Vol. 120: 175-184, 1995

MARINE ECOLOGY PROGRESS SERIES
Mar. Ecol. Prog. Ser.

Growth and energetics in the ascidian
Ciona intestinalis

Jens Kjerulf Petersen, Ole Schou, Peter Thor

National Environmental Research Institute, Frederiksborgvej 399, PO Box 358, DK-4000 Roskilde, Denmark

ABSTRACT: Rates of growth, filtration and respiration of the ascidian Ciona intestinalis (L.) were
measured in the laboratory in the presence of food (flagellate Rhodomonas sp.) concentrations ranging
from 0 to 12000 cells ml™! (0 to 500 pg C17'). Weight-specific growth rate (dry weight of body parts not
including the tunic) increased sigmoidally with increasing algal cell concentration to 7.7% d-' Maxi-
mum specific growth rate was related to age rather than size. A condition index (Cl = DW,,,,,/DW ..}
reflected level of growth. Specific filtration rate decreased logarithmically with increased algal cell
concentration. Weight-specific respiration rate showed a relation to algal cell concentration similar to
that shown by weight-specific growth rate. All rates were transformed into units of carbon, and a car-
bon budget was established for 2 size groups. Assimilation efficiency (AE) was approximately 50 % but
decreased at the highest carbon concentrations. The amount of carbon assimilated per body unit that
was needed to maintain body (not including the tunic) or total (including the tunic) carbon was inde-
pendent of initial size and amounted to 10 or 16 ugC mg C~! d-!, respectively. Gross growth efficiency
(GGE) and net growth efficiency (NGE) varied with food concentration and approached a level of 0.23
or 0.78, respectively, in terms of body carbon. In terms of total carbon, GGE was found to be 0.27 to 0.28
and NGE to be 0.79. Costs of maintenance were greater in the largest ascidians, while costs of body
growth were equal in the 2 size groups {0.21 to 0.23).
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INTRODUCTION

The solitary epibenthic ascidian Ciona intestinalis
(L) f. typica has a worldwide distribution from subarc-
tic to tropical regions (Dybern 1965) and can occur in
very high densities (>5000 m~2; Millar 1971). In shal-
low waters in temperate regions, C. intestinalis is an
annual with 2 distinct growth seasons: in summer/fall
after settling and metamorphosis and in spring/early
summer before spawning (Millar 1952, 1971, Dybern
1965). Sampling in various localities in northern
Europe has shown that C. intestinalis can grow up to
10 to 20 mm mo~! (Dybern 1965), and Yamaguchi
(1975) found that in situ growth in C. intestinalis
hatched and settled in the laboratory was dependent
on temperature and size. Finally, in a laboratory exper-
iment, growth rates of 0.7% length d~! were found
when C. intestinalis was fed cultured algae (Robbins
1985). However, to our knowledge, no data are avail-
able on growth potential and actual growth at different
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food levels, and an energy or carbon budget has not
yet been established for C. intestinalis nor any other
ascidian. Such studies are available for suspension
feeding bivalves (see Jorgensen 1990, Riisgard 1991)
but there is a shortage of studies that relate growth,
assimilation and metabolism of marine invertebrates.

In general, peak growth rates obtained in the labora-
tory on mussels fed a diet of pure cultured algae have
been less than the maximum growth rates obtained in
the field (Jorgensen 1990). It has recently been sug-
gested that this may be due to the use of unnaturally
high algal concentrations in the laboratory leading to
suboptimal conditions with reduced filtration rates
(Riisgdrd & Randlev 1981, Riisgard 1991). In Ciona
intestinalis, filtration rates have recently been found to
decrease with increasing algal cell concentration
(Petersen & Riisgard 1992).

The purpose of the present study was to assess
growth and growth potential in Ciona intestinalis, with
emphasis on the effects of differences in algal cell



concentrations within a range of naturally occurring
concentrations. Further, a carbon budget was estab-
lished based on measurements of ingestion, growth
and respiration. To evaluate effects of size/age of the
ascidians on growth, experiments were performed at 3
different times of the year: in August/September,
when the ascidians are relatively newly settled, in
December at the end of the growth season, and in
March before spawning season.

