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Suspension feeding in marine sponges 
Halichondria panicea and Haliclona urceolus: 

effects of temperature on filtration rate and 
energy cost of pumping 

H. U. Riisgard l ,  S. T h o m a s s e n l ,  H. Jakobsenl, J. M. W e e k s 1 ,  P. S. Larsen2 

'Institute of Biology, Odense University, DK-5230 Odense M,  Denmark 

2 ~ e p a r t m e n t  of Fluid Mechanics, Technical University of Denmark, DK-2800 Lyngby, Denmark 

ABSTRACT: Filtration rate (measured as clearance of algal cells) was measured at  different tempera- 
tures in the sponge Halichondna panicea. An increase in water temperature from 6 to 12 "C caused the 
mean flltration rate to increase 4.3 * 2.3 tlmes. Thls value was higher than previously found for other 
marine ciliary suspension-feeding anlmals. Filtration rate at  12 "C was also measured in Haliclona ur- 
ceolus by means of an  indirect clearance method In addition to a direct technique for measuring pump- 
ing rate. It was found that the 2 sponge specles had near-identical flltration rates, with maximum rates 
of approximately 60 m1 m ~ n '  (g  dry weight).' at  12 T. The normal pump pressure, or operating point 
0,, of a standard sponge (based on our own measurements and calculat~ons from l~tera ture  data for a 
0.1 g dry weight Haliclona sp.) was estimated as the sum of maln contributions to head losses along the 
flow path from entry (ostia) to exit (osculum) The head losses were as follows: ostia 0.0373 mm H,O, in- 
halant canal 0 1205 to 0.013 mm H,O, prosopyles 0.1153 to 0 02321 mm H,O, collar-fllter 0.122 mm 
H,O; exhalant canals = inhalant canals; and osculum 0.1576 mm H20. The (maximal) 0, was found to 
be 0 673 mm H,O and the power output P, from the sponge pump was 0.677 pW. The pump work, de-  
fined as P,R.' where R is the respiratory output, was 0.85 % The low energy cost of filtration and the 
temperature effect are discussed and compared w ~ t h  recent data for other ciliary suspension feeders. It 
is argued that passive current-induced filtration may be of insignificant importance for sponges. 

INTRODUCTION 

I t  is agreed that in order to meet their food require- 
ments, suspension-feeding marine invertebrates must 
generally filter large volumes of water with a high re- 
tention efficiency of small particles of suspended food, 
often only a few microns in diameter ( J ~ r g e n s e n  1966). 
The energy cost of water pumping has been a debated 
subject for many years. An intuitive or superficial con- 
sideration may lead to the supposition that suspension 
feeding is an expensive condition of life due to 'the cost 
of a large metabolic outlay for generating water flow' 
(LaBarbera 1984) and is therefore 'a  marginal busi- 
ness' (Vogel 1978a). However, this seems to be an erro- 
neous belief (Foster-Smith 1976, Jargensen 1983, 
Jargensen et al. 1984, Fenchel 1986, Riisgdrd & 
Ivarsson 19901. 

During recent years a number of biological pump 
and filtersystems in marine suspension-feeding inver- 
tebrates (bivalves, polychaetes, ascidians) have been 
studied and characterized, especially regarding the 
power output of these biological pumps in relation to 
total metabolic power output (Jargensen et al. 1986, 
Jargensen & Riisgdrd 1988, J ~ r g e n s e n  et al. 1988, 
RiisgArd 1988, Riisgdrd 1989, Riisgard & Ivarsson 1990, 
Riisgiird 1991), but temperature effects on pumping 
rates have been investigated also (Jargensen et al. 
1990, Petersen & Riisgdrd 1992, Riisgdrd et al. 1992). 
These studies have shown that the energy cost of water 
pumping is unlikely to be a restricting factor for the 
distribution and success of suspension-feeding animals 
in the marine environment. However, the pump and 
filter systems in different species seem to be specifi- 
cally dimensioned to the biotope to which the species 
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are adapted. Furthermore, such studies have shown 
that no simple and common relationship exists 
between temperature and pumping rate, not even in 
ciliary suspension feeders (Petersen & Rilsgdrd 1992). 

To obtain a more complete picture of the energy cost 
of biological fluid-pumps in different taxonomic 
groups of suspension-feeding animals, and to ap- 
proach a more fundamental understanding of temper- 
ature effects (biological versus physical), especially In 
ciliary pumps, it has been of interest to study marine 
sponges. Sponges are sedentary, filter-feeding meta- 
zoans in which the entire body is specialized to sus- 
pension feeding, and the basic principles for water 
pumping and particle retention are the same in all de- 
mosponges. In general, water enters the body of the 
sponge through numerous small openings (ostia) on 
the surface, flows through a branched inhalant canal 
system to the water pumping units, the choanocyte 
chambers, within which there are numerous choanoc- 
ytes, each with a beating flagellum and a collar filter 
which efficiently retains small suspended particles, in- 
cluding free living bacteria, and colloidal organic mat- 
ter (Reiswig 1975, Bergquist 1978, Frost 1978, J ~ r g e n -  
sen 1983, Simpson 1984). The filtered water leaves the 
choanocyte chamber through an opening into the ex- 
halant canal system that merge into 1 or more open- 
ings (oscula) on the surface. 

