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ABSTRACT: Most accounts on suspension feeding assume that mechanical, sievelike filters retain 
particles from the ambient water Fluid mechanical aspects have been neglected. Suspension feeding 
is characterized by very low Reynolds numbers. This implies that water processing and particle 
retention are exclusively determined by viscous forces. Modern filtration theory can therefore be 
applied to hypotheses on suspension feeding involving mechanical filters. The resistance to water flow 
through such filters was found to correspond to pressure drops across the filters of about 0.1 to 0.4 mm 
H,O in flagellates, ciliates, sponges, and ascidians; and of > l  mm H,O in copepods and bivalves. 
These theoretical pressure drops are consistent with the function as filters of ciliate membranelles, 
pseudopodial collars in flagellates and sponges, and ascidian mucus filters. Ciliary and flagellar water 
transport operate at very low pressures The pressure drops calculated for copepod second maxillae and 
bivalve laterofrontal cirri seem to be incompatible with the roles as filters traditionally ascribed to 
these structures. Recent studies indicate that sievelike models have to be  abandoned in explaining 
particle retention in copepods and bivalves. Particles seem to be captured by means of mechanisms that 
do not imply physical interception of the suspended particles Copepods seem to have adopted 
mechanisms, based on viscous forces, that direct food particles in the surrounding water toward the 
second maxillae, which eventually capture the parcel of water that contains the particle. In the bivalve 
gill capture of suspended particles implies transfer from the currents passing through the gill via the 
interfilamentary spaces to the frontal surface currents along the filaments. Complex patterns of flow 
arise where the 2 systems of currents meet at the entrance to the interfilamentary spaces. The patterns 
are characterized by steep velocity gradients which may act on suspended particles and cause them to 
enter the surface currents, i.e. to be  captured. It remains to be ascertained to what extent fluid 
mechanics operate in the capture of particles in other metazoan ciliary feeders 

INTRODUCTION 

The terms 'suspension feeding' or 'filter feeding' 
have been coined to designate feeding in aquatic ani- 
mals that have evolved special structures to process the 
surrounding water and to retain small suspended parti- 
cles, including food particles such as phytoplankton 
cells. Typically, the particles are too small to be sensed 
and seized individually, and suspension feeding may 
be looked upon as the solution to the scaling problem 
of growing big while remaining a grazer in aquatic 
habitats where phytoplankton dominates primary pro- 
duction. 

Feeding by water processing implies the exploita- 
tion of fluid mechanical principles, but the fluid 
mechanics of suspension feeding has remained a neg- 
lected subject (Rubenstein and Koehl, 1977; Vogel, 
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1981). Most hypotheses on mechanisms of suspension 
feeding ignore the fact that the processes are charac- 
terized by low Reynolds numbers. 

The Reynolds number expresses the relation 
between inertial forces and viscous forces, given by the 
ratio av/y, where a = linear dimension of an  object, 
e .g.  a particle; v = velocity relative to the surrounding 
fluid; y = kinematic viscosity of the fluid. Movements 
of suspended particles at Reynolds numbers < 1 are 
thus dominated by viscous forces, and at very low 
Reynolds numbers inertial forces are insignificant. 
Reynolds numbers that apply to the feeding structures 
of suspension feeders are < 1, and the mechanisms of 
water processing and particle retention are thus exclu- 
sively determined by viscous forces. This implies that 
flow is laminar; turbulent flow cannot arise at low 
Reynolds numbers. Moreover, movements of particles 
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become independent of gravity, and Stokes law for the 
resistance to movements of spherical particles is thus 
valid: R = G n a ~ v ,  where a = radius; v = velocity of 
the particle; y. = viscosity. These facts have great 
implications for hypotheses on mechanisms of suspen- 
sion feeding. Most descriptions of suspension feeding 
imply inertial forces, and several hypotheses are 
explicitly based on such forces (Jsrgensen, 1966; Bul- 
livant, 1968a, b). However, application of Stokes law 
shows that the momentum of particles suspended in 
the feeding currents produced by different types of 
suspension feeders only suffices to move the particles a 
fraction of their own diameter (Strathmann, 1971; Fen- 
chel, 1980a). Therefore, at  low Reynolds numbers iner- 
tial forces cannot serve to concentrate particles, and 
descriptions and hypotheses that imply inertial forces 
in suspension feeding are thus invalid. 

In suspension feeding 2 phases can usually be distin- 
guished: One phase includes the processing of the 
water and  the retention of pariicles, the other the 
transfer of retained particles to the mouth. The first 
phase basically comprises a filtration of the surround- 
ing water, and consequently filtration theory applies. 
Also the second phase may be based on fluid mechani- 
cal principles, but here other types of mechanisms 
have been adopted, too. 

FILTRATION THEORY 

Filtration theory has progressed greatly during the 
last decades, concurrently with the increasing concern 
of purifying air of contaminating particles, e.g. 
originating from industrial processes (Davies, 1973). 
Filters generally operate at low Reynolds numbers, 
and their fluid mechanics are therefore dominated by 
viscous forces. The laws of fluid mechanics apply to 
liquids and gases which physically both are fluids. 
Several filtration models have been developed, espe- 
cially for fibrous filters which predominate in aerosol 
filtration (Davies, 1973; Spielman, 1977). Filters are  
characterized by the efficiency with which they retain 
particles and the resistance they offer to the fluid flow 
through the filters, as expressed by the relationship 
between velocity of fluid flow and pressure drop across 
the filter. At low Reynolds numbers the relationship 
follows Darcy's law (Davies, 1973), the pressure drop, 
dp/dx, being proportional to the viscosity of the fluid, 
F, and the unrestricted flow velocity, U,: dp/  
dx = - kpU,. 

