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

Published November 27 

The bivalve pump 

C .  Barker Jargensenl, Per ~arnrne~ ,  H. Saustrup Kristensen3, Poul S. ~ a r s e n ~ ,  F. 
~ a h l e n b e r g ~  & H. U. ~ i i s g a r d ~  

' Zoophysiological Laboratory A, August Krogh Institute, Universitetsparken 13, DK-2100, Copenhagen 0, Denmark 
Biological Institute, Odense University, Campusvej 55, DK-5230 Odense M. Denmark 

Fluid Mechanics Department, Technical University of Denmark, DK-2800 Lyngby, Denmark 
' Marine Pollution Laboratory, National Agency of Environmental Protection, KavalergBrden 6, DK-2920 Charlottenlund, 

Denmark 

ABSTRACT: A filter feeding bivalve, represented by the mussel Mytilus edulis, is modelled as a pump, 
consisting of the bands of lateral cilia along the gdl filaments, and a system of afferent and efferent 
canals. The relation between pump pressure a H p  and pumping rate V was approached through studies 
of the relations between system resistances and V. The most important resistances distinguished were 
the frictional resistance m the canal system n H l ,  the exit loss 'H,,, and the back pressure a H l 2 ,  
imposed on the pump as a means to study the performance characteristics of the gill system. Removal of 
the laterofrontal cini from the flow path by treatment with serotonin did not measurably affect the 
frictional resistance, but the cirri presumably constituted a flow-rate-independent resistance nH1, ,  
arising from their beating against the flow. Thus, in steady state, a H p  = A H ,  + AH,, + L H , ~  -t &H1,. 
A H ,  and AH,,  were linear functions of V, whereas AH,, was a quadratic function of V. At values of V up 
to the maximum flow rates, n H ,  and AH,,  dominated the system resistance, and the pump characteristic 
was therefore approximately linear. The interfilament canals and the exhalant siphon presumably 
constitute the major resistances, in an optimally pumping 'standard' 35 mm mussel, thus constituting 
head losses of about 0.4 mm and 0.5 mm H,O, respectively. aHi1  amounted to S0.4 mm H 2 0 .  The 
operating point at zero back pressure was estimated at about 1.4 mm H,O. Removal of the laterofrontal 
cirri from the flow path drastically decreased the efficiency with which S 6  pm algal particles were 
retained by the gills, but it had no or little effect on the retention of 14 urn particles, supporting previous 
lndlcations that the laterofrontal cirri do not act as sieves of the through current, but rather as 
modulators in the process of particle retention. Power output of the 35 mm mussel at zero back pressure 
was 14 pW, only slightly lower than the maximum of 15 pW. The work done by the pump constituted 
about 1.5 % of the total aerobic metabolic rate of the mussel. 

INTRODUCTION 

Filter feeding bivalves process large amounts of 
ambient water by means of the gills to acquire the food 
needed. An extensive literature deals with the 
amounts of water pumped through the gdls and the 
efficiency with which suspended particles are 
retained, but Little has been done to elucidate the 
properties of the pump (Jergensen 1983, Jerrgensen et 
al. 1984). Knowledge about the bivalve pump is essen- 
tial not only for the understanding of the function of the 
gills as a pump, but also for the understanding of the 
filtering mechanism. It was generally accepted that the 
laterofrontal cirri on the gill filaments filtered the 
water entering the interfilament canals. This concep- 
tion is now questioned, and it is suggested that the 
water largely bypasses tke- cirral filters (Jerrgensen 
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1983). In order to understand the function of the c im 
we must therefore know the relative in~portance of 
intracirral and intercirral pathways for the water. We 
have studied the properties of the bivalve pump and 
analysed factors that determine pump pressure and 
pumping capacity as well as efficiency of particle 
retention. Special attention was paid to the nature and 
magnitude of the resistance offered by the laterofrontal 
cirri to the through current. 