The present paper examines the effects of tempera- 
ture on filtration rate and attempts to assess the energy 
output of the sponge pump in relation to total meta- 
bolic output. 

MATERIALS AND METHODS 

The experiments were performed on 2 demosponges 
collected by divers in Romser Sund east of Hindsholm, 
Funen, Denmark, from the surface of boulders at 3 to 4 m 
water depth during March 1992 (Halichondria panicea) 
and at 12 m depth during July and August 1992 (Hali- 
clona urceolus). The sponges (always kept cool and 
under water throughout manipulation) were transpor- 
ted to the nearby Fjord Biological Laboratory, Kertem- 
inde. A number of H. panicea colonies were individ- 
ually suspended on 10 cm long nylon threads (Barthel 
& Theede 1986) in an aquarium with flow-through sea- 
water (6.5 "C, 22 ?L salinity) until filtration rate meas- 
u.rements could be performed. All measurements on 
H. urceolus were made within 12 h of collection. 

Filtration rate was measured as the volume of water 
cleared of flagellate cells (Rhodomonas sp., almost 
spherical cells, about 6.5 pm in diameter) which are 
retained by the sponges with 100 'X1 efficiency (Reistvig 
1971). Several hours prior to each clearance experi- 
ment the individual sponge colonies were suspended 

in the centre of a 1 1 glass beaker containing 900 m1 
strongly aerated seawater, in a temperature-adjustable 
water bath. Flagellate cells were added (usually about 
5000 cells ml-l) and the reduction in number of parti- 
cles as a function of time was followed by removing 
water samples (15 ml) every 5 or 10 min and measunng 
the particle concentration of each sample with an 
Elzone 180 electronic particle counter, taking the 
mean value of 3 measurements, each using 0.25 ml of 
the sample, as a standard. The remainder of the sam- 
ple was returned to the experimental beaker to avoid a 
significant reduction in seawater volume (V,.,) during 
the experiment. A beaker without a sponge colony 
served as the control. Clearance (c) was determined 
from the exponential reduction in algal cell concentra- 
tion as a function of time (verified as a straight 
regression line on a semi-log plot) using the formula: 
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Fig. 1 .  D~agram of set-up for direct measurement of pumping 
rate In a bra.nch cut from a sponge colony (A and B ) .  (C) and 
(D) show organizat~on of the aquiferous system in Haljclona 

permollis (from R e ~ s w ~ g  1975) 
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Fig. 2. Halichondria panicea. Reduction of algal cells due to 
grazing by Sponges # l ,  #2 and #3 suspended in beakers with 
900 m1 aerated seawater. The filtration rates, expressed by the 

slope of the regression lines, are shown in Table 1 

c = (V,,lt) ln(Co/C,) where CO and C, are the algal con- 
centrations at time 0 and time t, respectively, calcu- 
lated from the regression equation. 

Direct measurements of pumping rates were 
performed on Haliclona urceolus using the technique 
described by RiisgArd (1988) for direct measurement 
of pumping rates in the ascidian Styela clava. A 5 1 
aquarium was divided into 2 chambers (C1 and C2) by 
a membrane (cut from a latex surgical glove) into 
which a circular hole had been punched. A single 
sponge branch cut from a sponge colony without lat- 
eral oscula, was tied off at one end by means of sewing 
thread to make a l-way water outflow through the os- 
culum. The other end was inserted about 3 mm 
through the latex hole so that the membrane separated 
the inhalant and exhalant water (see Fig. 1).  A shunt 
connected the 2 chambers when open. The water level 
In the exhalant chamber (C2) was monitored with a 
laser beam striking a mirror that was fixed on a teth- 
ered floating ping-pong ball. The mirror reflected the 
laser onto a scale approximately 8 m from the mirror. 
When the sponge pumped water from C1 to C2 with 
the shunt closed, the water level could be kept at zero 
or at a known imposed back pressure maintained by 
means of a peristaltic pump that returned water from 
C2 to C l .  The pumping rate of the calibrated peristal- 
tic pump was identical to the pumping rate of the 
sponge. Only data obtained at zero back pressure are 
reported in the present work, but the simultaneously 
determined back-pressure pumping-rate characteris- 
tics will be presented in another paper dealing with an 
analysis of the sponge pump (Larsen & Riisglird un- 
publ.). 