MATERIALS AND METHODS

In Expt I growth was determined as a function of
algal cell concentration from initial and final weight
and length of the ascidians. Ciona intestinalis were
collected in December 1992 at 2 to 3 m depth in
Kertinge Nor on the east coast of Fyn, Denmark, and
taken to Fjord Biological Laboratory, Kerteminde,
where the growth experiment was performed. In
Expts Il and III C. intestinalis were collected in March
and August 1993 at 3 to 4 m depth in Vellerup Vig (Ise-
fjorden) in the northern part of Sjeelland, Denmark,
and taken to the National Environmental Research
Institute. In addition to growth, ingestion and respira-
tion were determined. Further, a subsample of ascidi-
ans was weighed in the middle of the experiment in
order to determine weight increment as a function of
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time. A carbon budget was established from measure-
ments of carbon content of food and test organisms. In
Expt IIl intial and final length were determined.

In all experiments ascidians were, upon arrival at the
laboratory, placed in holding tanks with running sea-
water of ambient salinity (18 to 20 %.) and acclimated to
the experimental temperature (10°C) for 1 to 2 wk.
Before an experiment, a number of ascidians with
approximately equal body length in relaxed state were
selected and divided into groups. One group of ascidi-
ans was used to estimate mean dry weight of body and
tunic at Day 0. The rest were placed in the experimen-
tal aquaria and fed different concentrations of algae for
13 to 16 d. A subsample was taken after 7 to 8 d
(Expts II & [II) to determine whether growth was linear
or exponential. Body (not including the tunic) and total
(body including the tunic) dry weight were determined
after the ascidians had been separated into tunic and
body, flushed with distilled water and dried at 90°C for
24 h. For analysis of C and N content, bodies from
Expt II were pooled from each treatment (algal
concentration) while tunics were pooled from all treat-
ments. In Expt III, bodies and tunics were separately
pooled for each treatment and analyzed (n = 3) for C
and N content on a Perkin-Elmer 240C CHN-analyzer.
Basic data on duration, number of individuals and
initial (and final) weights and C content in each exper-
iment and treatment are given in Table 1. Initial and

Table 1. Ciona intestinalis. Mean (+SD) daily algal concentration, initial and final weights and C:N ratios of body parts (body: not
including tunic; total: including tunic). n: indicates number of ascidians weighed. Experimental temperature was 10 + 0.5°C

Algal Initial weight (W) n Final weight (W) n Duration Initial C:N°® Final C:N?®
concentration Body Total Body Total (d) Body Body
(cells ml™1) {mg) (mg) (mg) (mg) %C %N C:N %C %N C:N
Exptl
0 109+27 222+64 15 98+25 22087 20 13
2949 + 919 - - - 242+66 40.1x105 18 13
5986 + 2301 16.2+4.1 345x76 15 29757 498=x11.0 14 13
11976 + 2610 - - ~ 288+65 484x11.5 17 13
Expt II
0 497 £66 1202+12.1 30 49.5+9.8 1352+10.1 10 10 20.58 5.36 3.8 20.29 547 3.7
947 £ 204 39155 1003=+102 14 61.6+86 121.91186 11 13 - - - 2106 543 3.9
1833 +390 45161 1187+9.1 13 82.9+10.8 1559+14.9 11 15 - - - 2316 578 4.0
3078 +729 504+47 127.5+98 16 106.0 £ 23.9 1923 +36.8 11 15 - - - 2309 516 45
5700+ 1138 46.0+69 107.2+129 18 90.8 + 18.6 160.7 +19.5 11 15 - - - 2915 7.04 41
7569 £ 1962 547+ 76 13232109 12 1056 + 14.8 193.0+19.8 12 15 - - - 3155 7.34 43
Expt III
0 126 +17 241+36 34 97«17 222+27 13 16 27.88 7.52 3.7 27.48 760 36
474 £ 135 - - - 19.3£3.6 347 +4.6 14 16 - - - 2853 7.49 3.8
842 + 178 - - 267+46 447167 17 16 - - - 2860 7.56 338
1884 + 265 - - - 32755  531+10.0 16 16 - - - 2880 723 4.0
3922 + 693 - - 413+£83 656+120 18 16 - - - 2892 736 39
8226 + 1034 - - 438+75 704+11.2 15 16 - - 3020 7.58 4.0
4The tunic C:N ratio was 5.1 (13.03% C, 2.56% N) in Expt Il and 4.8 (12.06% C, 2.55% N) in Expt III; there were no differ-
ences between treatments
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Table 2. Ciona intestinalis. Initial and final mean length {+SD)
and specific growth rate from Expts I and III