MATERIAL AND METHODS 

Mussels M e u s  edulis L. were collected from the 
shore near the Biological Station at  Bergebjerg, Funen, 
Denmark. The mussels were kept in aquaria with flow- 
ing, unfiltered seawater of 16 to 18 %O S. The set-up 
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efficiency with which particles of various sizes were 
retained was determined by counting added algal par- 
ticles in samples taken at the inhalant and exhalant 
openings (M~hlenberg  & hisg8rd 1978). Pure algal 
cultures were used as sources of particles, including 
Nanochlons sp., about 2.5 pm in diameter, Isochrysis 
sp. ,  about 3.5 pm, Rhodomonas sp., about 5.5 pm, and 
Thalassiosira sp., about 14 pm. Number and size dis- 
tributions of particles in the water samples were deter- 
mined by means of the Elzone electronic particle 
Counter, model 80 xy, fitted with a 38 pm orifice tube. 
After the experiments, shell lengths were measured 
and g d  areas of the mussels were determined by 
means of an Abbe drawing apparatus. Finally, the dry 
mass of the soft parts of the body was determined. 

/ 

Fig. 1. Diagram of set-up used for direct measurement of 
pumping rates in Mytdus edulis 

PUMP- 

RESULTS AND DISCUSSION 

I 

used in this work for direct measurements of pumping 
rates at various hydrostatic pressures imposed between 
exit and inlet is shown diagrammatically in Fig. 1. A 
5 l aquarium was divided into 2 chambers (C1 and C2) 
by a s ~ c o n e  rubber membrane in which a slit had 
been cut. The mussel was inserted into the slit so that 
the membrane separated the inhalant current from the 
exhalant current. 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 tethered floating ping-pong ball. 
The mirror reflected the laser beam onto a scale situ- 
ated about 8 m from the mirror, a deflection of 1 cm on 
the scale corresponding to a 0.1 mm change in water 
level in C2. When the mussel pumped water from Cl  to 
C2 with the shunt closed a pressure difference 
developed which could be fixed at any selected value 
by adjusting the calibrated peristaltic pump that 
pumped water from C2 to C, (Famme et  al. 1986). The 

Overall system and pump characteristics 

A filter-feeding bivalve is modelled as a pump and a 
system of afferent and efferent canals (Fig. 2 bottom). 
The bands of lateral cilia (lc), which constitute the 
pump proper, are located in the upstream ends of the 
interfilament canals. In reahty the pump consists of a 
large number of small pumps arranged in parallel. 
Other active cihated elements and structures are consi- 
dered to be part of the canal system in regard to their 
contributions to pressure changes. These include the 
laterofrontal cirri (If)  which, although positioned so 
close to the bands of lateral cilia that oscillating flow 
interaction may be  expected (Jorgensen 1983), are not 
considered to be part of the pump. The canal system 
includes the flow path from the inhalant opening (io) 
through the mantle cavity (mc) to the entrance to the 
interfilament canals (ifc) on the upstream side of the 

Fig. 2. Mytilus edulis. Diagrams of the mussel 
pump (bottom) and of pressure heads, AH,  (top) 
(see Fig. 3 )  along the flow path. es: exhalant 

l siphon; f :  filament; ~ f c :  interfllament canal; io: 
i0 inhalant opening; 1: interfilament distance; L: 

mc i f c  sbc es -DV, - "1 L& 
length of interfilament canal; Ic: band of lateral 

f 1 cilia; If: laterofrontal cirri; mc: mantle cavity; 
sbc: suprabranchial cavity; v,: flow velocity in - " ~ f c  inhalant opening; v,: flow velocity in exhalant 

L siphon; v,,,: flow velocity in interfilament can- 
als; v,,: flow velocity in mantle cavity 
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pump, and the interfilament canals, demibranchial 
lumina, suprabranchial cavity (sbc) and exhalant 
siphon (es) on the downstream side. 

A pump is characterized by the relation between 
pressure rise (say in column height of fluid) delivered 
by the pump, AH,, and flow rate, V. This relation, the 
pump characteristic, is not directly accessible for 
analysis, but it may be approached indirectly through 
studies of the relations between pressure resistances 
exerted by the system, AH,,,, and flow rate, the system 
characteristic. In steady state the pump pressure equal 
the system resistance, nHp = nH,,,. 

In a filter feeding bivalve, such as a mussel, the 
system resistance can be resolved into several compo- 

pressure difference between exit and inlet, H2-HI = 

nHI2 (Fig. 2 top). In nature it depends on the ambient 
flow pattern and is presumably insignificant. In the 
laboratory, arbitrary positive or negative values of 
aHI2 may be externally imposed as a means to study 
the performance characteristics of the gill system. 