After the experiments, the sizes of the individual 
sponge colonies were expressed in several ways: vol- 
ume (V,, m1 of displaced water in a graduated cylinder 
glass), dry weight (DW, 100 "C, 24 h) ,  ash free dry 

Fig. 3. Halichondiia panicea. Reduction of algal cells due to 
grazing of Sponge #6 in a beaker with 900 m1 seawater (12 "C) 
and a control beaker without sponge. Arrows indicate addi- 
tions of algal suspension to the experimental beaker with 
sponge. The slope of regression llnes represents the sponge's 

filtration rate (m1 min-l, indicated for each llne) 

weight (AFDW, 7 h ashing of ground DW samples in a 
muffle furnace at 500 'C) and total nitrogen (N).  The 
nitrogen analyses were performed on a Carlo Erba 
EA1108 CHNS-analyzer with Euger 200 software. 
Sample weights were determined on a Mettler ME22 
microbalance. 

RESULTS AND DISCUSSION 

Filtration rate and effects of temperature on 
Halichondria panicea 

The method and treatment of measured data used 
for estimating filtration rate (i.e. clearance of algal cells 
retained by the Halichondria panicea colony with 
100 % efficiency) is illustrated in Figs. 2 & 3. In Fig. 3 
the filtration rate of H. panicea was near-constant, 17.8 
f 1 . 4  m1 min-l, throughout the 4 h experimental pe- 
riod. Filtration rates at different temperatures were 
measured using the same procedure as used for 
experiments shown in Fig. 3, except that the tempera- 
ture of the water bath was increased or decreased 
between each new algal addition. The temperature 
studies are depicted in Figs. 4, 5 & 6. A significant tem- 
perature effect was noticed, being most pronounced in 
Sponge #9 that underwent an  increase in filtration rate 
of approximately 10 times following a temperature rise 
from 6 to 15 "C (Fig. 6).  

The size and measured filtration rates at  12 "C for all 
Halichondria panicea used in the present work are  
presented in Table 1. The relationships between 
V, and DW and AFDW, respectively, are shown in 
Fig. 7. Both DW and AFDW show a similar high degree 
of correlation with V,, and the same applies for total 
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0 
0 5 10 15 20 0 5 10 15 20 
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Fig. 6 .  Halichondrja panicea. Filtration rate (= clearance) of Sponges #7, #8. #9 and #l0 [data from Fig. 4 (open symbols) and 
Fig. 5 (closed symbols), see also Table l ]  as a function of temperature. Regression lines and their equations are shown 

nitrogen content (not shown). The dry weight specific 
clearance [cD,,,, m1 (g DW)-l] as a function of V, (ml) 
may be expressed as a linear function: CDW = 45.23 - 
2.26 V, r = -0.632, or as a power function: cow = 124.9 
V-''', r = -0.708. The correlation coefficient is higher 
for the power function, but it ought to be stated that 
the power function allometry usually found in meta- 
zoans may not necessarily be valid for sponges with 
their unique construction, often classified in a sepa- 
rate subkingdom, the Parazoa. Thus, if the density 
of choanocyte chambers is uniform, weight-specific 
clearance should not be expected to decrease with 
size. But this is apparently the case as also shown 
previously by Reiswig (1974) and Frost (1980). One 
possible explanation of decreasing weight-specific 
clearance could be the result of fewer living choano- 
cytes per unit of colony volume in larger (presumably 
older) sponges. 

Total nitrogen content may be regarded as a meas- 
ure of the amount of the total cell mass, and thus of the 
number of choanocytes. One should therefore expect 
the filtration rate per mg N to be constant and indepen- 
dent of sponge size. From Table 1 it is seen that this is 
apparently not the case because filtration rate varies 

between 0.3 and 1.0 m1 (mg N)- ' .  Thus, the observed 
differences between different colonies are difficult to 
explain. It is well known that sponges are sensitive to 
laboratory conditions, and the lower filtration rates in 
e.g. Sponges #4 and #7 may reflect such sub-optimal 
conditions. The highest filtration rate per mg N (0.95 
m1 min-l) was found in Sponge # l 0  (Table l), which 
may be compared to 1.08 m1 min-' (mg N)-' measured 
by Jerrgensen (1949). Expressed on the basis of g AFDW 
the filtration rate was 86.4 m1 min-l which may be 
compared to the near identical rate of 79.8 m1 m i n 1  re- 
ported for Halichondria panicea by Jsrgensen (1955). 