Algal Initial length  Finallength  Growth
concentration (mm} (mm) (% d™h
(cells ml™")
Expt 1
0 30.6 +£3.9 29.8+33 -0.20
2949 + 919 - 411241 2.27
5986 + 2301 36.2+3.6 41432 1.03
11976 + 2610 - 40339 0.83
Expt II1
0 35231 35.2+34 0
474 + 135 - 464 +£4.2 1.73
842 + 178 - 50.6 + 3.9 2.27
1884 + 265 - 51.8+4.5 2.41
3922 + 693 - 54.7+4.2 2.76
8226 + 1034 - 52.1+£5.2 2.45

final length were measured on individual ascidians in
relaxed state (Table 2).

During the experiment the ascidians were fed con-
tinuously with the cultured flagellate Rhodomonas sp.
(equivalent spherical diameter, ESD = 6 um). Concen-
trations of algae were varied between aquaria (0 to
12 000 cells ml™!) by regulating the dosing rates from,
and the cell concentration in, the algal dosing flasks.
Concentrations of algae in the experimental aquaria in
all experiments, and in Expts II and III in the dosing
flasks, were measured at least once every day as num-
ber of cells ml~! with an Elzone 180 electronic particle
counter or, at the lowest concentrations in Expt III, by
visual counting under an inverted microscope. The cell
concentrations in the experimental aquaria were cor-
rected for non-algal particles by determining particle
concentration in the water, which was sampled just
before it entered the experimental aquaria. Tempera-
ture was measured daily in all experiments. The
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amount of particulate organic matter (POM) in water
entering the experimental aquaria was measured
every second day by filtering 10 to 201 on a Whatmann
GF/C filter, rinsing with distilled water and drying for
24 h at 90°C. Algae (n = 12} and POM (n = 4) samples
from Expts Il and III were analyzed for carbon and
nitrogen on a Perkin-Elmer 240C CHN-analyzer and
chlorophyll a content according to Jespersen &
Christoffersen (1987).

Experimental setup. Fig. 1 shows the setup used for
growth experiments at different algal concentrations.
Algal suspension from the dosing flasks was added to
the experimental aquaria (20 x 39 cm, 15 1) by a peri-
staltic pump. A flow of sea water was passed through
the experimental aquaria at a rate of approximately
100 ml min~!. Before entering the experimental
aquaria, the sea water passed through an aquarium
containing Mytilus edulis in order to reduce the
amount of POM. In Expt IIIl water was filtered through
a Sartorius Sartobran 0.45 pm filter after passing
through the aquarium containing M. edulis but before
entering the experimental aquarium that had no agal
cells added to it. By sampling at various depths and
distances from the wall, we were able to test whether
the aeration of the aquaria ensured a homogenous
algal suspension. Each ascidian was fastened, by
sewing or glueing, to a mesh raised from the bottom of
the experimental aquarium.

Metabolic rate. Ascidians from growth experiments
(Il and III) were used for respiration measurements at
the end of the experiments. Individual specimens were
placed in 35 ml glass chambers each equipped with a
magnetic stirrer at the bottom. The chambers were
closed with silicone stoppers fitted with stainless steel
tubing and connected to the electrode with Tygon
tubing. Respiration chambers as well as reservoirs and
connecting tubing were placed in a thermobath kept at
10°C. To ensure a steady respiration rate, the ascidians
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were allowed 1 h of acclimation after both siphons
were fully extended. Algae were added to the inflow
reservoirs to obtain concentrations equal to those of
the experimental aquaria. For each treatment 7 to 10
ascidians were measured. After respiration measure-
ments, weight, length and carbon content of the test
ascidians were measured in a manner similar to that in
the growth experiments.

Respiration rates in Expt II were measured using a
flow-through system as described by Mghlenberg &
Kierboe (1981). Flow rate was 1.55 ml min~! and respi-
ration rate in each ascidian was measured twice during
a period of at least 2 h. In Expt III an intermittent-flow
system as described by Steffensen {1989) was used and
3 repeated measurements were made for each individ-
ual ascidian. In both experiments, chamber (blank)
respiration was estimated by measuring O, consump-
tion of chambers containing no Ciona intestinalis. Res-
piration of each ascidian was calculated as a mean of 2
and 3 measurements in Expts II and IIl respectively,
correcting for blank respiration.