The nature of the relation between imposed back 
pressure and flow rate, the back pressure-flow charac- 
teristic, cannot be predicted theoretically, but it was 
found that within experimental uncertainty the rela- 
tion can be described by the linear function (Fig. 3, see 
also Famme et al. 1986) 

nents. The most important are the frictional resistance where aHy2 is the intersection of the ordinate (at zero 
in the canal system AHI, the exit loss  hex, and the pumping rate); and C12 = AHT~/VO indicates the slope, 
back pressure &Hl2, all of which are flow-rate d e ~ e n -  v0 being the intersection of the abscissa (at zero back 
dent. To these may be added a flow-rate independent press,e), 
resistance, &Hlf, arising from the beating of the latero- Eq, may now be written 
frontal cirri directed against the flow as deduced from 
experiments (see below) (Fig. 2 top). Thus 

The relations between component resistances and 
flow rate, the component characteristics, together with 
the back pressure response, define the pump charac- 
teristic. 

Shape of system characteristics 

Flow through mussels is laminar (Jsrgensen et al. 
1986), and the frictional loss in the canal system is thus 
presumably a Linear function of the flow rate, that is 

where Cf, the frictional coefficient, is the slope of aHi 
versus flow rate V (Fig. 3). 

The exit loss is given by aH,, = ~ , 2 / 2 ~ ,  where v2 is 
the velocity at the exit of the exhalant siphon; g is the 
acceleration of gravity. v2 = V/Aex, where A,, is the 
cross sectional area of the exhalant siphon. The rela- 
tion may therefore be written 

where C,, = (2g~;,)-' .  Because AH is a quadratic 
function of V, the relative importance of the exit loss 
increases with the flow rate. 
AU of the kinetic energy may be considered lost for 

the jet of water issuing into the ambient at hydrostatic 
pressure H2. The sink flow from the upstream stagna- 
tion state at  hydrostatic pressure HI to the inhalant 
opening, however, may be considered to be loss-free 
(or any frictional contribution may be included in aHf). 

The back pressure is the positive hydrostatic 

The pump characteristic is thus determined by 2 
Linear and 1 quadratic term. At conditions where the 
exit loss is small compared with other resistance losses 
the pump head pressure thus approximates a linear 
function of flow rate (Fig. 3; Eq. 5 ) .  A linear charac- 
teristic is to be expected for a low Reynolds number 
viscous pump. 

Elements of the system characteristic 

In order to determine the position of the pump 
characteristic the contributions of the various terms of 
the system characteristic should be evaluated. 

Fig. 2 top shows schematically the variation of static 
pressure H along the flow path through a mussel sub- 
jected to back pressure aHI2. Note that H changes 
according to the Bernoulli equation for frictionless 
changes in local fluid velocity v, superimposed by 
decreases owing to friction and an  increase at the level 
of the pump owing to its energy supply. 

The frictional loss in the canal system includes sev- 
eral contributions, varying strongly in importance. 
Often their absolute values can only be estimated, with 
varying degrees of certainty. For the purpose of illust- 
ration the following discussion considers a 'standard' 
35 mm M m u s  edulis, optimally pumping at 17°C' 
having gill area A, = 850 mm2, exhalant siphon area 
A,, = 16 mm2, pumping rate V = 1 m1 S-', hence 
velocities (see Fig. 2 bottom) v,, = 1.18 mm S-', v,[, = 

2 X 1.18 = 2.36 mm S-', and v2 = 62.5 mm S-'. The 
area of the inhalant opening is about 80 mm2. 



7 2 Mar. Ecol. Prog. Ser. 34: 6 S 7 7 ,  1986 

Fig. 3.  Myfdus  eduhs. Schematic charac- 
terization of the mussel pump. Head- 
flow characteristics for friction (nH,), exit 
flow (nH,,), back pressure ( A H , ~ )  and 
pump pressure (nH,); AH,,: flow-inde- 
pendent pressure head; P,: flow rate- 
pumping power characteristic. (See text 

for further explanation) 

Volume flow rate V, ml S - '  

Interfilament canals hnet ic  energy of the issuing jet aH,, = v2/2g = 0.38 
mm H 2 0  constitutes a loss. 

