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ABSTRACT: Ingestion rates of larvae of the sea urchin Paracentrotus hvidus (Lamarck) increase during 
development. The pattern of the increase in ingestion rates with larval development is similar to that of 
a growth curve representable by the logistic equation I = A/l  + e B f C x ,  where I = ingestion rate; A = 
maximal ingestion rate; B = integration constant; C = specific ingestion rate; X = age of the larva. 

INTRODUCTION 

During their exotrophic phase larvae of echinoids 
pass through several morphological stages charac- 
terized by the development of new appendages, or 
'arms', situated near or outside the circumoral area. 
According to Strathmann (1971), beating of the cilia on 
the ciliated band lining the appendages produces a 
flow which collects particles in suspension and draws 
them towards the mouth opening. Formation of new 
larval arms near the mouth increases the area of the 
ciliated band which collects the food particles. One 
may suppose that increasing the length of the ciliated 
band would result in a greater rate of particle inges- 
tion. 

The present paper describes variations in the inges- 
tion rate by larvae of the sea urchin Paracentrotus 
lividus (Lamarck) fed on a diet of 1 of 2 haptophyceaen 
algae: Hymenomonas elongata (Droop) Braarud or 
Monocrysis lutheri (Droop) Braarud. H. elongata sup- 
ports complete larval development (Fenaux et al. 
unpubl.). M. lutheri is a good food for larvae of mol- 
luscs (Lucas 1978) but only mediocre as a food for 
larvae of echinoids (Hitnegardner 1969). The rates of 
ingestion of these 2 algae by the larvae were compared 
and related to differences observed in their mor- 
phological development according to the food-type 
ingested. Equations are proposed that describe H. 
elongata ingestion rates by plutei, in relation to larval 
development. 
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METHODS 

Measurements of ingestion were made on Paracen- 
trotuslividusplutei at times corresponding to 5 stages of 
larval development: (1) plutei with 4 arms at the third 
day after fertilization; (2) development of posterodorsal 
arms; (3) development of preoral arms; (4) develop- 
ment of epaulettes; (5) development of pedicellars and 
the adult rudiment. 

Cells of Hymenomonas elongata were grown in fil- 
tered sea water enriched with 2 % Erd Schreiber (Pro- 
vasoli 1968). Diameters and average volumes of cells of 
H. elongata were 8.0 to 13.5 pm and 780 pm3; those of 
Monocrysis lutheri, 3.7 to 4.2 pm and 31.7 pm3. 

Initial density of larvae was 1 to 1.5 plutei ml-l. 
Larvae and algae were kept in suspension by continu- 
ous agitation of the vessels. The volumes of available 
algal cells were 9 to 14 X 105, 24 to 37 X 105 and 43 to 
61 X 105 pm3 ml-I for Hymenomonas elongata, and 7 
to 14 X 105 and 18 to 24 X 105 pm3 ml-I for Monocxy- 
sis lutheri, corresponding to about 1,000, 3,000, and 
5,000 cells of H. elongata, and 22,000 and 57,000 cells 
of M. lutheriper pluteus, for one day. Eighty per cent of 
the sea water of the flasks was removed every day and 
replaced by fresh filtered sea water. To re-adjust to the 
initial algal volume after the grazing of larvae and the 
loss of algal cells in filtration, new fresh cells were 
added. 

The number of larvae was counted once or twice 
during the culture period and again at its end. The 
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equation N, = No - e-kt was used to calculate mortality 
rate and to make corrections in order to allow estima- 
tions of the number of living plutei and the actual 
volume of available algae pluteus-' d-I in each of the 
feeding experiments (No and N, = number of larvae at 
time to and at the subsequent time t; k = rate of 
mortality). The estimate of daily consumption of cells 
by the plutei was based on the change in the number of 
algal cells in each of the 2 vessels containing both 
larvae and algal cells, compared with that in the con- 
trol vessels that contained only algae. Rate of filtration 
was calculated from the equation: 

- 
F = v (l/t  In Co/C, -a) m1 larva h-' (1) 

(Frost 1972, Conover 1978) where v = volume of wate~  
per larva; t = duration of the experiment (19 to 24 h); 
C, and C, = initial and final concentrations of algae in 
the vessels containing plutei and algae; a = correction 
factor to account for growth of the algae in the control 
bottles: 

where T' = duration of incubation of algae; Ct0 and 
CTt = initial and final concentrations of the algae in 
the control bottles. The ratio R is equal to F X C with 

The ingested algal volume varied with the rate of 
larval development. The logistic function 

I = 
A 

l + eB+Cx (4) 

was used to represent the change in the ingestion rate 
with respect to the development of the larvae fed cells 
of Hymenomonas elongata (I = ingested volume; A = 

maximum ingestion; B = integration constant which 
defines the curve relative to the origin; C = specific 
ingestion rate; X = larval age). The data used for the 
logistic function are listed in Table 1. 