Analyses and statistics. Growth: To test for signifi-
cant changes in weight, initial and final dry weights
(In-transformed) were compared using a l-way
ANOVA followed by a Scheffe F-test. In Expts Il and III
weight was measured 3 times (0, 7 to 8 and 16 d), and
weight increment as a function of time showed the best
fit with an exponential relation; specific growth rate
(G) for all experiments was therefore calculated as G =
[In(DW,) - In(DW)]/t, where DW, is the mean dry
weight or carbon content at Day 0 and DW, is the indi-
vidual dry weight or carbon content at Day t. Specific
growth rates were compared as described above. A
condition index (CI) was calculated for all treatments
as body dry weight (DW,.q,) divided by total dry
weight (DWq1a)).

Ingestion: Algal concentrations were compared
between treatments using a Kruskal-Wallis test on
mean daily concentrations since no transformations
could make the data satisfy the demand for
homoscedasticity. In Expts II and Il the rate of inges-
tion (/) of algae was calculated as I,y = G, x F - C, X F,,
where C, and C, are mean cell concentration for each
day during the experiment in the dosing flask and out-
flow, respectively, F; is the dosing rate, and F; is the
rate of outflow from the experimental aquarium. Since
POM could not totally be eliminated by passing the
water through an aquarium containing Mytilus edulis,
ingestion of POM was estimated as lbom = F, x E %
Crom: Where E is the percentage of algal cells that are
retained in the experimental aquaria [(C, x F, - C, X
F,)/(C x F))] and Cppy is the concentration of POM in
water having passed through the M. edulis aquarium
but before having entered the experimental aquaria. In
aquaria with no added algal cells, Iron was calculated

using E from the treatment with the lowest addition of
algal cells. Filtration rate defined as clearence of 100 %
efficiently retained particles was calculated as I,/ C.
Average daily weight or carbon-specific ingestion and
filtration rates were calculated as averages of daily
specific rates using daily weight or carbon content.
These were estimated using an exponential relation to
interpolate between initial and final weights or carbon
content. Total carbon concentration in the test aquaria
was calculated as algal carbon + non-algal carbon.
Non-algal carbon was estimated from data on C;, F, F,
and E, assuming identical retainment of algal cells and
non-algal POM in the different treatments.

Respiration: Differences in specific respiration rates
between treatments were compared with a 1-way
ANOVA followed by a Scheffe F-test. Specific respira-
tion rates in pl O, d ™! mg~! were converted to ug C d!
png C~! according to Kigrboe et al. (1985), but adjusted
to 10°C and 760 mm Hg.

RESULTS

There was a significant difference (p < 0.001) in algal
cell concentration between treatments in all 3 experi-
ments. No significant difference between visual and
electronic counts could be detected. Since no differ-
ence in concentration of POM in seawater entering the
experimental aquaria in Expts II and III could be
detected, a mean POM concentration of 0.181 mg DW
17! was used for all treatments in Expts Il and I1I, except
the 0-algae treatment in Expt 1II, where the 0.45 pym
filter reduced the mean POM-concentration to
0.017 mg DW 1-'. There were significant (p < 0.05)
changes in weight (Table 1) in all treatments except in
the 0-algae treatment in Expt II. Growth rate in terms
of body dry weight increased sigmoidally with increas-
ing food concentration (Fig. 2), approaching a plateau
of 5% d~!in the winter experiments (Iand IT) or 8% d
in the summer experiment (1II). At algal concentrations
below 3000 cells ml~' there was a significant (p < 0.05)
difference in specific growth rate between treatments
in all experiments. At algal concentrations above
3000 cells ml~! specific growth rates were significantly
higher (p < 0.05) than at lower algal concentrations,
but there were no significant differences between
treatments. A significant positive relation (r* = 0.81)
between growth and condition index (CI) was found
(Fig. 3) with positive growth rates above CI = 0.46.
Growth rates in terms of length are shown in Table 2
and increased sigmoidally with increasing algal con-
centration.