The value of k depends upon the diameter of the 
fibers that constitute the filter, the ratio of the volume 
of the fibers to the volume of the filter, as well as the 
boundary conditions chosen for the models to predict 
resistance to flow. The models mostly operate with 

fibers represented by cylinders that may be randomly 
distributed within the filter, or regularly spaced and 
oriented, e.g. parallel to each other. 

Models have been tested experimentally, e.g. by 
Kirsch and Fuchs (1967a, b). These authors constructed 
filters that consisted of parallel, equally spaced strings 
of various diameters and used 95 % glycerol as a fluid. 
The flow fields around the fibers were visualized by 
means of plastic spheres, and photographed. The flow 
fields and drags acting on the fibers agreed closely 
with various theoretical models developed by Japa- 
nese authors (Tamada and Fujikawa, 1957; Miyagi, 
1958; Kuwabara, 1959). At fiber (cylinder) fractions of 
the filters G 1 a number of models provided very simi- 
lar values for the resistance to fluid flow. Table 1 shows 
pressure drops predicted by various models for a cylin- 
der fraction of 0.01 by volume of the filter. The calcula- 
tions have been made for 1 layer of cylinders and for a 
flow velocity of 0.2 cm S - ' ,  normally to the longitudi- 
nal axis of :he cylinders. Such filter dimensions and 
flow velocities are representative for the laterofrontal 
cirri of the bivalve gill (see below). The values tend to 
be lower for models with randomly oriented cylinders, 

Table 1. Theoretical pressure drops across different filter 
models 

Ap Orientation of References 
mm H,O fibers in models 

1.2 Parallel. equally Tamada and Fujikawa 
1.2 spaced (1957). Miyagi (1958) 

1.0 Randomly oriented in Happel(1959), Spiel- 
1.1 plane normal to flow man and Goren (1968) 

which agrees with experiments (Kirsch and Fuchs, 
1967b). But it is noteworthy how little the values differ, 
considering the different theoretical basis for the mo- 
dels. The first 3 models in Table 1 represent different 
approximations to the Stokes equations, whereas the 
last (Spielman and Goren, 1968) used another type of 
model. 

Tamada and Fujikawa (1957) and Miyagi (1958) 
based their theory on the simple model of a plane row 
of equally spaced parallel cylinders of equal diameter. 
This model closely mimics filters or filter-like struc- 
tures as described in several types of suspension feed- 
ers. It has therefore been chosen for evaluation of 
pressure drops across suspension feeding filters, 
expressed by the Darcy equation: 

d 
where t = ni;; d = diameter of the cylinders; b = 

center distance between neighbouring cylinders. 
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FILTER CHARACTERISTICS OF SUSPENSION 
FEEDING 

Several groups of suspension feeders are widely 
assumed to retain suspended particles in the surround- 
ing water by passing the water through filters that act 
as mechanical sieves. These groups include cil~ates,  
sponges, copepods, bivalves, and ascidians. But filter 
feeding also occurs widespread among other tax- 
onomic groups, from heterotrophic nanoplankton 
flagellates to gastropods and echinoderms. 

Flagellates 

The quantitative aspects of filter feeding have 
recently been dealt with in the 2 microflagellates, 
Monosiga sp. and Actinomonas mirabilis (Fenchel, 
1982a, b). Monosiga sp. is a small choanoflagellate, 3 
to 3.5 pm in diameter. The smooth flagellum, 5 to 6 pm 
long, is surrounded by a collar that consists of 18, 0.1- 
pm thick pseudopodia, spaced about 0.3 pm apart. 
Actinomonas mirabilis is of obscure taxonomic posi- 
tion, but it is usually placed among the heliozoans. The 
cell is 4 to 5 pm in diameter, and it carries a hispid, 
16 pm long flagellum surrounded by a collar of 10 to 
12, 6 pm long and about 0.2-pm thick pseudopodia. 
The distances between adjacent pseudopodia increase 

from about 1 pm at the base to about 3 pm distally 
(Fig.1 A and B). 

Smooth flagella propel water away from the cell, 
hispid flagella toward the cell. In Monosiga sp . ,  water 
therefore passes between the pseudopodia from the 
outside into the collar, whereas in Actinomonas 
rnirabilis water passes from inside the collar to the 
outside. In both systems the collars presumably act as 
filters that intercept particles down to bacterial sizes. 
Fenchel calculated the filtration rates from the thrust of 
the flagellum, the swimming velocity and dimensions 
of the collar filters, and as maximum volumes of water 
cleared of bacteria. The different approaches were in 
good agreement. From the values obtained it can be 
calculated that in  A. mirabilis the water passes the 
collar at a n  unrestricted velocity of about 220 pm S-'; 

this corresponds to a pressure drop of about 0.08 mm 
H20.  In Monosiga sp. the flow velocity is about 28 pm 
S-', corresponding to a pressure drop of 0.15 mm H 2 0  
(Table 2). The higher flow velocity through the filter of 
A. mirabilis is correlated with the greater spacing of 
the pseudopodia in the collar. 