The interfilament canals are of relatively simple Indeed, a small change in hydraulic diameter d of 
geometry, permitting realistic estimates to be made of the siphon has a pronounced effect on the head loss. 
frictional losses. The head loss is calculated for fully For constant volume flow, continuity implies v - d-2, 
developed laminar flow between stationary parallel hence from the foregoing expressions for head loss, 
plates, spaced a distance l apart and of length L, for AH,, - d-4 and AH,, - d-4. 
aHgC = 12 vvL/g12, where v is the kinematic viscosity 
(= 1.1 X I O - ~  m2 S-' at 17"C), and v is the mean 
velocity (Walshaw & Jobson 1979, p. 183). Values of 
L = 200 pm, l = 40 vm, and v = 2.36 mm S-' yield 
A H ~ ,  = 0.44 mm H 2 0 .  

Inhalant opening and other canals 

Exhalant siphon 

The exhalant siphon is believed to be the most 
important adjustable system resistance (Foster-Smith 
1976a). The siphonal aperture is oval, the long axis of 
which is about 3.5 times the short axis in the fully open 
state. In the 35 mm standard mussel the short axis is 
2.4 mm, yielding a cross-sectional area of 16 mm2. The 
length of the siphon was estimated to be 3 mm. For a 
mean velocity of 62.5 mm S-', corresponding to a Rey- 
nolds number of about 200, laminar flow is developing 
and the frictional pressure drop is estimated from 
boundary layer theory to be /,H,, = 2.66 ( v ~ ~ L ) " ~ / d g  - 
0.14 mm H20.  This estimate is based on a hydraulic 
diameter (4 X area/perimeter) of d = 3.3 mm and an 
average core velocity of v - 86 mm S-'. As boundary 
layers (of displacement thickness 6, - 1.72(v~/v)"~)  
develop along the walls of the siphon the core velocity 
increases considerably. Note that boundary layer fric- 
tion is not linear in flow rate but depends on V3I2. A 
term of this form should formally appear in Eq. (5). In 
addition to the frictional head loss in the siphon, the 

Head losses over the inhalant opening(io), as well as 
the mantle cavity and suprabranchial cavity, are pre- 
sumably insignificant compared with the exhalant 
siphon because of the large cross-sectional areas at 
these regions of the flow system. 

A boundary-layer analysis following that given 
above gives nHi, - 0.004 mm H20 (based on mantle 
edge length 3 mm, area 80 mm2 and hydraulic diame- 
ter 6.5 mm). If all of the kinetic energy of the weak jet 
(- 20 mm S-') entering the mantle cavity is considered 
to be lost this would add aHi, = 0.02 mm H 2 0 .  

In the normally functioning mussel, as well as in 
mussels pumping water against a positive pressure 
head, the demibranchs are inflated because of the 
higher pressure inside the lumen of the demibranchs 
than in the mantle cavity. In their inflated state the 
demibranch lumina presumably offer little frictional 
resistance to the water flow. When negative pressure is 
imposed on the total pump system the back pressure- 
flow characteristic becomes very steep and flow rate 
may approach independency of pressure head (Famme 
et al. 1986). This may be correlated with collapse of the 
flaccid gills, resulting in a strongly increased intralum- 
inal resistance. 
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Laterofrontal cirri 

The path of the water entering the interfilament 
canals is controversial. Traditionally, the laterofrontal 
cirri of filter-feeding bivalves are assumed to act as 
filters that retain food and other particles from the 
through current. The filter function seemed finally 
demonstrated when scanning electron microscopy 
showed the tips of the individual cilia to branch off 
from the cirral shaft to establish a strikingly filter-like 
structure (Moore 1971, Owen 1974). It therefore 
became of interest to know the pressure drop across the 
cirral filter at the actual flow rates. Calculations indi- 
cated that the resistance corresponded to about 1 mm 
H 2 0  (Jsrgensen 1983) and it was concluded that this 
relatively high resistance would force most of the 
water to bypass the ciliary lattice. It was suggested that 
the beating cirri rather move water and contribute to 
the surface currents of the gill that cany retained 
particles toward the mouth (Jsrgensen 1983). Silvester 
& Sleigh (1984) recalculated the cirral resistance, 
based on low flow rates, and concluded that the values 
obtained were compatible with a cirral function as the 
filter of the gill. In the previous calculations we 
assumed that the total areas of the lattice was available 
for the through current. However, because of the 
oscillating water currents enveloping the ciliary bands 
(Jsrgensen 1983, Fig. 10) it seems more realistic to 
assume that only the distal half of the lattice area is 
available, thus doubling the resistance. Finally, the 
beating cini add a velocity component opposing the 
direction of the through current during their effective 
stroke, represented by aHll in Eq.  (5). Based on the 
dimensions of the cirri and the amplitude and fre- 
quency of the beat this component may be estimated to 
about 0.9 mm S-'. Thus, at a flow velocity normal to the 
gill of about 1.0 mm S-' ,  the head loss, as calculated for 
steady state flow according to Tamada & Fujikawa 
(1957), amounts to about 1.0 mm H 2 0  if the current 
passes the total lattice area, and 2.0 mm H20 according 
to the more realistic assumption that only the distal 
half is passable, increasing to 2.5 mm H 2 0  during the 
effective stroke. 