In Expts IT and III, filtration rates could be calculated
from data on concentrations in dosing flasks and out-
flow and are shown in Fig. 2 as a function of algal con-
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Fig. 2. Ciona intestinalis. Effect of vanation in concentration
of Rhodomonas sp. algal cells (A) on the following: (A) Spe-
cific growth rate of body parts (G, mean * SD). For Expts I to
Hl fitted curves are G =-1.31 + 1.6logA (r* = 0.89}, G =-0.17
+ 1.2logA (1 = 0.97), and G = -2.23 + 2.4logA (r* = 0.93)
respectively. (B) Weight-specific filtration rate (F, mean + SD).
For Expts Il and III fitted curves are F= 1925 — 448logA (1% =
0.94) and F = 2450 - 552logA (r? = 0.93) respectively. (C)
Weight-specific respiration rate (R, mean + SD). For Expts Il
and III fitted curves are R = -21.3 + 11.9log A (r* = 0.93) and
R=-19.6 + 11.7log A (r* = 0.87) respectively

centration. Specific filtration rate was dependent on
food level, decreasing logarithmically with increasing
algal cell concentration above approx-
imately 1000 cells m1~*,

The weight-specific respiration rate
showed a relation to algal cell concen-
tration similar to that shown by spe-

0.65 4
< 0.6
2L
= 0.554
= A  Exptl
S 054
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o
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-2 0 2 4 6 g
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Fig. 3. Ciona intestinalis. Condition Index (CI, mean + SD) as
a function of specific growth rate of body parts (G). Common
line is fitted by CI = 0.46 + 0.024G (r* =0.81)

mum specific respiration rate was 24.8 ul O, d~! mg
DWyeay ™' There was a significant (p < 0.05) difference
in respiration rates between treatments in Expt III,
except for the 2 lowest and the 2 highest algal cell con-
centrations. Maximum specific respiration rate was
26.0 pl O, d™" mg DWy,04,~"- Due to technical problems,
respiration rates at 0 and 2000 cells ml~! in Expt III
could not be obtained. For calculations of the energy
budget in Expt I1I, respiration rate in starving ascidians
was obtained from ascidians collected in March which
had starved at the site of collection during the winter
and were kept unfed in the laboratory for at least 1 wk
before respiration was measured. The respiration rate
for starving ascidians was 6.65 + 1.88 ul O, d™! mg
DWyoq, ' (0 = 9), which was significantly less (p < 0.05)
than that of growing Ciona intestinalis. Ascidians used
for respiration experiments did not differ significantly
in growth rate from ascidians from the same treatment
that had not been used for respiration experiments.
For the computation of an energy budget, carbon
content of algal cells and POM were measured
(Table 3) and specific rates of ingestion, growth and
respiration were converted to units of carbon (Fig. 4,
Table 4). Carbon content of Ciona intestinalis was dif-
ferent between treatments and that affected the car-
bon-specific rates of both growth and respiration. This
was especially pronounced in Expt II (winter), where
the greatest increase in carbon content with increasing
growth was found and growth rates in terms of carbon
were almost identical in magnitude to those found in

Table 3. Mean (+SD) content of carbon, nitrogen and chlorophyll a in algae
(pg cell!) and POM (%) from Expts II and III. ND: concentrations in 20 1 of

filtered sample were below levels of detection

cific growth rate (Fig. 2). In Expt 1I

there was a significant {p < 0.05) dif- Species

ference in respiration rate between 0,
1000, 2000 and 3000 cells ml~! and
6000 and 8000 cells ml~*. The maxi-

POM

Rhodomonas sp. 42.12 + 1.42

C N C/N Chlorophyll a
10.71 £ 1.05 4.0+0.36 1.31 +£0.32
2625+1.16 5.53+0.63 4.77 £ 0.36 ND
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Fig. 4. Ciona intestinalis. Mean carbon specific rates of

growth (G), ingestion (I = I ;.. + Irom} and respiration (R} of

body parts as a function of food concentration (C = algae +

POM), (0): Expt II, (®): Expt III. Fitted lines and equations are
shown in the figure

Expt III (summer). Since body parts of C. intestinalis
and algae had similar C:N ratios of about 4, conversion
to nitrogen units can be obtained by dividing the axes
by 4.

Calculated assimilation efficiencies (AE) and net and
gross growth efficiencies (NGE and GGE) are also
shown in Table 4. AE in Expt II were almost constant at
47 to 50 %, except at the highest food concentration, but
decreased with increasing food concentration in Expt III.
GGE were highest at the intermediate food concentra-
tions, which is also reflected in the logarithmic relation
between specific growth and ingestion rate (Fig. 5). AE
and GGE were always highest when calculated using
total weight (body including tunic) as a basis.

The amounts of carbon ingested or assimilated per
body unit needed to maintain body weight were iden-
tical in the 2 experiments (Fig. 5). As can be seen from
Fig. 5, there is a linear relation between specific
growth and assimilation rate, and NGE therefore
increases with increasing assimilation (Table 4). Spe-
cific respiration rate at a given specific ingestion or
assimilation rate was found in general to be highest in
ExptII (Fig. 5).