Ciliates 

Primitive gymnostome ciliates are basically raptorial 
macrophages (Fenchel, 1980a), but suspension feeding 

/, j 

l'/ 

Fig. 1. Flagellates. Heliozoan? Ac- 
tinornonas mirabilis (A) and choano- 
flagellate Monosiga sp. (B). Cell 
structures, nucleus, mitochondriae, 
Golgi apparatus, and food vacuoles. 
In A. mirabilis pseudopodia forming 
the collar are supported by mic- 
rotubules which originate from the 
nuclear membrane. Scales: 1 pm (Af- 

ter Fenchel, 1982a) 
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Table 2. Filter characteristics in suspension feeders 

Taxonomic group 
and species 

Structure References 

Flagellates 
Monosiga sp. 
Actinomonas mirabilis Pseudopodial collar 

0.25 0.03 
0.1 0.22 

0.15 104 
0,08 10-5 Fenchel (l982a, b) 

Ciliates 
Cyclidium sp. Paroral membrane 

Sponges 
Haliclona permollis Choanocyte collar 10-' Reiswig (1975) 

Copepods 
Calanus finmarchicus, 
C. hyperboreas 

1 0 - ~  Koehl and Strickler (1981) 
(Eucalanus pilatus) Setae 

Bivalves 
Mytilus edulis 
Geukensia demissa Laterofrontal cirri 

104 Jergensen ( l98la)  
Wright et al. (1982) 

Ascidians 
Ciona intestinalis 
Ascidiella aspersa Mucus net 

iO" Flood and Fiala-Medioni (298:) 
Jsrgensen (1949); Randlev and 
Riisgard (1979); Roule (1884) 

d Diameter of fiber; b center distance between fibers; U, unrestricted flow velocity; Ap theoretical pressure drop across filter; 
Re Reynolds number 

has been widely adopted among the ciliates. The feed- deflected toward the mouth. The particles are concen- 
ing mechanisms vary in detail, but  they are based on trated in front of the cytostome and phagocytized (Fen- 
filtration of the surrounding medium (Fig. 2). Ciliary chel, 1980a, b). The different species of suspension 
organelles generate water currents that are forced feeding ciliates have specialized on particles within 
through ciliary filters, whereas suspended particles are well-defined size spectra. The optimal sizes range 

Fig. 2. Ciliates. Feeding currents in 
the hymenostome ciliate Cyclidium 
sp. (A) ,  seen from left (length ca. 20 
pm). Feeding currents in the spiro- 
trich ciliate Euplotes rnoebiusi (B) ,  
seen from ventral right (length ca. 35 

pm) (After Fenchel, 1980b) 
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from bacterial size, less than l km in diameter, to 
phytoplankton cells, and even to large prey organisms. 
There is close agreement between the optimal size of 
food particles and the porosity of the filters (Fig. 3). 

The rates at which the different types of suspension 
feeding ciliates clear the water of particles vary with 

f o 50 X of max. clearance 

mm. size retained 

g 5 -  
0 - 
a 

L ,  1 1 1 0 1 1  , ,  
0.1 05 1 5 10 

free space between cilia of f i l ter,  pm 

Fig. 3. Ciliates. 
assumed to retain 
an efficiency of 

Relationship of free space between cilia 
particles and size of particles retained with 
50 %, and minimum size retained, in 9 

species of ciliates. (After Fenchel, 1980a) 

optimum food size. There is a striking similarity in the 
relationship between the porosity of the filters and 
their resistance to water flow on one side and the 
relationship between optimal particle size and rates of 
water filtration on the other (Fig. 4). The rates at which 

the surrounding water is cleared of particles may thus 
be determined by the filter resistance. This resistance 
could be calculated in some species in which the filter 
constitutes a row of parallel cylinders, such as the 
paroral membrane of the hymenostome ciliate Cyc- 
lidium sp. (Fig. 2 ) .  The pressure drop across the filter of 
feeding animals amounted to about 0.3 mm H,O 
(Table 2). 

Sponges 

The sponges are unique among suspension feeders 
in having the entire body differentiated as an  organ of 
feeding. They are also unique in feeding by means of 
choanocytes, i.e. by a protozoan feeding mechanism, 
as adopted by the choanoflagellates. The basic func- 
tional features are the same in all classes of sponges. 
Water enters the sponge through numerous ostia, pas- 
ses through branching canals to the choanocyte cham- 
bers, and leaves through exhalant canals that merge 
into one or more oscula. Bidder (1923) measured 
dimensions and cross sectional areas of the various 
parts of the aquiferous system and made fluid mechan- 
ical calculations in the calcareous sponge Leuconia 
aspera, presumably the first study of its kind in suspen- 
sion feeding. 

Reiswig (1975) extended measurements and calcula- 
tions to 3 species of demosponges, Haliclona permollis, 
Halichondria panicea, and Microciona prolifera. The 
patterns of cross sectional areas, and thus the rates of 
water flow, at the different levels of the aquiferous 
system, from the ostia to the oscula, were remarkably 
similar both among the 3 demosponges and between 
the 2 classes of sponges, Calcarea and Demospongia. 
The largest transectional area is through the choano- 
cyte chambers. At this level the velocity of the water 
current thus reaches its minimum. The choanocyte 

10' 
F A . - 

sized particles for 13 species of 0.1 I m IOO ar I 10 loo 
ciliates. (After Fenchel. 1980b) ( h - d f l l d f  particle size, pm 

I 

106 

10' 

Fig. 4 .  Ciliates. A: pressure drop 
across a filter consisting of a single 
layer of parallel cylinders as a 
function of ratio between free 1°' 

space between cylinders and cyl- 
inder diameter. B: half-saturation 
constant (total particle volume 
1-l) for ingestion of optimum- 
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chambers drive water through the sponge by means of 
flagella that line the choanocyte chambers (Fig. 5). The 
beating flagellum draws water through the collar sur- 
rounding each flagellum. The collar consists of a circu- 
lar row of about 0.13-pm thick pseudopodia, spaced at 
distances of about 0.13 pm (Fjerdingstad, 1961). Reis- 
wig (1975) provides data for the water current, number 
of choanocytes, and collar dimensions in Haliclona 
pennollis from which it can be calculated that if all 
water passes the collars the unrestricted flow velocity 
normal to the surface of the collar is about 3 pm S-' .  

