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ABSTRACT: Particle retention in Ascidiella aspersa, Molgula manhattensis, Clavelina lepadiformis and Ciona intestinalis was
determined from comparisons of particle-size distributions in the inhaled and exhaled water. Particles down to 2-3 um were
completely retained and the retention efficiency of smaller particles decreased to about 70 °/s for 1 um particles. There was no
indication that the ascidians were able to adjust their retention efficiency. Filtration rates (F, ml min™!) as a function of total dry
weight (W, g) could be expressed as F = 54.4 W, in A. aspersa and F = 46.4 W,,,,°® in C. intestinalis. It is concluded
that undisturbed ascidians filter the water continuously at constant rates.

INTRODUCTION

The amount of food (i. e. suspended organic particles
in the surrounding water) available to suspension-
feeding ascidians is determined by the amount of
water transported through the branchial basket and by
the efficiency with which the particies are retained by
the mucous filter covering the inner wall of the
pharynx.

The filtration rate in ascidians has been measured by
several early investigators using different techniques
as reviewed by Jergensen (1966). More recently, filtra-
tion rates have been measured by Holmes (1973) and
Fiala-Médioni (1973, 1974, 1978a, b, ¢), but consistent
and unambiguous results have not been obtained".

Retention efficiency in ascidians has been measured
by Jergensen (1949, 1952), Jorgensen and Goldberg
(1953) and Goldberg et al. (1951), who found that
Ciona intestinalis and Molgula manhattensis effec-
tively retain graphite particles down to about 1 um
while retention of blood proteins is low. Recently,
however, Fiala-Médioni (1978b) has reported on ineffi-
cient retention of even 6-10 X 2-3 um algal cells in C.
intestinalis, Phallusia mammillata, and Styela plicata.

In the present study the technique developed by
Mehlenberg and Riisgdrd (1979) for measuring filtra-
tion rates and retention efficiencies (Mshlenberg and
Riisgdrd, 1978) in undisturbed suspension-feeding

* For the most recent contribution by Fiala-Médioni consult
p. 49 of this volume of ‘Mar. Ecol. Prog. Ser.".

bivalves has been applied to ascidians. The present
paper reports on retention efficiency and filtration rate
in four species of ascidians.

MATERIALS AND METHODS

The experiments were conducted in July and August
1978 at the Marine Biological Station, Renbjerg,
Denmark, and in September 1978 at the Marine
Biological Laboratory, Helsinger, Denmark.

Molgula manhattensis (De Kay), Ascidiella aspersa
(O. F. Miiller), Clavelina lepadiformis (O. F. Miiller)
were collected by hand in the Limfjord: M. manhatten-
sis near the Biological Station, Renbjerg, at a depth of
3 m, attached to stones on which they were brought to
the laboratory; A. aspersa from Kaas Bredning at a
depth of 1m, attached to plant debris, and C
lepadiformis from Lysen Bredning, at a depth of about
3 m on the seaweed Fucus bulbosus.

In the laboratory at Renbjerg the ascidians were
placed in aquaria of 30 1 in flowing sea water, pumped
into the laboratory from an 8 m depth in the fjord. The
animals were allowed to acclimate 1-7 days to the
laboratory conditions (20 °C and 25 %/« S) before the
experiments were performed.

Ciona intestinalis (L.) were collected by diving in the
Kattegat near the Biological Station, Kristineberg,
Sweden, at a depth of 10 m (10 °C and 29 °» S) and
brought to the Marine Biological Laboratory, Hel-
singer. The animals acclimated 2-14 days (10 'C and
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27 /w0 S) in aquaria of 30 1 with aerated sea water, and
the water was changed every second day.