Costs of maintenance, that is respiration at zero
growth, were greater in the largest specimens (Fig. 6),
while costs of growth (dR/dG) were of similar magni-
tude (0.21 to 0.23) for the 2 size groups, i.e. Expts Il and
1L

DISCUSSION
The findings of this study of a logarithmic relation

between food concentration and growth rate (Fig. 2)
are in accordance with results on suspension feeding

Table 4. Ciona intestinalis. Carbon budget. AE: assimilation efficiency, GGE: gross growth efficiency, NGE: net growth
efficiency, Body: not including tunic, Total: including tunic

Food Ingestion (I) Growth (G) Respiration (R) AE = (G+ R)/I GGE = G/I NGE = G/(G + R)
concentration Body Total Body Total Body Total Body Total Body Total Body Total
(mg C17) (mgCmgCd') (ngCmgCd™) (ugCmgCd
ExptII
9 20 10 -2 9 22 10 - - - - - -
50 136 77 37 20 27 18 0.47 0.50 0.27 0.26 0.58 0.53
88 175 101 49 28 35 23 048 0.50 0.28 0.28 0.58 0.55
141 194 114 57 37 34 23 0.47 0.53 0.30 0.33 0.63 0.62
255 230 146 69 48 36 26 046 051 030 0.33 0.65 0.65
333 294 185 72 49 37 26 0.37 041 0.25 0.27 066 0.65
Expt III
1 8 5 -18 -11 14 8 - - - - - -
33 90 66 28 26 17 14 0.50 0.60 031 0.39 0.62 0.66
45 142 107 48 44 20 16 048 0.57 034 042 071  0.73
91 206 156 61 56 - - - - 0.30 0.36 - -
178 284 215 76 71 38 29 0.40 047 0.27 0.33 067 071
366 312 243 83 76 33 26 0.37 042 0.27 0.31 072 075
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bivalves (Kierboe et al. 1981, Mghlenberg & Kisrboe
1981, Riisgdrd & Randlev 1981, Jergensen 1990). Thus,
Ciona intestinalis showed increased growth rate with
increased algal concentration of up to 4000 to
6000 Rhodomonas cells ml™ !, corresponding to approx-
imately 150 to 250 pg C 17!, above which growth rate
was not significantly affected by an additional increase
in algal cell concentration. It is further seen that
growth of body parts is much faster than growth of the
tunic, especially in older/larger specimens (Expt II).
Specific growth rates in terms of body or total dry
weight were found to be greater in specimens col-
lected in late summer (Expt III) than in specimens col-
lected during the winter (Expts I and II). However,
upon conversion of growth rates into units of carbon,
body growth rates from Expt II approach body growth
rates from Expt III. The remaining differences in
growth rates at a given food concentration between
Expts I and IIl may be the result of differences in spe-
cific ingestion or respiration in ascidians collected in
winter and could be related to season.

The different measurements for growth used in this
study, 1.e. length, total weight and body weight,
responded in the same general manner to algal con-
centration, but were not of similar magnitude and did
not show identical responses in all instances, espe-
cially not at low algal cell concentrations. The tunic,
which accounts for the divergence between the differ-
ent measurements of size/growth, mainly consists of
mucopoly-saccharides secreted from the epidermis
(Goodbody 1974). Mesenchyme cells migrate into the
tunic, which is permeated with blood vessels in its
basal parts, but energy transfer between body and

Ingestion, pg C mg -1 d-!

Assimilation, g Cmg C! d -/

tunic must be considered one-way from the body to the
tunic. This was also seen in the growth experiments,
where in none of the experiments was there any loss of
weight in the tunic at an algal cell concentration of 0,
even when body parts exhibited negative growth. The
tunic can thus be considered analogous to the mussel
shell, but its gelatinous structure and the fact that C.
intestinalis easily contracts when disturbed render it
difficult to measure in 1 dimension. Changes in body
weight may thus be considered the best integrator of
growth over time.

Irrespective of age or season, CI varied linearly with
growth rate (Fig. 3) and may thus be used as an index
of growth in field sampling programs.