This corresponds to a pressure drop across the collar 
filter of about 0.1 mm H,O (Table 2). Similar values 
probably apply to sponges generally. 

Copepods 

In suspension feeding calanoid copepods the second 
maxillae are filterlike structures composed of setae 
with sidebranches, the setules. The second maxillae 
were generally believed to act as sieves, the efficiency 
of particle retention being determined by the spacing 

Fig. 5. Sponges. Section of 
whole flagellate chamber of 
Spongilla lacustris. Collars 
sectioned both transversally 
and obliquely; collar fibrils 
(pseudopodia) evident. N 
choanocyte nucleus; F flagel- 
la; M probably mucus in the 
bottom of the collar. (After 

Fjerdingstad, 1961) 

of the setae and setules (Nival and Nival, 1976; Frost, 
1977; Rosenberg, 1980). However, recently high-speed 
motion pictures showed that dyed water around feed- 
ing calanoid copepods did not pass between the setae 
of the second maxillae (Fig. 6). The second maxillae 
thus do not strain a feeding current of food particles, 
but rather act to create water currents that help to bring 
food particles within reach (Koehl and Strickler, 1981; 
Paffenhofer et al., 1982). 

Calculations showed that if the second maxillae 
should filter the volume of water cleared of particles, at 
a velocity of the water current of 1 cm S-', the maxillae 
would have to be 6 times larger than they actually are 
(Koehl and Strickler, 1981). The resistance to water 
flow between the setules at a flow velocity of 1 cm S-'  

can be estimated from the setule diameter and the 
distances between neighbouring setules. In Calanus 
finmarchicus and C. hyperboreas the ratio between 
diameter and center distance was found to be about 0.2 
(unpubl. own observations), and the pressure drop 
about 2 mm H,O (Table 2).  At the velocity needed in 
order to filter the entire volume of water cleared of 
particles the pressure drop would run six times higher. 
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Fig. 6. Copepods. Diagrams traced from high-speed films of a feeding Eucalanus pileatus. Black streaks are dye streams from 
micropipette. Heavy arrows: movements of second maxillae (and of a first maxilla in F). Small circles: positions of algae; fine 
arrows: their movements as observed during similar appendage motions in other frames of films. In first column, copepod is 
viewed from left side; first maxilla has been left off for clarity. In second column, copepod is viewed from its anterior end. 
Feeding currents bypass second maxillae (A-B) until an alga nears them. Alga is captured by an outward fling (C-D) and an 

inward sweep (E-F) of second maxillae. (After Koehl and Strickler, 1981) 

Bivalves pressure drop of about 1.3 mm H,O (Jerrgensen, 1981a). 
The calculations were based on the assumptions that 

A vast literature deals with the function of the the cylinder (cilia) diameter was 0.2 pm and flow velo- 
bivalve gill in filter feeding. Most authors ascribe a city was 0.16 cm S-'. More realistic values are 0.13 Fm 
central role to the laterofrontal cirri as sieves that for the branching cilia (Owen, 1974), and 0.2 cm S-' for 
retain particles from the interfilamentary currents the unrestricted flow velocity in mussels that feed 
(Dral, 1967; Moore, 1971; Owen, 1974; Ribelin and under optimal conditions (Kimboe et al . ,  1980). The 
Collier, 1977). These hypotheses of the laterofrontal ratio between cylinder diameter and center distance of 
cirri acting as sieves are based on the filterlike struc- the laterofrontal cirri in M. edulis is thus 0.1, and the 
ture of the cirri. Branching cilia along both sides of the theoretical pressure drop 1.2 mm H,O. In other species 
cirri constitute rows of parallel cylindrical fibers, of bivalves even higher pressure drops may obtain, e.g. 
spaced about 1 pm apart (Fig. 7). It seems, however, h 3 mm H20 in Geukensia demissa (Table 2). These 
that the resistance of the filters prevents any signifi- pressure drops are calculated for resting cirri at the end 
cant flow of water between the branching cilia. In of the recovery stroke. During the effective stroke the 
Mytilus edulis the resistance across the laterofrontal velocity of the distal ends of the cirri should be added 
cirri at unrestricted flow velocities corresponded to a to the water flow velocities, which may double the 
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pressure drops. The maximum pressure the bivalve 
gills are capable of producing amounts to 4 to 5 mm 
H 2 0  (Foster-Smith, 1978). At unrestricted water flow 
the pressures are much lower. Foster-Smith (1976) 
measured the total pressure drop across the gill of M. 
edulis to be 0.1 to 0.3 mm H20,  but it may actually be 
about 0.7 mm H 2 0  (Jsrgen Gomme, pers. comm.). Pre- 
sumably, therefore, the water currents mainly bypass 
the laterofrontal cirri, which instead of filtering the 
water currents move water. The beating cirri seem to 
contribute to the water currents along the frontal sur- 
face of the gill filaments (Jsrgensen, 1981a). 