In order to cover minimal energy requirements, as 
assessed from rates of oxygen consumed, marine sus- 
pension feeders are required to filter more than 10 1 of 
water per m1 of oxygen consumed ( J~rgensen  1975). 
Respiration rate [R: m1 O2 (g AFDW)-I h-'] in Hali- 
chondria panicea has been measured at different tem- 
peratures (T, 'C) by Barthel & Theede (1986), and is 
presented in Table 1 in Barthel (1988). From this table 
the following equation can be calculated: logR = 
-0.884 + 0.046 X T (r = 1.000). At 12 "C the respiration 
rate of H. panicea can be estimated as 0.466 m1 O2 h-' .  
With a filtration rate of 86.4 m1 min-' (#10, Table 1) it 
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Table 1. Halichondna panicea. Size (V,, volume), dry weight (DW), ash free dry weight (AFDW] and nitrogen (N) content of dry 
weight matter, and filtration rates of sponge colonies at 12 EC (measured as clearance of 6.3 pm Rhodomonas sp. algal cells). 

Clearance at 12 "(: for Colonies U7 to U10 have been estimated from the regression equations shown in Fig. 6 

Colony V, DW AFDW N Filtration rate 
# (m]) (9) (9) (mg) m1 of water cleared per min, per 

colony ml sponge g DW g AFDW mg N 

12.9 
18.9 
22.3 

7 .2  
19.6 
17.8 
18.5 
26.8 
20.0 
25.7 

Mean 
f SD 

may now be calculated that 86.4 X 60/0.466 = 11 1 of 
water were filtered per m1 of O2 consumed. The mean 
value for Sponges #4 to #l0  was 7.2 f 2.8 1 of water fil- 
tered per m1 O2 consumed. This value is relatively low 
compared to the tropical marine sponges Mycale sp. 
and Tethya crypta, which according to Reiswig (1974) 
filter 19.6 and 22.8 1 per m1 O2 respectively. Values for 
other marine suspension feeders are, for example 15 to 
50 1 water per m1 O2 for the bivalve Myfilus edulis 
(Riisgbrd et al. 1980), 25 to 50 for the polychaete 
Chaetopterus variopedatus (RiisgArd 1989), and 354 
for the polychaete Sabella penicillus (RiisgArd & 
Ivarsson 1990). These differences probably reflect dif- 
ferent adaptations in the shape of the pump capacity as 
related to retention efficiency, food particle size, and 
concentration of suspended food particles in the habi- 

tat. The collar filter in sponges presumably retains par- 
ticles with 100 % efficiency down to 0.1 pm in diameter 
(Jargensen 1966, Reiswig 1971). This very high reten- 
tion efficiency partly explains the lower filtration rates 
in sponges when compared with, for example, the 
polychaete S, penicillus which retains particles effi- 
ciently only above about 4 pm In diameter (Jerrgensen 
et al. 1984). 

The grazing impact of marine sponge colonies has 
apparently never been assessed in the field, but in 
areas with extended sponge populations it is likely that 
they may exert a considerable role in the control of 
phytoplankton. The biomass of field populations of 
Halichondria panicea at Boknis Eck, western Baltic 
Sea, was recorded by Barthel(1988), who found a max- 
imum of 24 g AFDW m-' at 10 m water depth in late 
July (14 "C). With a filtration rate of 107 m1 min-' (g 
AFDW)-' at 14 "C (Sponge #10, Fig. 6) the population 
filtration rate could be estimated to be 3.7 m3 m-* d-l  
or 37 % of the whole water column per day. Though 
this value is to an uncertain extent affected by the 
apparent decrease of the weight-specific filtration rate 
with colony size, the present estimate indicates that 
sponges may exert a pronounced grazing impact in 
certain areas. 

Filtration rate in Haliclona urceolus 
0 

0 5 10 15 20 Indirectly obtained filtration rates (clearances) meas- 
Colony size (V), rnl ured on Haliclona urceolus are shown in Table 2, 

Fig 7. Halichondna panlcea. Filtration rate (= clearance) as a whlch also shows directly determined filtration rates 

function of colony size (data from Table 1).  Regress~on llne means the direct 'laser ping-pang 
and ~ t s  equation are shown technique'. On a dry weight basis the mean filtration 
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Table 2. Haljclona urceolus. Size (V,, volume), dry weight (DW), nitrogen (NI content of sponge colonies, and filtration rate meas- 
ured at 12 % e ~ t h e r  by means of the direct techn~que (Colonies # l  to 443 collected in late August) or by the clearance method 

(Colonies #4 to #8 collected in early July) 

Colony v, DW N Filtration rate m1 per min, per 
(m]) (9)  (mg) colony m1 sponge 

-- - -  
g DW 
-- 

Mean 2.5 31.0 
_+ SD 1.7 18.7 0.2 

O i  l 
rate of H. urceolus was 31.0 f 18.7 m1 min-' (g DW)-' 
(Table 2), compared to 27.0 + 16.2 m1 min-' (g DW)-' in 
Halichondria panicea (Table 1). The maximum re- 
corded filtration rate in both sponges was about 60 m1 
min-' (g  DW)-l. 