RESULTS 

Larvae fed Monocrysis lutheri 

Development of the larvae was asynchronous and in 
numerous cases occured with an increase only in larval 
length. Mean daily rate of ingestion for larvae supplied 
a volume of algal cells of 7 to 14 X 105 pm3 ml-l d-I 
showed small variations (Table 2). Only 25 % of the 
larvae supplied a volume of 18 to 24 X 105 pm3 ml-l 
developed posterodorsal arms after 11 d. Thus, mean 
daily rate of ingestion of this set of cultures was 
slightly higher after Day 11. (Table 2).  

C =  - (Lucas 1982). (3) Larvae fed Hymenornonas elongata 
F 

t ( -  + a) 
v Mean daily rate of ingestion by larvae aged 3 to 7 d 

The ingested algal volume is equal to this ratio multi- was low. Large variations occured among larvae of the 
plied by the average volume of the algal cells. same age and from the same parents as shown by 

Table 1. Paracentrotus lividus. Rates of ingestion of Hymenomonas elongata by larvae of different ages 

Volume of available cells ml-l d-I 
of Hymenornonas elongata 9 to 14 X 105 pm3 24 to 37 X 105 pm3 43 to 61 X 105 pm3 

Age (4 Ingestion rate Ingestion rate Ingestion rate 
(105 vm3 pl-l d-l) 

3 0.67 f 0.15 3.18 f 2.04 0.87 f 1.31 
4 0.94 f 0.21 2.21 f 2.01 1.27 + 1.78 
6 2.32 f 0.31 2.84 f 1.81 
7 1.42 f 0.11 6.78 f 2.88 3.37 + 0.07 
8 1.75 + 0.15 3.73 f 0.72 
9 5.40 + 0.06 11.00 f 1.31 9.31 f 4.55 

10 5.50 f 0.02 16.26 f 3.54 17.74 f 4.06 
11 22.10 f 0.51 29.93 f 3.91 
12 45.99 f 0.18 
13 25.21 f 7.59 41.16 f 5.23 
14 27.15 f 2.33 4 1.72 
15 22.33 f 2.25 46.39 f 7.66 
16 7.35 + 0.35 27.65 k 3.46 35.36 f 4.39 
17 26.33 k 0.97 36.95 f 0.91 
18 6.54 -+ 0.34 
24 7.31 -+ 0.65 
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Table 2. Paracentrotus lividus. Volume of cells of Hymenornonas elongata and Monocrysis lutherl ingested b y  larvae during their 
development. Volumes of available algal cells are: 9 to 14 X 105, 24 to 37 X 105 and 41 to 63 X 105 pm3 ml-l d-I for 
H. elongata; 7 to 14 X 105 and 18 to 24 X 105 pm3 ml-l d-' for M. luthen. N = number of mated pairs of P. lividus. Values are 

means + 1 S D  

Volume 01 avail- 
able cells ml-' d-' 
of H elonaata 9 to 14 X 10S pm" 24 to 37 X 1O5 w3 43 to 61 X 105 vm' 
.p 

Age Id) Stage Ingt,st~un Filtr lllon N 51,3113 I n q r , ~ t l u n  1 1 n  N Stage In(;+ stron F~ltratlon N 
rate (1O5pnl' rate In.' ' rate ( 1 ~ .  rate (nll-' rate (10' W' rate (ml-' 

pl-' d.'] pi . d .) PI-' d.'] pl-' d.') pl-' d ') pl-' d-') 
--p - -  . P -. 

3 4arnlr  0 6 7 ~ 0 9 4  0 1 5 f 0 ~ 1  1 4arnls  3 1 8 f 2 0 4  0 1 4 f 0 . 1 0  3 4a rms  0 8 7 ? 1 3 1  0 0 3 2 0 0 1  3 
7 4 arms 1 4 2  I l l 1  0 l1  f 0 08 1 6 arms 6 7 8  + 2.88 0 26 t 0.12 4 6 arms 3 37 ' 0 07 0 08 f 0 05 3 
9 6 arms 5 4 0  t 0.06 1.70 f 0 01 1 8 arms 11 00 f 1.35 1.50 f 0.35 2 8 arms 9.31 1 4 55 0.38 2 0 22 2 