The laterofrontal cirri thus seem to act as oarlike 
structures, and the question arises as to the resistance 
they offer to the water currents entering the inter- 
filamentary spaces. The flow of water through the 
bivalve gill is sensitive to an increase above the nor- 
mal resistance (Foster-Smith, 1978), and the flow stops 
at pressure heads of 4 to 5 mm H 2 0 .  The resistance of 
the laterofrontal cirri may be evaluated by studying the 
effect of removing the cirri from the entrance to the 
interfilamentar space. This can be achieved by adding 
serotonin to the water, which strongly reduces the 
angle of beat of the cirri (Fig. 8). This elimination of the 
resistance to flow exerted by the laterofrontal cirri does 
not affect the through current (Jsrgensen, 1975; Tom 
Knudsen, pers, comm.). It thus seems that the latero- 

Fig. 7. Bivalves. Scanning electron 
micrograph of gill fragment of My- 
tilus edulis, surface view. On left fila- 
ment laterofrontal cirri are inactive 
and bend over the frontal surface of 
the filament. On right filament cirri 
are beating, bridging over the inter- 
filamentary space in their straight 
phase. Branching of constituent cilia 
is clearly seen. Lateral cilia are inac- 
tive, pointing obliquely upwards. 
Numerous curling mucus threads 
adhere to the laterofrontal cirri and 
frontal cilia. lc lateral cilia; Ifc 
laterofrontal cirri; m mucus. (After 

Jsrgensen, 1975) 

frontal cirri only offer negligible resistance to the 
water flow through the bivalve gill, even when the 
water currents have to bypass the structures when 
entering the interfilamentary spaces. This conclusion 
is supported by the finding that the rate of water 
transport is similar in Mytilus edulis and Geukensia 
demissa (Kuenzler, 1961; Mshlenberg and RiisgArd, 
1979; Jordan and Valiela, 1982) despite the great dif- 
ference in filter resistance of the laterofrontal cirri. 

A mechanism for filtration not implying cirral sieves 
is discussed below. 

Ascidians 

Suspension feeding by means of filtration through 
netlike structures is of widespread occurrence (see 
Jnrgensen, 1966). In several groups the filaments of the 
nets consist of mucus threads, e.g. in several groups of 
gastropods and in tunicates. Mostly filtration through 
mucus nets has developed in connection with ciliary 
feeding, e.g. in the ascidians. The structure of ascidian 
pharyngeal mucus nets has recently been investigated 
with transmission and scanning electron microscopy 
(Flood and Fiala-Medioni, 1981). The nets are built of 
longitudinal and transverse filaments that form rectan- 
gular meshes. In the fixed state of the nets the mesh 
dimensions varied between species from 0.2 to 0.5 pm 
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Fig. 8. Bivalves. Serotonin-stimulated 
gill fragment of Mytilus edulis. 
Laterofrontal cirri are maximally bent 
over frontal surfaces of filaments, 
pointing toward the tips of filaments. 
Activated bands of lateral cllia are 
organized in metachronal waves. lc 
lateral cilia in effect~ve stroke; Ifc 
laterofrontal cirri. (After J ~ r g e n s e n ,  

1975) 

in width and 0.5 to 2.2 Km in length, whereas the 
filaments were 10 to 40 nm thick. Calculations of the 
resistance of the nets to water were made separately 
for the longitudinal and transverse filaments, and the 
sum of the resistances has been used as representative 
of the net. The velocity of water flow through the nets 
was estimated from the rate of water flow through the 
pharynx (Jmgensen, 1949; Randlav and RiisgArd, 1979) 
and the area of the pharynx wall (Roule, 1884). The 
unrestricted water flow at the level of the mucus net 
was calculated to be 0.2 mm S - '  in Ciona intestinalis, 
and it is probably similar in Ascidiella aspersa 
( R a n d l ~ v  and RiisgArd, 1979). The resistance was 
found to correspond to a pressure drop of about 0.3 to 
0.4 mm H,O (Table 2). This corresponds to the pressure 
drop Foster-Smith (1976) measured directly from the 
inhalant to the exhalant siphon in C. intestinalis. 

FLUID MECHANICAL MECHANISMS 
OF PARTICLE RETENTION 

Previous hypotheses on suspension feeding in 
copepods and bivalves failed because they ignored the 
fluid mechanical consequences of the low Reynolds 
numbers that characterize the mechanisms. Presum- 
ably sievelike models have to be abandoned in ex- 

plaining particle retention in both copepods and 
bivalves. Particles seem to be  captured by means of 
fluid mechanical mechanisms that do not imply phy- 
sical interception of the suspended particles. 

Copepods 

According to Koehl and Strickler (1981) calanoid 
copepods 'propel water past themselves by flapping 
their feeding appendages and actively capture small 
parcels of the water that contain food particles by 
flinging and closing their second maxillae' (Fig. 6). 
The second maxillae thus act as sieves only in the final 
stage of the feeding process, when water is squeezed 
from the parcel that contains the food particle. The 
copepods were observed to flap their feeding appen- 
dages independently, presumably in order to direct 
suspended particles toward the second maxillae. The 
copepods thus fed selectively on individual food par- 
ticles that might be  sensed by mechanical or chemical 
cues. Feeding on large particles in copepods is there- 
fore basically raptorial, but the mechanisms applied 
are of fluid mechanical nature, based on viscous forces 
at the low Reynolds numbers of I O - ~  to 10-'. It remains 
to be elucidated how copepods feed on particles that 
are too small to be handled individually. 
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Bivalves 

The gills of suspension feeding bivalves produce 2 
types of water currents, the through current which 
passes between the filaments, and the surface currents 
which run along the frontal surface of the filaments 
and further along the ventral and dorsal margins of the 
gills to the mouth. Capture of suspended particles 
implies their transfer from the through current to the 
frontal surface currents along the filaments. When par- 
ticles in viscous flow at low Reynolds numbers are 
exposed to shear forces, the particles tend to migrate 
perpendicularly to the streamlines (Cox and Hsu, 1977; 
Drew, 1978; Leal, 1980). Such shear arises at interfaces 
between laminar currents, e.g. those established 
where through currents and surface currents meet at 
the entrance to the interfilamentary spaces of the mus- 
sel gill (Fig. 9). It was therefore suggested that the 
shear forces were responsible for the transfer of sus- 

A t 2 9 .  