In previous studies, ascidian growth rates were
calculated in terms of length increment or doubling
time (in length or number of zooids in colonial ascidi-
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Table 5. Growth rates of Ciona intestinalis and other ascidians recorded in nature or in the laboratory. Growth is calculated

as specific growth rate from data obtained in the cited literature. Doubling time in the present study is calculated on

body (not including tunic) or total (including tunic) weight. C. intestinalis and Styela plicata are solitary ascidians and the
others are colonial

Species Temperature Growth Doubling time Source
(°C) (% length d°1) (d)
Ciona intestinalis 10 10 Yamaguchi (1975)
calb 2to3 Yamaguchi (1975)
15 0.7to1.1° Robbins (1985)
? 2to3 Dybern (1965)
2 1.4 Millar (1971)
10 2.3102.8° 9% 10.5%¢ This study
Styela plicata 10 25 Yamaguchi (1975)
Botrylloides violaceus 10 11 Yamaguchi (1975)
Leptoclinum mitsukurii 10 8 Yamaguchi (1975)
Botryllus schlosseri 12 to 17 cas8 Boyd et al. (1986)
Rates recorded in the laboratory; ®calculated on body weight; ‘calculated on total weight J

ans). Hence, comparison of growth rates obtained in
this study with those from the literature is only possible
when these measurements are used. Growth, calcu-
lated as % length increase d™!, assuming exponential
growth, or doubling time, to the extent that data can be
obtained with some precision from figures and tables
in the cited literature, is shown in Table 5. It is seen
that maximum growth rate from this study was greater
or of the same magnitude as growth rates found in the
field. When expressing growth of soft bodied organ-
isms as specific (exponential) growth rate, maximum
growth rates in Ciona intestinalis of 7 to 8% d™! were
higher than found in laboratory studies of other ben-
thic macroinvertebrates like Mpytilus edulis (4.4 to
56% d~'; Kierboe et al. 1981), Spisula subtruncata
(3.1 to 3.6% d~'; Mehlenberg & Kierboe 1981) or
Nereis diversicolor (3.1 % d~'; Vedel & Riisgard 1993).
This might be due to either suboptimal conditions in
the reported experiments or to C. intestinalis being
easier to grow in the laboratory. In nature, maximum
specific growth rates of 7 to 9% d~! have been found
for M. edulis (Jergensen 1990} and N. diversicolor
(Riisgard pers. comm.) which were of the same mag-
nitude as found in the present study for C. intesti-
nalis, indicating that growth potential in benthic sus-
pension-feeding macroinvertebrates is of this size in
general.

Suboptimal conditions in growth experiments can be
due to high algal concentrations leading to reduced
opening of valve gape in mussels and thereby reduced
filtration rates (Riisgdrd & Randlev 1981, Riisgard
1991). Filtration rate in Ciona intestinalis was sensitive
to increases in algal concentration, decreasing to 30 to
40 % of maximum measured filtration rate (F,.,) at the
highest algal concentrations applied (Fig. 2). This is in

contrast to Petersen & Riisgdrd (1992), who found no
effect of algal concentration on F,,,, at concentrations
<10000 Rhodomonas sp. cells ml™' and a Fp., lower
than found in the present study. However, Petersen
& Riisgdrd (1992) measured F.,, at no less than
2000 cells ml~!, where filtration rate in this study was
reduced to 70 to 80 % of F,,... Further, the shorter dura-
tion of experiments (less than 7 h) in Petersen &
Riisgard (1992) may have concealed long-term effects.
Irrespective of filtration rate, growth rates in C. intesti-
nalis did not decrease at the highest algal concentra-
tions as suggested for mussels (Riisgard 1991). This is,
however, not surprising since growth rate increased
with increasing ingestion rate (Fig. 5), and ingestion
rate, within the applied range of algal concentrations,
increased with increasing algal concentration (Fig. 4).
Thus, the rapid response in filtration rate to increases
in algal concentration reflects the ability of C. intesti-
nalis and other ascidians to regulate food intake rather
than suboptimal conditions. Hence, growth is related
to amount of ingested or assimilated food rather than
filtration rate per se.

Respiration rates in Ciona intestinalis have previ-
ously been studied by Shumway (1978), who found an
allometric relation between respiration rate and
total weight at 10°C. The maximum respiration rates
found in Expts I and III of this study are approximately
80 % of the rates reported by Shumway (1978). How-
ever, Shumway (1978) neither shows the feeding level
nor blank respiration, and the reported rates may thus
be overestimates. The higher specific respiration rates
in terms of carbon in larger individuals are in contrast
to the allometric relation found by Shumway (1978)
and could be due to a difference in measuring tech-
nique even though no systematic error was observed.
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The difference could also be related to difference in
season between Expts II and 1Il and thus consistent
with findings of difference in specific growth (Fig. 4).