These estimates for the intracirral resistance, based 
on expressions for steady flow, are expected to be valid 
despite the unsteadiness as long as the Reynolds 
number is small. At any rate, the average friction for an 
oscillating flow would not be less than that of the 
equivalent steady flow (see e.g. Batchelor 1967). 

Silvester & Sleigh (1984) assume that the cirri consti- 
tute a continuous filter across the entrance to the inter- 
filament canals, thus representing the only pathway for 
the through current. They base this assumption on 
measurements of Owen (1974) made on material fixed 
for scanning electron microscopy, disregarding the 3- 

dimensional orientation of the sidebranches. If we con- 
sider this orientation and use measurements made on 
living filaments (Jnrgensen 1975), it is indicated that 
there are 2 pm interspaces between alternating cirri 
beating in phase, thus providing for an intercirral 
passage of water. If the metachronal waves of the 
beating cirn encompass more than 2 cirri per wave 
(Dral 1967), intercirral space would increase. 

However, in view of the complex oscdlatory and 3- 
dimensional flows past the area of the laterofrontal 
cirri (Jsrgensen 1983), which undoubtedly interact 
with the locally pulsatile flows induced by the bands of 
lateral cilia, simple calculations cannot presently 
resolve the question of the relative importance of 
intracirral and intercirral pathways for the through 
currents. Yet, the magnitude of the cirral resistance 
may be experimentally approached. 

Effect of serotonin on system characteristics 

The contribution of the laterofrontal cirri to the 
resistance to water flow may be evaluated from the 
effect of 5-hydroxytryptamine (serotonin) on the back 
pressure-flow characteristic of a mussel. Serotonin is a 
nerve transmitter in the bivalve gill, and added to the 
ambient water it will affect the functioning of the cirri 
(Jsrgensen 1976). In Mytilus edulis, serotonin at high 
concentration reduces the angle of beat of the latero- 
frontal cirri which remain more or less fixed at the end 
of the effective stroke, bent over the frontal surface of 
the filaments ( J~rgensen  1975, Sanderson et al. 1985). 
By exposing n~ussels to 10-' M serotonin the cirri are 
effectively removed from the path of the currents enter- 
ing the interfilament canals (Table l ) ,  thus eliminating 
their contribution to the frictional loss as well as any 
flow-independent head loss. The effect on the gdl 

Table 1. Mytilus edulis. Effects of serotonin concentration 
(m01 I - ' )  on beat frequency (Hz) of lateral ciha and beat 
pattern of laterofrontal cirn ( I f ) .  Readings and observations 
were made at 15 "C on freshly opened mussels. In the unstim- 
ulated gill the lateral c h a  beat at about 10 Hz (Jergensen 

1982) 

I O - ~  M 10-5 M 1 0 - ~  M 
Hz If Hz If Hz If 

17.45 0.6 - 19.5f  0.4 T 23.4f  0.2 rr 
19.25 0.6 - 23.120.4 T 2 5 . l f  0.2 
26.750.5 - 23.220.3 Tr 25.2k0.3 T 

- indicates normal beating of the laterofrontal c im 
indicates that cirri remain perpendicular to surface of 
gfl 

T /  indicates strong to complete reduction of angle of beat 
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pump is to increase the beat frequency of the lateral 
cilia (Aiello 1960, Gosselin 1961). At 1 0 - ~  M serotonin, 
a concentration that strongly stimulates the beat fre- 
quency of the lateral cilia (Table l), the back pressure- 
flow characteristic of the mussel was little affected 
(Fig. 4 and Table 2) .  At Io-' M serotonin the charac- 