Fig. 9. Bivalves. Diagram of cross section of gill surface indi- 
cating patterns of water currents around frontal surface of an 
individual filament; filibranch bivalve Mytilus edulis. Direc- 
tion of current flow along frontal surface of filament is per- 
pendicular to plane of paper. Figures indicate velocities (mm 
S- ' ) ,  directly measured in surface current or calculated from 
estimated cross section areas available for through currents; 
unrestricted flow rate: 0.8 mm S-' Right: arrow symbolizes 
forces that cause a suspended particle to move perpendicu- 
larly to flow direction when particle enters the velocity gra- 
dients established within the boundary zone between 
through current and surface current. Left: arrow indicates 
effect of the forces in changing the direction of movement 
toward the surface current. Lateral ci.lia (1.c ) produce through 
current; on the right they are shown during effective stroke. 
on the left during recovery stroke. A laterofrontal cirrus (1.f.c.) 
is shown on the left in resting position at end of recovery 
stroke; on the right, at end of effective stroke. Frontal cilia 
(f.c.) and laterofrontal cirri produce surface current. b.z. 
boundary zone between accelerating through current and 
surface current; O.C. zone of oscillatory currents produced by 
oscillatory movements of the enveloping surface of the tract of 
active lateral cilia; t.z.a. zone transitional to accelerating 
through current; t.z.s. zone transitional to surface current. 

(After Jergensen, 1981a) 

pended particles from the through current into the 
surface currents, i.e. capture of the particles (Jsrgen- 
sen, 1981a). 

In the first outline of the hypothesis it was suggested 
that the unidirectional components of the through cur- 
rent and the surface current were primarily responsible 
for the particle capture. Preliminary calculations sug- 
gest, however, that this simple model could not explain 
the efficiency with which small suspended particles 
are transferred from the through current to the surface 
currents (P. Scheel Larsen, pers. comm.). It is suggested 
that the oscillatory currents produced by the band of 
lateral cilia play an important role in the mechanism of 
particle retention in the bivalve gill (Jsrgensen, 
1981a). The currents produced by these bands have 
therefore been studied in some detail (Jsrgensen, 
1982). 

The band of lateral cilia is about 10 km broad and 
consists of cilia arranged in rows that run obliquely 
across the band, spaced 0.2 piil apart. This dense spac- 
ing and the viscous forces acting between the cilia 
practically excludes water from being transported 
between the beating cilia, according to calculations 
only a few percent of the through current. The bands of 
lateral cilia thus act upon the water mainly through the 
complex three-dimensional oscillatory motions of the 
enveloping surface of the metachronal wave produced 
by the beating cilia. The oscillating surface generates 
flow patterns that are characterized by the gradual 
transition from oscillatory currents near the surface to 
the rectified interfilamentary through current distally 
to the ciliary tips during the effective stroke (Fig. 10). 
The counter currents associated with the phase of the 
recovery stroke of the metachronal wave may be an 
integral part of the fluid mechanical mechanism for 
particle retention. However, further experimental and 
theoretical investigations are needed to evaluate the 
capacities and relative importance of the various com- 
ponents of the through currents and surface currents in 
capturing suspended particles. The theory of motions 
of small particles in low-speed laminar flow systems 
has developed greatly in recent years (Spielman, 1977; 
Leal, 1980). But no theory deals with transfer of parti- 
cles between such complex flow systems as those 
encountered in the gills of suspension feeding bivalves 
and in other types of ciliary suspension feeders. 

CILIARY BAND FEEDING HYPOTHESES 

Feeding by means of ciliary bands is widely distri- 
buted among metazoan suspension feeders. Two types 
of feeding can be distinguished. In one type, upstream 
retention, particles are retained above the current- 
generating band of cilia. In the other type, downstream 
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Fig. 10. Gill filament showing ciliary tracts and water cur- 
rents. l phase of effective stroke of metachronal wave of band 
of lateral cilia; 2 phase of recovery stroke of the wave; 3 tract 
of laterofrontal cirri alternatingly shown during resting phase 
crossing the interfilamentary space, and at  end of effective 
stroke normal to the frontal filament surface; 4 band of frontal 
cilia. Heavy dashed arrows: interfilamentary through current; 
heavy dot-and-dash arrows: surface current along frontal sur- 
face of the filaments. Light solid arrows: directions of move- 
ments of the surface enveloping the metachronally beating 
band of lateral cilia; light broken arrows: oscillating water 
currents produced by metachronal wave which moves toward 

the left. (After Jsrgensen, 1982) 

retention, particles are collected below the band. 
Upstream retention has been described in most 
lophophorate ciliary feeders, including bryozoans, 
brachiopods, and phoronids (Bullivant, 1968a; Strath- 
mann, 1973), as well as in planktonic larvae of 
echinoderms and hemichordates (Strathmann 1971, 
1975; Strathmann and Bonar, 1976). Upstream reten- 
tion is correlated with the presence of only a single 
band of simple cilia responsible for both water trans- 
port and particle retention (Strathmann, et al., 1972). 