The calculated AE for Ciona intestinalis, ranging
from 40 to 50 %, were in general lower than AE of 40 %
at high algal concentrations to 80 % at low algal con-
centrations found in other filter feeders (Kierboe et al.
1981, Mehlenberg & Kigrboe 1981, Riisgdrd & Randlev
1981, Navarro & Winter 1982, Kierboe et al. 1985]).
Inclusion of non-algal POM in the calculations of car-
bon ingestion in this study led to a higher estimate of
carbon ingestion and thus lower AE than if only algal
carbon had been used. The ascidian net retains parti-
cles of 1 to 2 pm including larger bacteria with 80 to
100 % efficiency (Jergensen et al. 1984). Due to the
efficient retention of the ascidian net it is obvious that
the non-algal POM fraction in calculations of ingestion
rate should be included when experiments are carried
out in flow-through setups with large volumes of
water. With a non-algal POM level of 0.181 mg DW 17!
(in water having undergone a Mytilus edulis prefiltra-
tion) in addition to algae in the experiments, the non-
algal carbon constituted from 4 % at high algal concen-
trations to 30 % at the lowest algal concentration of the
total carbon ingestion. The difference in growth rates
in treatments with no added algae (cf. Expts II and III)
illustrates the significance of the non-algal fraction. In
Expt I where water at 0 algal cells ml~! had been
microfiltrated before entering the experimental aquar-
ium, there was a significant (p < 0.05) loss of weight,
while in Expt II with no microfiltration there was no
significant loss of weight in non-fed ascidians.
Neglecting non-algal carbon leads to AE of between
40 and 80 % in terms of body weight and up to 97 % in
terms of total weight, which is comparable with the
above-mentioned AE reported for other filter feeders
where non-algal POM has not been included in the
calculations. Kierboe et al. (1981) found AE exceeding
100% in experiments where silt was added to the
water but not included in ingestion and concluded that
some of the assimilated energy must have been
derived from the silt. This probably also applies to
experiments with no addition of silt beyond what is
present in the aquaria system. Inclusion of non-algal
POM in calculations of carbon ingestion will then
reduce previously reported values to levels reported
here, when compared at equal growth rates, and emp-
hazises that all food sources should be included in
compilations of carbon or energy budgets.

Growth efficiencies expressed either in relation to
ingestion (GGE) or assimilation (NGE) will strongly
depend on the ingestion or assimilation rate (Table 4)
and should, for comparison, preferably be expressed as
the slope of the linear part of the G:I relation (dG/dl)
or of the G: A relation (dG/dA) (Kierboe et al. 1987).

GGE and NGE will aproach dG/dI and dG/d A, respec-
tively, with increasing I or A (Kierboe et al. 1987). GGE
found for Ciona intestinalis approaches a dG/dlof 0.23
that can be found from the linear part of the curve in
Fig. 5. Similarly, NGE approaches 0.78 with increasing
assimilation in both experiments. No size-dependent
difference in growth efficiencies could be found as
reported for fish (Kierboe et al. 1987). Jargensen
{1990}, however, stated that mussels can maintain con-
stant high growth efficiencies from larval to adult
stages.

Specific dynamic action, defined as increment in
metabolic rate in association with feeding and gener-
ally believed to be the cost of biosynthesis (Kierboe
et al. 1985, 1987), was 18 to 19% of the assimilated
energy (Fig. 5). Consistent with this, the cost of growth
(dR/dG) was 0.21 to 0.23 (Fig. 6) and in general agree-
ment with the 0.19 that can be calculated for the plank-
tonic copepod Acartia tonsa (Kierboe et al. 1985). An
increase in cost of growth, which has been suggested
to follow increase in body mass (Kisrboe et al. 1987),
could not be found in Ciona intestinalis, at least in
ascidians which have, as those tested, reached the size
where they can produce gametes.

In summary, it can be concluded that Ciona intesti-
nalis show a strong dependence of filtration rate on
algal cell concentrations and an ability to maintain
high growth rates at low food concentrations of 50 to
150 pg carbon 17! corresponding to 1.5 to 4 pg chloro-
phyllal-L
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