3 teristic was displaced somewhat toward larger values V) 

of head and flow, having a nearly unchanged slope 
(Table 2) .  Y 

In view of the discussion of the overall system and l 
m 

pump characteristics, a shift of the back pressure-flow 0.1 0.2 0.3 0.4 
Pumping rate V, ml S-' characteristic may be interpreted in the following 

manner. Fig. 4. Mytilus edulis. Back pressure-flow characteristic in a 

Firstly, an  increased beat frequency of the lateral 
cilia may change the pump characteristic toward grea- 
ter head and capacity, but not necessarily preserving 
the slope. (The simple model of a viscous moving belt 
pump, however, would preserve the slope if the inter- 
nal pump friction were ignored, aH;(= aHY2 + aHIf) 
and C, in Eq. (5) being increased by the same factor; 
including internal pump friction would give rise to a 
steeper characteristic of the stimulated pump). 

Secondly, locking of the laterofrontal cirri in posi- 
tions bent over the frontal surfaces of the filaments 
eliminates their contribution to the pressure loss. If this 
contribution were that of plain viscous friction it would 
vary linearly with flow rate and, taken separately, tilt 
the characteristic to a lesser steepness through an 
unchanged value of AHE. Such an effect was not 
revealed in the experiments. If,  on the other hand, the 
laterofrontal cirri were not considered to represent a 
passive viscous resistance but rather an active resist- 
ance, in the form of a pump opposing the through- 
current, their arrest would cause a shift of the back 

mussel pumping seawater (a) and seawater contaimng 
serotonin at a concentration of 10-6 M (0). Line indicates 

regression in seawater (see #5, Table 2) 

pressure-flow characteristic. Pumps having very flat 
characteristics (nearly constant head independent of 
flow) can be perceived. Such a performance, alone or 
along with a changed cilia pump characteristic, can 
explain the observed shifts in Table 2. 

It has been assumed that stimulation with serotonin 
does not affect other parameters, such as the geometry 
of interfilament canals or the exhalant siphon. On this 
assumption, and ignoring furthermore the possible 
effects of serotonin on the pump performance, the 
experimental results give us an upper limit to the head 
loss caused by the laterofrontal cirri, aHlf, of about 
0.4 mm H 2 0  independent of flow rate. 

In the 35 mm standard Myllus edulis the total head 
loss at normal conditions of zero back pressure may 
thus be estimated as about 1.4 mm H 2 0  which conse- 
quently equals the pump head at zero back pressure 
(Table 3). 

Table 2.  Mytilus edulis. Effect of serotonin on linear relation between back pressure A H , ~  and pumping rate V in fully open 
mussels, as described by the equahon A H , ~  (mm H20)  = a - b V(m1 S-'). AHP,. back pressure at zero pumping rate; V": pumplng 

rate at zero back pressure; r: regression coefficient 

# Length Serotonin a = AH?, b r n VO t 
(mm) (conc. m01 I-') (mm H,O) (m1 S- ' )  ("c) 

11 3 6 0 3.6 5.70 -0.949 10 0.63 17 
I O - ~  4.6 7.38 -0.832 9 0.62 
I O - ~  5.0 7.08 -0.938 14 0.71 

5 X lO-'  4.7 6.06 -0.965 14 0.78 

12 0 5.0 13.14 -0.933 11 0.38 
0 4.5 9.90 -0.934 11 0.45 

10-= 3.3 8.40 -0.981 11 0.39 
10-" 4.0 8.52 -0.967 11 0.47 

5 0 3.6 7.80 -0.995 9 0.46 
p<0.05 

10.- 4.0 9.42 -0.984 11 0.42 

8 0 2.6 3.00 -0.985 7 0.87 
p<0.02 

I O - ~  3.4 3.72 -0.998 6 0.91 
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Table 3. Distribution of head losses (AH) along the flow path 
from entry to exit in an optimally pumping 35 mm 'standard' 

mussel at 17 "C 

Locahon aH 
(mm H201 

Inhalant opening 
fnchon, nH,, 0 004 
kinehc energy, AH, 0 02 

Laterofrontal cirn, AH,, 0 4 
Interfdament canals, .>H,,, 0 44 
Demibranch lunllna and suprabranchial cavlty - 0 
Exhalant siphon 

friction, AH,, 0 14 
h n e h c  energy, nH,, 0 38 

Total- 1 3 8  

While the total head loss cannot be measured, 
experimental data are available for head losses across 
inhalant and exhalant siphons. By an early technique 
Foster-Smith (1976b) measured these to be 0.05 mm 
H20 and 0.1 to 0.25 mm H 2 0 ,  respectively. But with an  
improved technique Jones & Allen (1986) obtained 
values an  order of magnitude higher, viz. 0.54 -t 0.18 
(SD) mm H 2 0  and 1.23 ? 0.48 mm H 2 0 ,  respectively. 
Our present estimates based on boundary layer friction 
and accounting for kinetic energy loss in jets yield at  
the most 0.02 mm H 2 0  and 0.52 mm H 2 0 ,  respectively 
(Table 3). 