Energy cost of pumping 

Parameters of 'standard sponge' 

The great similarity of basic anatomic structures of 
the aquiferous system in demosponges (Reiswig 1975) 
and near-identical filtration rates in Halichondna pan- 
icea and Haliclona urceolus (Tables 1 & 2) justify defi- 
nition of a 'standard sponge' (DW = 0.1 g; AFDW = 

0.033 g) with a maximal filtration rate of 6 m1 min-' 
(Tables 1 & 2) and a respiration rate of 15 p1 O2 h- '  at 
12 "C. When the temperature T is lowered from 12 to 
6 "C the filtration rate (F, m1 min-') is rectilinearly re- 
duced 4.3 times (Fig. 6), i.e. F =  bT+ a. The relationship 
between filtration rate and temperature for the 
'standard sponge' is given by F = 0.77T - 3.2. The 
shape and dimensions of the 'standard sponge' are as 
follows (based on 'mean' data from the 2 near-identical 
H. urceolus # l  and #3): tubular/cylindrical shape = 32 
mm long, outer diameter = 8.6 mm, diameter of atrium 
= 2.3 mm, diameter of osculum = 1.5 mm. The other di- 
mensions of the aquiferous system (see later) are based 
on Haliclona permollis derived from Reiswig (1975, 
Table 1). 

Knowing the surface area of the 'standard sponge' 
(8.65 cm2), the area of osculum (0.018 cm2) and the 
pumping rate (6 m1 min-l) the velocity of water ap- 
proaching the sponge surface (U,) and leaving the os- 
culum (U,) may be estimated as U, = 6/(8.65 X 60) = 
0.12 mm S-' and U, = 6/(0.018 X 60) = 55.6 mm S-', re- 

spectively. These values may be compared to U, = 0.17 
mm-' and U, = 51.3 mm S - '  found for Haliclona per- 
mollis by Reiswig (1975) using time-displaced photo- 
graphs of ejected particles in the oscular stream to de- 
termine the rate of water transport. The agreement is 
encouraging and supports the 'meager but suggestive 
approximations' of water transport rates made by 
Reiswig. 

To determine the normal pump pressure or operat- 
ing point of the 'standard sponge' pump, and subse- 
quently to calculate the pump power output, we need 
to know the sum of head losses along the flow path 
through the canal and filter system of the sponge (i.e. 
the system characteristic). To enable calculation of the 
head losses we need to know the anatomy of the 
sponge, including the length and diameter of canals 
and chambers etc., and flow velocity in the different 
regions along the flow path. Fluid mechanical calcula- 
tions in the calcareous sponge Leuconia aspera were 
made for the first time by Bidder (1923), but during the 
last 70 yr apparently nobody has tried to get further 
with the type of calculations presented below. 

The aquiferous canal system in the 'standard sponge' 
may be described as follows (mainly based on Reiswig 
1975, see also Fig. 1): water enters the sponge through 
numerous ostia (mean diameter = 20.6 ym) on the 
surface and passes through a quickly branching 
system of narrow inhalant canals (IC) of about 300 then 
100 then 50 pm diameter, comparable to the branch 
system of a tree, to the choanocyte chambers (CC, 
diameter = 30 pm), which may be considered as 
the basic pump units. All pump units operate in 
parallel (see e.g. Kilian 1952, Figs. 9 & 19; Langen- 
bruch 1983, Fig. 3) at approximately the same flow and 
pressure rise. The density of CCs is 12 000 mm-3 and 
they constitute a considerable part of the wall structure 
separating inhalant and exhalant canals (see later). 
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Table 3 .  Velocities of water flow and main contributions to head losses ( A H )  along flow path from entry (ostia) to exit (osculum) 
in 'standard sponge' (see text) estimated from percent cross-sect~onal areas and mean diameters (range in brackets) of canal ele- 
ments in the aquiferous system measured by Reiswig (1975) for Haliclona permoll~s or calculated in the present work (i.e. mean 

diameter of inhalant and exhalant canals, see text) 

Canal element Percent of inhalant Diameter Velocity 
surface (Wm) (mm SS')  

AH 
(mm HzO) 

Inhalant surface 
Ostia 
Apertu.res of inhalant canals 
Inhalant canals (3 mm long) 
Prosopyles 
Choanocyte chambers 
Collar bases 
Collar slits 
Collar apertures 
Apropyles 
Apertures of exhalant canals 
Exhalant canals (3 mm long) 
Atrium 
Osculum 

