. The coarser pharyngeal filters (Deibel & Lee 1992) may also have a similar
porosity if particles that pass through this filter are not
recirculated (Fernandez et al. 2004).
Since Oikopleura fusiformis did feed on sub-micron
prey at relatively high rates in Kaneohe Bay, the lack of
a clear size-efficiency trend may be less a consequence
of altered behavior and more the result of physical
clogging. While filter-clogging may have a direct
negative impact on the removal of larger cells from the
water column, it may not significantly alter the rate at
which O. fusiformis feeds on sub-micron prey. Moreover, the cohesive properties of diatom and dinoflagellate exudates may enhance the retention efficiencies
for bacterial prey beyond what would otherwise be
expected given their small size. Elevated clearance
rates on Hbact in Kaneohe Bay could also reflect a
larger size of heterotrophic bacteria or differences in
physiochemical properties of the cells (e.g. Monger et
al. 1999). Consequently, when large cells are abundant

Table 3. Oikopleura longicauda and O. fusiformis. Comparison of estimated clearance rates (ml ind.–1 h–1) (highest to lowest mean
rates); clearance rates normalized to a trunk length of 1.0 mm assuming an exponential relationship between clearance rate and
trunk length. Clearance rates from López-Urrutia et al. (2003) represent clearance of individual organisms and do not take
into account particle adhesion to mucous houses. FCM: flow cytometry
T
(°C)

Trunk length
(mm)

O. longicauda
Natural prey (FCM; >1.0 µm)
Gut chlorophyll content (0.7–30 µm)
Visual (dye)

24
13–15
25

0.7 ± 0.1
1.00
1.1 ± 0.2

34
20a
36b

35
20
36

O. fusiformis
Natural prey (FCM; >1.0 µm)
Natural prey (FCM; >1.0 µm)
Gut chlorophyll content (0.7–30 µm)
Visual (dye)

24
29
13–15
25

0.8 ± 0.1
0.7 ± 0.1
1.00
0.6 ± 0.1

38
1430
14a
72b

39
1470
14
77

Method (prey size)

a

Clearance rate
Measured Normalized

Calculated assuming mean gut-passage time of 14 min; b represents a single measurement

Source

This study
López-Urrutia et al. (2003)
Alldredge (1977)
This study
Scheinberg & Landry (2004)
López-Urrutia et al. (2003)
Alldredge (1977)
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during bloom conditions, O. fusiformis might have a
disproportionate impact on prokaryotes than on larger
eukaryotic prey.

Relative grazing impact on the natural prey
assemblage of tropical waters
Oikopleura longicauda and O. fusiformis both ingest
the majority of their carbon from >1 µm eukaryotic cells.
Nonetheless, because of its abundance, their smallest
prey category (Hbact) provides 12 and 22% of daily
carbon intake for O. longicauda and O. fusiformis, respectively, the second largest contribution of the 3 prey
groups. Although O. longicauda does not feed as efficiently on heterotrophic bacteria as it does on eukaryotic cells, at its common abundance of 1 ind. l–1 seawater, it can still remove 30% of bacterial standing
stock daily. Given that abundances often exceed 2 ind.
l–1 in Hawaiian coastal waters (Scheinberg 2004), O.
longicauda can potentially clear over 60% of the bacterial biomass from the water column on a daily basis.
While O. fusiformis is typically less numerous than O.
longicauda in Kaneohe Bay, it still reached densities of
approximately 1 ind. l–1 during our 5 mo investigation.
During such a peak, O. fusiformis can remove an almost
equivalent amount (> 50%) of bacterial standing stock
daily compared to O. longicauda because of its somewhat higher mean clearance rates on this size fraction.
Thus, although both species are considered inefficient
grazers on bacterioplankton with respect to their maximum clearance-rate capabilities, they can still function
significantly as a direct trophic link from microbes to
higher-level consumers, as well as a rich source of
particulate organic material in the marine environment.
Perhaps not surprisingly, given the relative importance
of picoplankton in tropical oceans, Oikopleura longicauda and O. fusiformis can clear naturally occurring
prey in this size range at rates substantially higher than
those of comparably sized appendicularians studied to
date (King et al. 1980, Alldredge 1981, Bedo et al. 1993,
Acuña & Kiefer 2000, Broms & Tiselius 2003, LópezUrrutia et al. 2003, Fernandez et al. 2004), and vastly
exceeding the rates of co-occurring copepods (Calbet et
al. 2000). In fact, grazing by O. longicauda can lead to
mean picophytoplankton mortality rates comparable to
those resulting from protozoan grazing (specifically 2 to
5 µm heterotrophic nanoflagellates) in Kaneohe Bay
(Landry et al. 1984, Scheinberg 2004). Of the 2 appendicularian species investigated in this study, the consistently
high abundances of O. longicauda makes them a more
likely candidate for transferring significant quantities of
picoplankton production to higher-level consumers
(chaetognaths and fishes; Kimmerer 1984, Clarke 1989)
in coastal tropical waters.
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