Now, reconsider the head loss calculation for the 
exhalant siphon with a 0.9 mm O.D. static probe used 
by Jones & Allen inserted through the siphon. Includ- 
ing the displacement thickness of the boundary layer 
on the probe it causes an  area blockage of about 
1.50 mm2, raising the core velocity to about 96 mm S-'. 

The friction from all boundary layers amounts to 
0.19 mm H 2 0  and the kinetic energy loss to 0.47 mm 
H 2 0 ,  a total of 0.66 mm H 2 0 ,  which exceeds by 27 % 
that of the undisturbed mussel. The error associated 
with insertion of the same probe into the inhalant 
siphon is estimated to be about 20 %. 

These estimates assume no change in volume flow or 
geometry of the siphon, and are based on the foregoing 
data of our standard 35 mm mussel. The lack of data on 
geometry and flow of the test mussels used by Jones & 

Allen does not permit conclusions other than the inher- 
ent  discrepancy between probe indication and actual 
pressure in an  unhsturbed n~ussel .  The magnitude of 
the discrepancy, found to be about 20 to 30 % for our 
sample calculation, wdl depend on geometry and flow. 

It is unexpected that Jones & Allen found the 
pressure drop across the inhalant siphon to approach 
half that across the exhalant siphon, considering the 
many times larger cross-sectional area of the inhalant 
opening. 

The component-flow relations constituting the sys- 
tem characteristic are  drawn to approximate scale in 
Fig. 3,  which also shows the resultant pump charac- 
teristic. The contribution of non-linear terms (bound- 
ary layer friction and aH,,, Fig. 3, Eq. 3) declines to 
insignificance with increasing back pressure, leaving 
the pump characteristic practically linear (Fig. 3,  
Eq. 5) .  It may be  seen that at nH12 = 0, the operating 
point of the pump, as determined by AH,, nH,, and 
aHlr, amounts to about 1.4 mm H 2 0 .  

Efficiency of particle retention 

Concurrently with measuring effects of serotonin on 
the back pressure-flow characteristic we also recorded 
effects on the efficiency with which the 9111s retained 
parbcles, algae, of various sizes. It may be seen from 
Fig. 5 that with increasing concentration of serotonin 
in the ambient water the gills of Myllus  edulis gradu- 
ally became more leaky to the smaller particles, corre- 
lated with the decreasing angle of beat of the latero- 
frontal cim. Larger particles, about 14 pm in diameter, 
correspondng to about one third the distance between 
neighbouring filaments, were still efficiently retained 
when the laterofrontal c im were absent from the en- 
trance to the interfilament canals. 

It is thus indicated that the laterofrontal c im do not 
act as sieves of the through current, but that they act as 
modulators in the process of particle retention, raising 
its efficiency for the smaller particles. 

Other parameter effects on characteristic 

In order to compare back pressure-flow characteris- 
tics of individual mussels, and to study effects of tem- 
perature and other factors, flow rates were expressed 

Particle diameter, pm 

Fig. 5. Mytdus edulis. Effect of serotonin on the efficiency 
with which the g111 retains particles differing in size. (a) Sea- 
water; (0) l ~ - ~  M serotonin; (0) 5 X l ~ - ~  serotonin; ( A )  l to 5 

X 10-5 M serotonin 
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per unit gill surface area. This appears reasonable 
since pumping capacity is expected to be proportional 
to gill area, while pump head and resistances may be 
insensitive to size. 

Table 4 shows area specific maximum flow rates and 
maximum pump pressures as measured in 23, 30 to 
44 mm long, fully open mussels at about 17 and 8°C. 
During the experiments at  17°C in August, it was 
evident that pumping capacity varied with the 
behavior. Optimally open mussels with the mantle 
edges diverging pumped significantly more water and 
tended to produce higher pressure heads than those 
exhibiting parallel-oriented mantle edges. 