Total 0.673-0.366 

Within each CC there are 60 to 100 choanacytes, each 
with a beating flagellum. Water enters the CCs 
through an inhalant opening (prosopyle) with a diame- 
ter of 1 to 5 pm. The beating flagellum draws water 
through a 'collar filter' surrounding each flagellum. 
The collar consists of a circular row of approximately 
5 pm long and 0.14 pm wide fibrils (pseudopodia) with 
a slit of 0.11 pm between adjacent fibrils (i.e. the cen- 
ter distance between fibrils = 0.25 p m )  Water flows 
from the CCs through the exhalant opening (apopyle; 
diameter = 14 pm) which is surrounded by a ring of 
cone cells (Langenbruch & Scalera-Liaci 1985) into a 
system of exhalant canals (EC), which mirrors the in- 
halant system. Finally, the water channels of all exhal- 
ant systems merge into the atrial cavity which has an 
exit osculum on the surface through which the filtered 
water leaves the sponge as a strong jet. 

From analysis of microscopic cross-sectional areas of 
the aquiferous system in Haliclona permollis, Reiswig 
(1975) estimated the area of the different parts of the 
canal system. He expressed these areas as a percent- 
age of the inhalant sponge surface as shown in Table 3, 
which also contains diameters, velocities of water flow 
and head losses along the flow path (see next section) 
calculated for the 'standard sponge' in the present 
work. 

Head losses along flow path 

To verify the consistency of quantitative data of the 
'standard sponge', a simple calculation based on the 

density of CCs of about 12 000 mm-3 estimated by 
Reiswig (1975) will give the average diameter of ICs 
and ECs. Thus, consider a length L of a canal of inside 
diameter D and wall thickness equal to the diameter 
(Dcc = 0.030 mm) of the CC. Let the CCs be distributed 
uniformly over the wall, on a square array of pitch re- 
ferred to the inside surface, which proves convenient 
for later analysis (in the Appendix). Then, the number 
of CCs in this length of canal will be about nDL/12 
where l is the distance between CCs (a triangular array 
with the same pitch would give 2/3 times as many 
CCs). The number of CCs per unit volume (n) becomes 
4D/[12(D + 2Dcc)2], and the volume fraction of wall 
structure taken up by CCs becomes rc(Dc,/1)2/ 
[6(1 + l/Dcc)]. Taking n = 12 000 mm-3 and l = 0.030 and 
0.036 mm yields D = 0.235 and 0.102 mm, and the cor- 
responding volume fraction of wall taken up by CCs 
becomes 46 and 28%, respectively. This is in agree- 
ment with microscopic cross-sectional observations 
which show structures where walls between ICs and 
ECs consist essentially of closely packed CCs (e.g. 
Kilian 1952). 

Though the topology of the 3-dimensional canal 
system has not yet been determined it appears that lit- 
tle of the total volume of the sponge can be allocated to 
canals larger than those estimated above, but there 
may be smaller canals. For a canal of diameter Dl bi- 
furcating into 2 canals of diameter D2 carrying the 
same total volume flow, we find for Poiseuille flow (Eq.  
A2 in the Appendix), that D2/Dl = 2-l" = 0.84 if the 
pressure gradient were to be the same, and D2/D1 = 

2-"2 = 0.71 if the velocity were to be the same (yielding 
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twice the pressure gradient). To satisfy the high pack- 
ing of CCs most of the sponge volume must be taken 
up by relatively small canals of diameter 100 to 200 pm 
that are relatively long, perhaps 3 mm or longer, in the 
'standard sponge' These narrow and long canals con- 
tribute significantly to the frictional pressure drop, 
which will now be estimated. 

Using the relations derived in the Appendix on the 
assumption of a constant pressure gradient along the 
canal, and taking QC, = 4.46 X 10-6 mm3 S- ' ,  L = 3 mm, 
l = 0.030 and 0.036 mm and inlet diameter Do = (4/3)D 
= 0.313 and 0.136 mm, respectively, then Eq. A4 gives 
a pressure gradient of 0.0047 and 0.0402 mm H 2 0  (mm 
canal)-',  respectively, and the total frictional pressure 
drop in a 3 mm long IC becomes 0.013 and 0.1205 mm 
H 2 0 ,  respectively. The same pressure drop is found for 
a 3 mm EC, (Table 3). Note that the pressure drop for a 
given canal length depends inversely on 1 and D3, SO 