Downstream retention of particles has been de- 
scribed in lophophorate endoprocts, rotifers, sabellid 
polychaetes, molluscan veligers, and other groups 
(Lewis, 1968; Nielsen and Rostgaard, 1976; Strath- 
mann et al., 1972; Strathmann and Leise, 1979). Down- 

stream particle retention often involves 2 opposing 
bands of cilia, of which the current-generating first 
band usually carries longer cilia than the opposing 
second band. 

The retention of particles in ciliary feeders is mostly 
described in general terms that reflect a lack of deeper 
understanding of the mechanisms of retention. How- 
ever, during the last decade Strathmann and co-work- 
ers have made important contributions to the analysis 
of the mechanisms. The pattern of motion of particles 
and cilia were studied by means of high-speed 

prb 

Fig. 11 Clearance of particles by ciliated bands. (A) Single 
band of cilia with upstream collection of particles; 
echinoderm pluteus larva. a larva is feeding, and ciliated 
band (cb) passes particles back to circumoral field (cf); b larva 
is not feeding, and particles pass through band of cilia with 
the water current produced by the cilia (white arrow). (B) Two 
opposed bands of cilia with collection of particles in a food 
groove (fg), e.g. rotifer and trochophore. a particles are 
brought directly into food groove by preoral band of cilia 
(prb); b particles are first carried to the postoral band (pob). 
which then conveys them to the food groove. (After Strath- 

mann et  al., 1972) 
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cinefilms. The feeding mechanism that collects par- 
ticles upstream is referred to as the single band system. 
The other type is termed the opposed band system (Fig. 
11A, B). In single band feeding, suspended particles 
are observed to stop at the ciliary band and reverse 
their direction (Fig. 11A). This pattern of particle 
movement is described as being correlated with rever- 
sal of the ciliary beats. It is stated that when a particle 
in the water current passing the band of cilia is over- 
taken by a cilium in its effective stroke the particle 
triggers a reversal of beat of the contacted cilium and 
neighbouring cilia. The cilia in the reversed beat push 
the particle back to the upstream side of the band 
(Strathmann et al., 1972; Strathmann, pers. comm.). 
When the animals do not feed the band continues to 
produce the current of water, but particles pass 
through the band of cilia with the water (Fig. 11A). 

The opposed band system is shown diagramatically 
in Fig. 11B. It is suggested that suspended particles are 
concentrated when they are overtaken by the preoral 
cilia in their effective stroke, whereas the recovery 
stroke may act to draw the particles into the food 
groove, perhaps in cooperation with the current gener- 
ated by the postoral cilia (Strathmann et. al., 1972; 
Strathmann and Leise, 1979). The fluid mechanics of 
the single band and opposed band feeding hypotheses 
remain to be finally elucidated. 

FLUID MECHANICS OF TRANSFER OF CAPTURED 
PARTICLES TO THE MOUTH 

Ciliary suspension feeders transfer particles sus- 
pended in the surrounding water into ciliary surface 
currents leading to the mouth. Transport of particles 
suspended in surface currents has been described by 
several authors (e.g. Gray, 1928, 1929; Nicol, 1931; 
Gosselin and O'Hara, 1961; Strathmann et al., 1972; 
Owen and McCrae, 1976). The literature on transport 
of particles in ciliary currents usually takes the process 
for granted, without mentioning that such transport 
requires a physical explanation. When it is realized 
that forces are needed to prevent the captured particles 
from escaping the surface currents it is suggested that 
mucus serves the purpose by binding the particles 
(Yonge, 1935; Morton, 1967). Ciliary feeding has there- 
fore widely become synonymous with mucociliary 
feeding (for references, see Jsrgensen, 1966). Fluid 
mechanical forces do, however, exist that tend to main- 
tain particles in suspension within laminar flow sys- 
tems, such as ciliary surface currents of the bivalve gill 
and other types of suspension feeders (Jargensen, 
1981b). Particles that move along a wall in laminar 
flow are exposed to viscous forces that produce migra- 
tion in opposite directions, toward the wall and toward 

the region of highest flow velocity, resulting in an 
equilibrium distance from the wall (Ho and Leal, 1974; 
Cox and Hsu, 1977). The forces have been calculated 
for rigid spheres in flow systems parallel to solid 
boundaries. They therefore do not directly apply to 
particle flow in ciliary currents, for which no theory yet 
exists. However, the effects of the forces can be directly 
observed in the fact that suspended particles in the 
ciliary currents remain within these currents, but dis- 
perse as soon as they leave the current (Jargensen, 
1976, 1981b). The strength of the forces can be appre- 
ciated from the observation that they prevent swim- 
ming flagellates (10 @m Tetraselmis) from escaping the 
ciliary surface currents of the bivalve gill (Jerrgensen, 
1976). 

DISCUSSION AND CONCLUSIONS 

According to modem filtration theory the resistance 
to water flow through the filters described in different 
types of suspension feeders corresponded to pressure 
drops across the filters that varied from about 0.1 to 
0.4 mm H,O in flagellates, sponges, ciliates, and asci- 
dians to > 1 mm H,O in copepods and bivalves. These 
theoretical pressure drops are consistent with the func- 
tion as filters of the flagellate and choanocyte collars, 
the ciliate membranelles, and the ascidian mucus fil- 
ters. The pressure drops calculated for copepod second 
maxillae and bivalve laterofrontal cirri seem inconsis- 
tent with a function as filters in the feeding mechan- 
isms of these groups of suspension feeders. The 2 
structures are surrounded by areas of lower resistance 
through which the flow may pass. This would leave the 
fluid inside the filterlike structures almost at rest, and 
thus strongly reduce the actual pressure drop across 
the structures. When moving, the structures will thus 
primarily act to produce water currents. Feeding in 
copepods and bivalves therefore seem to imply fluid 
mechanical mechanisms rather than filters that act as 
sieves. 