In the laboratory the ascidians were continuously
pumping and did not visibly respond to addition of
algae as judged from their permanently open inhalant
and exhalant apertures and distended siphons. Only
when disturbed were the apertures more or less closed
and, eventually, the siphons retracted.
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Fig. 1. Retention as a function of particle size in four asci-
dians. Each value is the mean of 4-6 measurements

The particles used for measuring retention efficiency
were those occurring in the sea water system (mainly
small particles) to which were added the marine
flagellates Monochrysis lutheri and Dunaliella marina
grown in monocultures in enriched 28 "/» S sea water,
so that a particle spectrum from 1 to about 7 um was
covered (see Mphlenberg and Riisgard, 1978; their
Fig. 1). The algae were chosen because of their nearly
spherical shape (oviform)} so that the diameter mea-
sured by the electronic particle counter was reliable.

Dunaliella marina was used for measuring filtration
rates because it is completely retained by the ascidians
(see later). Suspensions of the flagellate were added to
the experimental aquaria to make initial concentra-
tions of about 10 000 cells ml~.

Retention efficiency of particles of different

sizes was determined according to Mehlenberg and
Riisgdrd (1978): Samples of inhaled and exhaled water
were collected simultaneously by means of two glass
tubes (internal diameter = 0.5 or 0.3 cm) the openings
of which were placed about 0.5 cm from the inhalant
and exhalant apertures. The tube collecting exhaled
water was mounted with a fitting at least twice as wide
as the exhalant aperture {(Mghlenberg and Riisgdrd,
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Fig. 2. Ciona intestinalis. Filtration rate at 10 °C as a function

of total dry weight (W,,,). Regression line and equation for

the line are shown. Line showing filtration rate as a function

of dry weight of the soft tissue (W,,,) and equation for the
line are also indicated

1978; their Fig. 2). At sufficiently low flow rates the
collected exhaled water exclusively consisted of fil-
tered water and the fraction retained of particles of

different sizes could be calculated as 1 ~ % where c,

and ¢; are the concentrations of a certain pérticle size

in the exhaled and inhaled water, respectively.
Filtration rates (C) were determined accord-

ing to the formula: c
C=F (1-¢&)

where F,_is the flow rate in the two glass tubes (which
was always adjusted to the same rate by means of
clamping screws on the plastic tubes connecting the
glass tubes and the sample beakers). To determine the
filtration rate from the formula the 'geometry’ of the
set-up had to be checked and the flow rate adjusted as
previously described (Riisgérd, 1977; Mehlenberg and
Riisgdrd, 1979).

The two methods only worked satisfactorily on asci-
dians heavier than a few mg, and the filtration rate and
retention efficiency in smaller individuals were there-
fore determined from the rates {C) by which particles of
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different sizes were cleared from suspensions by
means of the formula
M, C

C = t—]n ?f;
where M is volume of suspension, t time, ¢, and ¢
particle concentration at time o and time t (Coughlan,
1969). Two experiments were performed on Clavelina
lepadiformis using 240 individuals (mean dry weight
0.75mg) and 640 individuals (mean dry weight
0.50 mg), settled on vertically stretched thalli of Fucus
bulbosus while an electric motor stirrer ensured
appropriate mixing of the water in the experimental
beaker. Samples for particle analysis were taken in the
water column by means of a pipette {40 ml). The filtra-
tion rate was identical to the clearance of 100 °/
retained particles (larger than 4 pm), and the retention
efficiency spectrum was achieved by expressing the
clearances of smaller particles relative to filtration
rate.

The concentration of the different-sized particles
was determined with an electronic particle counter,
Coulter Counter, Model TAII, with a population acces-
sory plotter and a 50 ym tube orifice diameter.

After each experiment the total dry weight of the
animals was determined. 21 individuals of Ciona intes-
tinalis and 13 individuals of Ascidiella aspersa were
separated in test (tunica) and soft tissue to establish the
dry weight relationship between these parts of the
animal. The dry weight of the test (W, g) as a func-
tion of total dry weight (W,,,,; g) could be expressed as
Wi = 0.448 W,,,.0% (7 =0.99) in A aspersa and
Wi = 0.689 W, ™ (7 = 0.99) in C. intestinalis.