it depends critically on the estimate of these parame- 
ters. For example, if the inlet diameter were 0.1 mm in- 
stead of 0.136 mm for l = 0.036 mm, the pressure drop 
would be 0.606 mm H20.  According to Eq. A3 the di- 
ameter should decrease from 100 Fm at the inlet to 79.4 
and 46.4 pm, respectively, 1.0 and 2.7 mm downstream 
of the inlet, and should then decrease to zero over the 
last 10 %of the 3 mm canal length. Although the actual 
topology may deviate from the ideal design assumed, it 
is likely that the latter may be a good approximation 
over most of the length of ICs and ECs to ensure that 
most pump units would operate optimally in parallel, 
that is, at approximately the same pressure rise. Also, 
as long as the pressure gradient is assumed to be con- 
stant, once determined, the total pressure drop de- 
pends only on the length of the flow path, whether or 
not the canal system is branching. Referring to Table 3, 
other major contributions to system pressure drop 
include apertures at ostia and prosopyles, the collar 
slits and the kinetic energy of the jet leaving the 
osculun1. 

The pressure drop for creeping flow with volunle 
flow Q and mean velocity U through a circular aper- 
ture of diameter d is obtained from Happel & Brenner 
(1965, p.153) as 

which gives 0.373 and 0.1153 to 0.0231 mm H 2 0  for 
ostia and prosopyles, respectively. Now, assume that 
all flow passes the 0.1 1 pm wide slits between the par- 
allel circular cylinders, the collar fibrils (diameter, d = 

0.14 pm), spaced with a distance b = (0.25 pm) between 
centers of neighbouring cylinders. Then the model de- 
veloped by Tamada & Fujikawa (1957) can be used to 
calculate the pressure drop over the collar filter: 

where K =  8 t / ( l  - 21n t + t2/6), t = n(d /b ) ,  u is the un- 
restricted upstream flow velocity (0.0034 mm S - ]  at 
12 "C). The calculated pressure drop is found to be 
0.122 mm H,O, see Table 3.  Finally, the high exit ve- 
locity from oscula, U, = 55.6 mm S- ' ,  gives a sizeable 
contribution, UC2/(2g) = 0.1576 mm H,O. Thus, adding 
all the significant contributions, listed in Table 3, the 
total system pressure drop becomes about 0.366 to 
0.673 mm H,O at 12 'C. 

Pump work 

The normal operating point 0, of the 'standard 
sponge' is defined by the total head loss along the flow 
path, i.e. 0.366 to 0.673 mm H 2 0 ,  see Table 3. The 
maximum power output Pp can be calculated as pump- 
ing pressure (AP = pgO,; 0, = 0.673 mm H 2 0 )  multi- 
plied by the pumping rate (F= 6 m1 min-'), resulting in 
a Pp = 0.677 pW. With a respiration rate R = 15 p1 O 2  
h-', equivalent to 80 pW, the 'pump work' Pp/R = 
0.677/80 = 0.85 %. 

Comparison with other suspension feeders 

Temperature effects 

In recent years the effect of temperature on filtration 
rate has been studied in several ciliary suspension 
feeders. In Table 4 the temperature effect on filtration 
rate in Halichondria panicea #8, #9 and # l 0  is com- 
pared with other ciliary suspension feeders. The mean 
increase in filtration rate of H. panicea when the tem- 
perature was increased from 6 to 12 T was 4.3 + 2.3 
times. This increase may be compared to 2.7 + 0.3 in 
the ascidian Ciona intestinalis, 1.4 + 0.1 in the mussel 
Mytilus edulis and 1.2 + 0.2 times in the polychaete 
Sabella penicillus. The temperature effect was thus 
most pronounced in the sponge, but also more ill- 
defined. Obviously there is no common tenlperature- 
dependent factor controlling the filtration rate in these 
ciliary suspension feeders. In M. edulis and S ,  penicil- 
lus the variation in filtration rate could be explained 
solely by the temperature-dependent changes in vis- 
cosity ( J~rgensen  et al. 1990, Riisgzrd & Ivarsson 1990); 
but not in C. intestinalis (Petersen & kisgbrd 1992) 
where a substantial effect of increased ciliary activity 
with temperature was suggested. The very pro- 
nounced increase in H. panicea cannot be explained 
by a combined effect of change in viscosity and change 
of beat frequency of the choanocyte flagella. The Qlo 
for filtration rate in Sponges #8, #9 and # l0  was 4.2, 25 
and 8.7, respectively. Because Qlo is usually between 2 
and 3 for biological processes (including flagellar beat 
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Table 4. Effect of temperature on filtration rate in various 
ciliary filter-feeding invertebrates 

Species Filtration rate (m1 min-') 12 T / 6  'C 
at 6°C at 12 "C 

Halichondria panicea (present work) 
Sponge #8 11.4 26.8 2.4 
Sponge #9 2.9 20.0 6.9 
Sponge # l 0  7.0 25.7 3.7 