There are striking similarities between the function- 
ing of the bivalve gill and that of the single band 
system as described by Strathmann (1973): (1) Both 
single band system and bivalve gill retain particles on 
the upstream side of the water transporting cilia. (2) 
Single band system and bivalve gill can be retentive or 
non-retentive, with no obvious change in the appear- 
ance of the ciliary systems, and independently of the 
presence or absence of special cilia or cirri that have 
traditionally been ascribed straining functions. (3) 
Both systems become non-retentive in disturbed ani- 
mals. (4) In the single band system particles have been 
described to perform characteristic 'jumping' move- 
ments on the frontal surface of the filaments or ten- 
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tacles connected with the capture of the particles 
(Strathmann, 1973). Similar jumping of particles has 
been observed on the surface of bivalve gills, also on 
gills that lack laterofrontal cirri (Jsrgensen, 1975, 
1976). Strathmann correlates jumping with ciliary 
reversals, Jsrgensen with local fluid currents produced 
by the metachronal wave of the band of lateral cilia. (5) 
Both the metazoan single band system and the lateral 
cilia of bivalve gill filaments consist of simple cilia 
arranged in bands that beat in diaplectic meta- 
chronism. 

The major difference is in interpretations of the 
mechanism of particle capture which according to 
Strathmann is based on ciliary reversal. Particle cap- 
ture by ciliary reversal of the lateral cilia has also been 
suggested for the bivalve gill (Orton, 1912, p. 466) but 
this has not been confirmed. It is noteworthy that in 
spirotrich ciliates, Fenchel (1980a) describes a single 
band mechanism in which the ciliary band both propel 
water and capture particles on the upstream side, with- 
out involving ciliary reversal (Fig. 2). 

Downstream particle capturing mechanisms are usu- 
ally described in unspecific terms. It has been sug- 
gested (Jsrgensen, 1981a) that metazoan ciliary 
mechanisms for water processing and particle capture 
may generally be of fluid mechanical nature, based on 
migration of particles across stream lines from the 
passing currents into surface currents, under the influ- 
ence of viscous forces that remain to be defined. 

Ciliary suspension feeding by means of filters that 
act as sieves presumably imply fluid mechanical con- 
straints of ecological consequences. This is well illus- 
trated in the ciliates (Fenchel, 1980b). The rates at 
which filter feeding ciliates, as well as other suspen- 
sion feeders, are capable of clearing the surrounding 
water of food particles determine the concentrations of 
food particles that are needed in order to support the 
populations. This capacity for water processing is low 
in ciliates adapted to feed on particles of bacterial size, 
correlated with the high flow resistance of the filter, 
whereas the capacity is high in ciliates adapted to feed 
on phytoplankton-sized particles. The distribution of 
ciliates in nature agrees well with the predictions that 
can be made about food particle concentrations 
required to sustain the ciliate populations. Ciliates 
adapted to feed on bacteria require bacterial concen- 
trations of 10' to 10' ml-l. They are, therefore, 
restricted to environments rich in bacteria, and they 
are excluded from open-water habitats with bacterial 
concentrations of 105 to 106 ml-l. The ciliates that 
populate oceanic environments are those with porous 
filters optimized to retain phytoplankton-sized food 
particles. 

Fluid mechanical constraints thus seem to prevent 
ciliates from exploiting the bacterioplankton of open 

waters. This food source is, however, available to 
sponges that filter the water through filters of high 
resistance but at low pressures. This has become poss- 
ible at the low flow velocities through the filters, some 
few pm S-' ,  as compared with h 1 mm in other groups 
of suspension feeders that exploit the food resources of 
the open waters. 

According to Lea1 (1980), 'the motion of small par- 
ticles in a viscous fluid at low Reynolds number is one 
of the oldest classes of problems in theoretical fluid 
mechanics, dating at  least to Stokes's (1851) analysis of 
the translation of a rigid sphere through an unbounded 
quiescent fluid at zero Reynolds number'. Suspension 
feeding is capturing of particles in Stokes flow. This 
fact was long neglected by biologists who investigated 
mechanisms of suspension feeding. Observations were 
interpreted in terms that apply to a physical environ- 
ment familiar to the investigators, dominated by iner- 
tial forces. A more realistic approach to suspension 
feeding is only about to emerge. 

Theoretical fluid mechanics was slow to evolve. 
Practical implications served as impetus to the 
development of filtration theory, which turned out to 
be useful to characterize filter feeding. However, sus- 
pension feeding encompasses more than filtration of 
water through filters that approximate rows of parallel 
cylinders. It involves highly complex fluid mechanical 
processes, including migration of particles across steep 
velocity gradients and oscillatory flow pattern. For 
such problems fluid mechanical analyses are still 
lacking. 

It seems that the theoretical analysis of the fluid 
mechanics adapted in different types of ciliary suspen- 
sion feeders may be of mutual benefit to fluid 
mechanics and biology. The theoretical solutions may 
even have technological perspectives by the disclosing 
of mechanisms that concentrate particles in non-clog- 
ging filters. 
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