The total nitrogen content in test and soft tissue in 2
Ciona intestinalis was determined on a Perkin Elmer
CHN-analyzer, Model] 240. Expressed as fractions of
dry weight (+ S.D.) the nitrogen content was 3.9
(£ 0.7) for the whole animal, 2.0 /s (£ 0.6) for the test,
and 8.8 “/u (+ 1.0) for the soft tissue.

RESULTS

The efficiency with which particles of different sizes
were strained from the water pumped through the
branchial basket of Ascidiella aspersa, Molgula man-
hattensis, Clavelina lepadiformis and Ciona Inte-
stinalis is shown in Figure 1. A. aspersa and M. man-
hattensis completely retained particles down to about
2-3 pym in diameter below which the retention effi-
ciency gradually decreased to about 70 %o for 1 um
particles. As indicated by the dotted lines in the graphs
showing the retention in C. lepadiformis and C. intes-
tinalis more measurements in the particle-size range
2-5 um would probably give the same retention spec-

trum as found for the two above-mentioned species.
The precision of the retention measurements was less
than 4 "/, S.D. of the arithmetic means for particles
above 4 p/m increasing up to 26 "/u S. D. for 1 um parti-
cles (Mphlenberg and Riisgard, 1978).

Figures 2 and 3 show the filtration rate (F, ml min™)
in Ciona intestinalis and Ascidiella aspersa as a func-
tion of their total dry weight (W, g) in a double
logarithmic plot. The filtration rate can, by linear
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Fig. 3. Ascidiella aspersa. Filtration rate at 20 °C as a function
of total dry weight (see legend to Fig. 1)

regression analysis of the log-log transformed values,
be expressed by the allometric equation: F = aW?,
where b is the slope of the regression line and a the
filtration rate of a 1 g animal. The filtration rates are
expressed as F = 46.4 W,,,>® (I = 0.85) in C. intes-
tinalis and F = 54.4 W, ,,}® (7 = 0.99) in A. aspersa.
In Figures 2 and 3 are also shown the 0—Cline and the
equations for filtration rate as a function of the dry
weight of the soft tissue (W, g) obtained as the
difference between total dry weight and weight of the
test.

Figure 4 shows filtration rates measured in Molgula
manhattensis and Clavelina lepadiformis as a function
of total dry weight. Data from the literature and the
regression lines for Ciona intestinalis and Ascidiella
aspersa have been inserted for comparison.

DISCUSSION

The straining of particles from the feeding current in
ascidians is performed by a mucous filter produced by
the endostyle (Werner and Werner, 1954). In Ciona
intestinalis and Molgula manhattensis the filter
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Fig. 4. Relationship between total dry weight and filtration rate in ascidians measured by different techniques under various

conditions. Ciona intestinalis: a present work (10 °C); ® Jergensen, 1949 (2 °C); ¢ o,/I Fiala-Médioni, 1978b (15 °C}); ® Goldberg

et al., 1951 (12 °C). Molgula manhattensis: ® present work (20 °C); Molgulasp.: v Jergensen 1949 (2 °C}; Clavelina lepadiformis:

#rFiala-Médioni, 1974 (15 °C); » present work (20 °C). Ascidia atra: o Hecht, 1916 (15 °C). Ascidiella aspersa: ® present work