The fully open state with expanded, diverging man- 
tle edges is typical of undisturbed mussels. Measure- 
ments made on mussels in this state are, presumably, 
representative for optimal conditions in nature. Thls 
implies that at 17°C undisturbed mussels pump a 
mean of 6.3 m1 min-' water per cm2 gill surface. The 
mean flow velocity normal to the gill surface is thus 
about 1 mm S-' ,  as used in our 'standard' case. 

When evaluating effects of temperature on the 
pump, mussels in similar states should be compared. 
At a temperature of 8"C, recordings of V and aH12 are 
only avadable from mussels exhibiting parallel mantle 
edges. These mussels pumped less water and pro- 
duced larger pressure heads than did the correspond- 
ing group at 17 "C (Table 4). The ratio p/aHy2 was thus 
substantially affected by a change in temperature. 

This ratio, the reciprocal of the slope in the back 
pressure-flow characteristic, expresses how much the 
pumping rate decreases per unit pressure head 
imposed on the system. At 17°C the flow rate 
decreased about 1.35 m1 cm-' min-' for each 1 mm 
H 2 0  increase in back pressure, whereas at 8OC in 
mussels in a comparable state the rate was 0.78 m1 
cm-' min-' per l mm H20.  The decrease thus 
amounted to 42 %. Such effect of temperature may 
result from increased viscous resistance. Increased 
resistance due to increased viscosity of the water may 
account for 22 O/O, the kinematic viscosity v being 1.1 X 

10-~ m2 S-' at 17°C and 1.38 X 1 0 - ~  m2 S-' at 8"C, 
leaving half of the decrease unaccounted for. 

Energetics of the pump 

The power output from the pump varies with volume 
flow and head as determined by the operating point 
which is changed by changing the externally imposed 
back pressure nHI2. Assuming a linear pump charac- 
teristic nHp = nHO, - C,V, where aHi is the intersec- 
tion of the ordinate and C, = -H?V0 indicates the 
slope, VO being the nominal intersection of the ab- 
scissa, indicating the potential maximal flow rate or 
V",,,, the power curve is a parabola, 

reaching its maximum at V = 0.5 V,,, (Fig. 3, Eq. 6). 
For our sample case of Mytilus edulis at aH12 = 0 

and the values aHY2 = 33. mm H 2 0  and AH,, = 0.4 mm 
H 2 0  it is easy to find AH; = 4.0 mm H 2 0  and C, = 2.6 
mm H 2 0  per ml-'. Thus, the pumping power becomes 
P, = 14 p W  This is not much less than the maximum 
value P,,,,, = 15 pW, which occurs at V 0.77 m1 S-' 

corresponding to >Hl2 = 0.83 mm H20.  
It is interesting to note that the normal operating 

point is close to that of maximum power. The experi- 
ments with imposed back pressure thus did not expose 
the mussel to conditions requiring excessive pump 
power, as would have been the case had the normal 
operating point been closer to that of V&,, (would occur 
for lower internal friction). Conversely, assuming an 
internal friction far greater than suggested by our sam- 
ple case, the normal operating point would fall below 
that of maximum power. 

The kinetic energy of the jet leaving the siphon at 
unrestricted flow accounts for 0.38 mm H 2 0  - 28 % of 
the total work done, corresponding to the share of nH,, 
in AH, (Table 3). 

The work done by the pump may be compared with 
the total energy expenditure of the mussel, as ex- 
pressed by the rate of oxygen consumption. According 
to Hamburger et al. (1983) the 35 mm mussel, dry mass 
of the soft tissue amounting to 0.21 g, consumes 
0.169 111 h-' of oxygen. If we assume that 1 m1 0 2  

corresponds to 1.92 X 108 erg this corresponds to an 
aerobic metabolic rate of 9013 erg S- '  or 900 !LW of 
which the work of the pump constitutes 1.6 %. 

Table 4 .  Relation between maximum back pressure (CH:,) and gill area speclfic pump capacity (V0) in fully open mussels 

l 
Orientation of 
mantle edges 

t v" n Hi', V"/: H:, 
("c) (m1 cm-' min.') (mm H,O) 

Parallel and diverging 14 
Diverging 6 

Parallel 

Parallel 
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