10 6 arms 5 50 f 0 06 169  t 0 13 1 8 arms 16 26 f 3 54 1.20 + 0 43 4 8 arms 17 74 z 4 06 0 54 + 0.16 3 
11 epaulettes 22 10 f 0 51 2.84 2 0 72 2 epaulettes 29 93 + 3 91 1 13 f 0 40 3 
13 ad rud~ment  25 21 + 7 59 1 53 f 0.76 3 ad rud~ment  41.16 t 5 23 1 54 f 0 28 2 
16 8 arms 7.35 + 0 35 1.96 f 0 06 1 ad rud~ment  27 65 t 3.46 2.66 f 0.47 3 ad. rudlment 35 35 + 4.39 1 3 9  f 0 39 2 
24 epauletles 7 31 I 0 65 2.40 f 0 18 1 

Volume of avail- 
able cells ml-' d-' 
of M lothen 7 to 14 X 105 lun3 18 to 24 X 10%' 

-pp - 

3 4 arms 1.88 t 0 32 0.34 + 0.07 1 4 arms 2 54 + 0.94 0.11 f 0 04 1 
7 4 arms 2 22 f 0.08 0 35 f 0 00 1 4 arms 3 30 f 0 42 0.15 f 0.02 1 
9 4 arms 2.09 f 0 10 0 32 +_ 0 02 1 

10 4 arms 1 84 f 0 23 0 38 - 0.07 
11 4 arms 1 8 3  f 0 08 0 30 r 0 01 1 6 arms- lor 5.00 f 1 7 0  0.27 f 0 11 1 
14 4 arms 2 51 f 028 0 33 + 0 05 1 25% larvae 7 23 f 0 04 0 60 f 0 03 1 
3 1 4 arms 2.40 + 0 00 0 20 f 0 01 

standard deviations (Table 2). With a daily supply of 24 
to 37 X 105 or 43 to 61 X 105 pm3 ml-l, the mean rate 
varied from 2.2 to 6.8 X 105 and from 0.9 to 3.4 X 105 
pm3 p1'-' d - l .  Between Day 7 and Day 9,  the mean 
ingestion rate increased until it reached a plateau 
which stabilized at a level that depended on the avail- 
able quantity of algae (Fig. 1). For larvae supplied with 

' p1 = pluteus 

9 to 14 X 105 pm3 cells ml-l, the rate of ingestion 
increased slightly between Day 9 and Day 1 6 ,  ranging 
from 5.4 to 7.4 X 105 pm3 algal cells pl-l d-l. From Day 
16 to Day 24, there was little variation in the volumes 
ingested, which averaged 7 . 0  X 105 pm3 algal cells pl-' 
d-'. Mean volume of available algal cells at the end of 
the feeding experiments was only 1.39 X 105 pm3 ml-l. 

For larvae supplied 24 to 37 X 105 pm3 cells ml-l, 
the rate of ingestion increased greatly between Day 7 
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Fig. 1. Paracentrotus lividus plu- 30 
tei. Ingestion rate per larva per C 

day as a function of age  and of 2 
concentration of Hymenornonas 2 
elongata. I = A/1 + eB+CX, where E 20 - 
I = ingestion rate; A = maximal =, 
ingestion rate; B = integration g 
constant; C = specific ingestion - 10 
rate; X = age of larva. Concen- 
trations: (1) 9 to 14 X 105; (2) 24 
to 37 X 105; (3) 41 to 63 X 105 pm3 

ml-' d-' 0 

LARVAL AGE ( D A Y S )  
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and Day 14 ranging from 6.8 to 27.2 X 105 pm3 cells 
pl-I d-l. From Day 14 to Day 17, the rate of ingestion 
was about 27 X 105 pm3 algal cells pl-I d-l. Mean 
volume of available algae at the end of the feeding 
experiments, for larvae aged 10 to 17 d, was about 
1.7 X 105 pm3 ml-l. 

For larvae supplied 43 to 61 X 105 pm3 ml-l, the rate 
of ingestion increased greatly from Day 9 to Day 15 
ranging from 9.31 to 46.40 X 105 pm3 cells pl-I d-'. As 
in the case of the larvae supplied 24 to 37 X 105 pm3 
algal cells ml-l, the first signs of competence towards 
metamorphosis (larvae exploring the substratum, 
podia being extended) appeared by Day 15. The 
number of available cells at the end of the feeding 
experiments was higher than 500 ml-l. Nevertheless, 
between Day 13 and Day 16, the ingestion curve is 
stable (Fig. 1). 

The curves of ingestion as a function of age and 
morphological development of the plutei, for the 3 
concentrations of Hymenornonas elongata, show a first 
phase of small increase, a second phase of great 
increase, and a third phase where values remain 
stable. Ingestion rate varies as though it were a para- 
meter measuring growth. Among the mathematical 
models tested (von Bertalanffy-Brody, Gompertz, logis- 
tic function) the logistic function is the one used. The 
parameters of the 3 equations corresponding to the 3 
concentrations of available algae are indicated in 
Table 3. 