Mean f SD 4.3 + 2.3 

Ciona intestinalis (Petersen & Riisgdrd 1992, Table 2) 
1 3.6 10.3 2.9 
2 4.0 11.9 3.0 
3 4.9 12.9 2.6 
4 7.6 19.0 2.5 
5 8.2 18.0 2.2 
6 4.6 13.5 2.7 

Mean f SD 2.7 t 0.3 

Mytilus edulis (Jergensen et al. 1990, Fig. 2) 
May 4 2 53 1.3 
February 28 38 1.4 
June 19 28 1.5 

M e a n f  SD 1.4 + 0.1 

Sabella penicillus (RiisgArd & Ivarsson 1990, Eq. 1, Fig. 6) 
Eq. l 102 114 1.1 
I 3 6 49 1.4 
I1 51 61 1.2 

Mean f SD 1.2 f 0.2 

frequency), the acute temperature effect in sponges 
may also be partly determined by factors such as con- 
striction/dilation of inhalant canals and/or choanocyte 
chambers, particularly because such constrictions have 
been observed in Ephydatia fluviatilis by Wintermann 
(cited by Kilian 1952, Fig. 16). Even the ring of cone- 
shaped cells in the apopyle region (Langenbruch & 
Scalera-Liaci 1990) and the porocytes in the pinaco- 
derm (Harrison 1972) may be temperature-dependent 
sites determining water flow. 

Energy cost of filtration 

Operation point, power output and pump work have 
recently been determined in a number of different sus- 
pension-feeding animals (for a summary see Table 3 in 
Riisgdrd & Ivarsson 1990). The operating point (Op) of 
the ciliary pumps of mussels (Mytilus edulis), poly- 
chaetes (Sabella penicillus) and ascidians (Styela 
clava) has been estimated as 1.0, 0.0224 and 0.3 mm 
HzO, respectively, and pump work (Pp/R) as 1.1, 0.403 
and 0.26 %, respectively. In the present investigation 
0, = 0.673 and Pp/R = 0.85 % in the 'standard sponge' 

Thus, the sponge pump has properties comparable 
with other ciliary suspension feeders, the energy cost 
of water pumping being low in all cases. 

It may be of interest to evaluate the head losses, and 
thus the energy cost of pumping water through the dif- 
ferent parts of the sponge aquiferous system (Table 3). 
The pressure drop in the prosopyles may be consider- 
able if there is only 1 prosopyle with a small opening, 
down to 1 pm in diameter as suggested by Reiswig 
(1975); but in Haliclona elegans and other marine 
haplosclerids, Langenbruch & Scalera-Liaci (1990) 
have found several prosopyles per choanocyte cham- 
ber. The pressure drop found for prosopyles in the 
present work may therefore be considerably overesti- 
mated. The head loss at the osculum is pronounced 
and may reflect how important it is for the sponges to 
create a strong jet of exhalant water to prevent recircu- 
lation of pre-filtered water. This may also be reflected 
in the chimney-like extensions bearing the output 
openings in many sponges. Such extensions have also 
been interpreted as devices for current-induced flow 
through the sponge, thus increasing the filtration rate 
without direct metabolic cost (Vogel 1978a, b). The 
generally low energy cost of filtration in sponges 
(which may also live in calm water) makes it likely that 
passive current-induced filtration may be relatively 
unimportant in sponges. 
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Appendix 1 

Consider an inhalant canal of circular cross sectlon with a 
slowly decreasing diameter D(x) The wall is composed of 
CCs, each havlng volume flow QC, and being uniformly 
spaced 1 mm apart. Then the volume flow leaving the canal 
per unit length becomes 
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pressed as  hydrostatic head (Fox & McDonald 1985, p. 360), 

where U denotes the mean velocity, v = p/p the kinematic 
viscosity, p the dynamic v~scosity, p the dens~ty ,  and g the 
accelerat~on of gravlty. Now, assumlng the pressure gradi- 
ent to be constant, uslng the conservation of volun~e flow Q 
= UnD2/4 and Eqs.(Alj-(A2), leads to a differential equation 
for the variation of the diameter D(x) along the canal. The 
solutlon to this equation may be wntten 

where Do denotes the inlet diameter and L the total canal 
length, w h ~ c h  1s related to other parameters by 

Flnally, integration of Eqs A l ,  using A3, gives the volume 
flow at the inlet 

It is readily shown from Eq A3 that the mean canal diame- 
ter based on surface area ,  hence on number of CCs, 1s % of 
the lnlet dlameter Also, the foregoing analysis a p p l ~ e s  
equally to a n  EC, leference now belng made to the exit In- 
stead of the lnlet In reallty, however, canals cannot be  of 
circular cross sectlon i f  they are  to fill the volume of the 
sponge, but the foregoing analysis still a p p l ~ e s  wlth con- 
stants adjusted for other geonletrles 
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