(20 °C); o Holmes, 1973 (18 °C). Phallusia mammillata: a Carlisle, 1966 (15 °C); ©,® Fiala-Médioni, 1978a (15 °C). (Total dry

weight = 5 /u of total wet weight, and nitrogen content = 4 °/, of total dry weight, has been used for estimating total dry weight
when these figures had not been given by authors)

retained efficiently 1-2 pm graphite particles (Jergen-
sen, 1952; Jorgensen and Goldberg, 1953). This agrees
with our own finding in the same two species and in
Ascidiella aspersa and Clavelina lepadiformis. But
recently Fiala-Médioni (1978b) concluded that in C.
intestinalis and in other ascidians up to one third of
6-10 X 2-3 um algal cells passed through the branch-
ial basket. This conclusion was based on the finding
that pumping rates, as determined by a thermistor
technique, were larger than filtration rates calculated
from the rates at which the ascidians cleared suspen-
sions of Monochrysis lutheri. However, the technique
used to measure clearance tends to underestimate the
true rates of water transport (Riisgérd and Mghlenberg,
1979). It therefore seems a more likely conclusion that
the differences obtained in rates of water transport, as
measured by the two methods, reflect the underesti-
mate of the clearance technique.

In Ciona intestinalis and Ascidiella aspersa the
exponent b in the allometric equation F = aW ,,° was
0.84 and 1.05, respectively. Constant filtration rate per
unit area of pharynx and isometric growth result in a

value for b of 2/3 (or 0.67). The exponent of 0.84 found
for C. intestinalis does not differ significantly from this
value (0.10 < P < 0.20), in contrast to the exponent of
1.05 found for A. aspersa, which is significantly differ-
ent (P< 0.001). The high exponent found in A. aspersa
can to a certain degree be accounted for by non-
isometric growth of the test, which is growing accord-
ing to the equation W, = 0.448 W, % with the
exponent being significantly different from 1
(P < 0.001). From the data of Hecht (1916) the expo-
nent b in Ascidia atra has been calculated to be 0.87
(r? = 0.84), in good agreement with our own findings.
These high exponents are in contrast to the findings of
Holmes (1973), who obtained exponents of 0.426 and
0.607 in Ascidiella aspersa, but, as suggested by
Holmes, the exponent of 0.426 might have been due to
disturbances of the animals. It would be of interest to
study the allometric growth of the ascidian pharynx.
Both direct and indirect methods have been used for
determining filtration rates in ascidians. In the
direct methods, water transport has been deter-
mined by measuring the rate at which particles were
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sucked through a glass tube introduced into the oral
aperture (Hecht, 1916); by the constant level method,
where the total amount of water was sampled by
means of a glass tube fixed into the exhalant aperture
(Goldberg et al., 1951); by means of a dye-laden stream
of sea water to match the inhalant water current
(Holmes, 1973); by determining the rate of dyed water
transported from one compartment to another via an
animal attached to glass tubes (Kustin et al., 1974); or
by means of a termistor to measure the exhalant water
current (Fiala-Médioni, 1978a). In the indirect
method, water transport has been determined from
the rates at which water was cleared of suspended
particles (Jorgensen, 1949, 1952; Carlisle, 1966; Fiala-
Médioni, 1973, 1974, 1978b, 1978¢).

Figure 4 shows data from the literature on filtration
rates in different species of ascidians together with our
own results. (The data given by Kustin et al., 1974, are
not included because of their great inconsistency).
Direct methods involving glass tubes introduced into
the ascidians’ apertures are likely to disturb the ani-
mals, which may not behave normally or must pump
against hydrostatic pressure; the difficulty in using
indirect methods is mainly to prevent recirculation
(i. e. to ensure effective mixing). In spite of these tech-
nical problems Figure 4 shows only moderate variation
in data obtained by different techniques in different
species. Apparently, Molgula manhattensis filters
water at appreciably higher rates than do Ciona inte-
stinalis and Ascidiella aspersa. This difference may be
related to a folded pharynx in M. manhattensis,
increasing the area of the water transporting structure.

The indirect method used in this study has proved to
be suitable for accurate measurements of the filtration
rate in undisturbed ascidians. Our values agree with
the values obtained by Fiala-Médioni (1978a) in undis-
turbed ascidians in nature, using a termistor technique
to measure the exhalant water current. These values
presumably express the capacity for transporting water
in undisturbed ascidians, and the work of Fiala-Médi-
oni indicates that this capacity is normally fully
exploited in nature.
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