DISCUSSION 

Up to Day 7, the rate of algal cells ingested by the 
plutei fed Hymenornonas elongata and Monocrysis 
lutheri is minimal and does not depend on the number 
of cells available per pluteus. The development of 
posterodorsal arms marks the beginning of a definite 
increase in the ingestion rate. This was the case both in 
larvae offered the 3 concentrations of H. elongata cells 
as well as in some plutei (about 25 % of the population) 
in a culture fed 18 to 24 X 105 pm3 cells ml-I of M. 
lutheri. The increase in ingestion rate was thus related 
to the increase in length of the circumoral band. In a 

study on the functional differences in nutritional 
activities, Lee (1983) emphasized the differences 
between ciliated band and epaulettes during filtration. 

According to Strathmann (1971), beating cilia of the 
circumoral ciliated band create a current that draws 
suspended particles towards the mouth. Our study on 
the rate of ingestion of cells of Monocrysis lutheri and 
Hymenomonas elongata by plutei of Paracentrotus 
lividus, with respect to the development of the circum- 
oral ciliated band, shows clearly that increase in inges- 
tion rate depends on the formation of new larval arms 
which augment the length of the ciliated circumoral 
band. 

Our study further shows that different algae are not 
treated in the same way by the larvae. Plutei supplied 
with 3 concentrations of Hymenornonas elongata cells 
showed synchronous development and acquired the 
ability to undergo metamorphosis irrespective of algal 
concentrations (Fenaux et al. unpubl.). A volume of 18 
to 24 X 105 pm3 cells ml-I of Monocrysis lutheri (i.e. a 
volume yielding optimal plutei growth in the case of H. 
elongata) gives poor results as regards the develop- 
ment of the larvae. Hinegardner (1969) noted the poor 
growth also in larvae of Lytechinus pictus and 
Psamrnechinus milliaris offered cells of M. lutheri. In 
contrast, Wilson (1981) found that both H. elongata and 
H. carterae (another haptophyceaen) supported good 
growth of echinoid larvae. 

A complete but slow development (l mo) occured 
with 9 to 14 X 105 p.m3 cells ml-I of Hymenomonas 
elongata, whereas the development takes only 16 d 
with 24 to 37 X 105 and 43 to 61 X 105 pm3 algal cells 
(Fenaux et al. unpubl.). The 3 plateaus appearing at 
the last phases of ingestion rates have different signifi- 
cations. With 9 to 14 X 105 and 24 to 37 X 105 pm3 
algal cells ml-l, the ingestion rate was limited by the 
volume of cells still available under the experimental 
conditions. With 43 to 61 X 105 pm3 cells ml-l, the 
plateau appeared when the formation of the adult 
rudiment took place. With these data, it appears that 
an optimal diet of Hyrnenomonas elongata cells, in 
relation with the development of the larvae, is 1,000 
cells ml-l during Day 3 to Day 7, 3,000 cells during 

Table 3. Paracentrotus lividus. Ingestion of cells of Hymenomonas elongata by plutei as function of larval age  and prey 
concentration per individual per day 

Volume of available cells ml-I d-' 
of Hymenomonas elongata A + 6 A  B + 6 B  C + 6 C  F D.D.L. 

43 to 61 X 105 v3 4 5 . 5 9 6 2 1 . 5 5 8  1 1 . 8 2 6 f  1.362 - 1 . 1 4 1 f 0 . 1 3 6  994.2' 1 and 50 
24 to 37 X 105 pm3 29.825 f 1.945 4.905 5 0.600 -0.512 f 0.075 463.07' 1 and 53 

9 to 14 X 105 pm3 8.646 f 0.776 9.823 f 2.702 -1.151 f 0.327 80.03 ' 1 and 9 
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Day 8 to Day 10 and 5,000 cells until metamorphosis. Centre national de la Recherche Scientifique (ERA 228 and 
According to Lucas (1982), larvae of Acanthasterplanci RCP 080658). 

are unable to reduce their rate of ingestion: this leads 
to gut obstruction at high algal concentrations. In our LITERATURE CITED 

experiments, a reduced rate of ingestion at the time 
when the adult rudiment is formed demonstrates a 
different behaviour, and sugests a maximum volume at 
the end of larval growth. 

For the two 6-armed plutei of Strongylocentrotus 
droebachiensis and Dendraster excentricus, maximum 
filtration rates (p1 min-l) were respectively 2.3 and 0.5 
(Strathmann 1971); they were 1.3 to 6.3 for the bipin- 
naria of the sea star Acanthasterplanci (Lucas 1982). In 
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A.planci bipinnaria and P. lividus plutei can be 
explained in terms of differences in temperature. Ras- 
soulzadegan & Fenaux (1979) showed for Arbacia 
lixula larvae that grazing rates increase wlth increas- 
ing temperature. 
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