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ABSTRACT The suspension-feeding activity of Cei-astoderrna edule ( L ) was investigated in response
to a wide range of experimental seston concentrations which approximated the changes in seston quality and quantity found in the natural environment over tidal cycles of sediment resuspension. The different seston concentrations were produced by adding increasing quantities of resuspended fine sediment to a relatively low and constant algal concentration (0.59 mg dry wt I-'). The total seston
concentrations (total particulate matter) varied over a wide range from 1.6 to 570 mg l", and the
organic fraction (particulate organic matter) between 0.62 and 79.8 mg 1-' The organic content of the
diets decreased with the increasing seston concentration, from 38.8% at the lowest concentration to
14 % at the highest concentration. A significant negative relationship was found between clearance
rate of C. edule and seston concentration, with very low values at 570 mg 1-' of total seston. Filtration
rate increased with seston concentration from a minimum value of 2.67 mg h-' at the lowest concentration to a maximum of 84.0 mg h-' at a concentration of 300 mg I-'. Above 300 mg 1-' there was an abrupt
decline in filtration rate. Pseudofaeces production started at a concentration of 4.8 mg 1 ', showing its
highest values at around 300 mg I-' The organic content of pseudofaeces was significantly lower than
the organic content of the seston, suggesting that C. edule is able to preferentially select organic particles for ingestion instead of inorganic particles. Selection efficiency was maintained at a high and constant level at seston concentrations between 4.8 and 97 mg 1-', declining at the highest seston concentrations with the lowest organic content. Thus the physiological sorting and selection mechanism
appears to be very effective at seston concentrations below 100 mg 1-l, this ability declining abruptly at
higher concentrations. Ingestion rate was constant in the lower range of seston concentration (1.6 to
34 mg 1-l), increased at concentrations around 250 mg I-', and declined abruptly at the higher food
rations. Absorption efficiency appeared relatively independent of seston concentrations over a large
range, but it was reduced at concentrations above 250 mg 1-' We found a very effective digestive
mechanism to regulate absorption rate at seston concentrations between 1.6 and 250 mg I-' The results
suggest that C. edule can compensate efficiently for a decrease in seston quality over a wide range of
seston concentration (1.6 to 300 mg I-') by maintaining an effective preingestive mechanism of selection for organic particulate matter, as well as increasing filtration and rejection rates. As a consequence,
this species is well adapted to living in turbid environments, such as intertidal mudflats, which are
characterised by marked fluctuations in seston quality and quantity, caused by resuspension of fine
sedirnents during periods of high current velocities on the flood or ebb tides.
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INTRODUCTION
Shallow soft-bottom estuaries or bays are characterised by large fluctuations in the quantity and composition of the suspended particulate matter (SPM).
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Cerastoderma

The main cause of changes In SPM is the resuspension
of fine sediments during periods of high current veloc~ t yon flood and ebb tides, wind-wave activity and
intermittent storm events. The physical resuspension
of the bottom sediments has a significant effect on the
quantity and quallty of the SPM available to filterfeeders (Anderson & Meyer 1986, Berg & Newel1 1986,
Hawkins et al. 1996, Urrutia et al. 1996). While this
process produces a n increase in total particulate mat-
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ter (TPM) and particulate organic matter (POM), the
relative organic content of the seston can be markedly
reduced due to the dilution effect of the higher proportion of inorganic matter contained in the resuspended
sediment. Therefore both the quantity and quality of
the seston can be altered under these environmental
conditions.
The functional response of filter-feeders to the variation in the quantity and quality of SPM has been discussed by many authors (Winter 1976, 1978, Bayne &
Newel1 1983, Shumway et al. 1985, Bayne et al. 1987,
1989, Iglesias et al. 1992, Navarro et al. 1992, Hawkins
et al. 1996, Urrutia et al. 1996) The results of these
studies have shown that filter-feeders are able to compensate for reductions in food quality or quantity by
means of physiological mechanisms which enhance
the energy gain from environments characterised by
large fluctuations in the quantity and quality of seston.
It has been reported that filter-feeding bivalves are
able to compensate for the 'dilution' of the organic
fraction by the inorganic fraction of the seston by preferential ingestion of organic particles from the filtered
matter and selective rejection of the inorganic matter
within the pseudofaeces ( K i ~ r b o e& Mshlenberg 1981,
Newel1 & Jordan 1983, Iglesias et al. 1992, 1996, Bayne
et al. 1993, Navarro & Iglesias 1993, Hawkins et al.
1996). However, most of these studies have not been
carried out over a wide environmental range of seston
concentrati.ons, typically <30 mg 1-' of total seston
(Bayne et al. 1987, 1993, Iglesias et al. 1992, Navarro et
al. 1992, 1993). Only recently have studies addressed
concentrations up to 100 mg 1-' (Hawkins et al. 1996,
Urrutia et al. 1996). However, it has been observed that
filter-feeders inhabiting mudflats and estuaries can
experience seston concentrations up to 500 mg 1-' (e.g.
Humber Estuary, England) during resuspension events
(Falconer & Owens 1990).Significant differences in the
physiological responses of epifaunal and infaunal
bivalves, such as Cerastoderma edule and Mytilus
edulis, have been reported by Hawkins et al. (1990).C.
edule shows higher ingestion rates than the epibenthic
M. edulis, probably to maximise the amount of food
absorbed from the organically poor seston available to
this infaunal species. It was also suggested that M.
edulis requires many days to compensate and adjust its
digestive system to changes in food quality, while the
infaunal C. edule appears to be able to adapt more
quickly to higher seston concentrations of low quality
(Hawkins et al. 1985).
Cerastoderma edule is an infaunal bivalve which
shows high physiological plasticity when exposed to
changes in seston quality over a relatively narrow concentration range of between 1 and 30 mg 1-' (Iglesias
et al. 1992, Navarro et al. 1992).Preferential ingestion
of organic parti.cles has been described in this species

when exposed to seston concentrations above the
threshold of pseudofaeces production (Navarro et al.
1992, Urrutia et al. 1996). Such a mechanism can play
a significant role in the maximisation of net rates of
energy intake, which is considered as a basic characteristic of fitness (Taghon 1981, Willows 1992).
The main objective of the present study was to investigate the effects of a wide range of environmentally
realistic seston concentrations on the feeding activity
of Cerastoderma edule. The range of seston concentrations (1.6 to 570 mg I-') was more extensive than those
examined in previous studies, and with different proportions of organic matter (0.14 to 0.39).

MATERIAL AND METHODS
Site of collection and experimental animals. Specimens of the bivalve Cerastoderma edule (cockles) of a
similar shell height (2.66 c 0.02 cm, mean ? SE) and
having a mean dry tissue weight of 214 i 13.2 mg
(+SE),were collected on 3 occasions (between May and
August 1995) during low tide from a n intertidal population near the mouth of the River Exe, southwest
England. They were transported immediately to the
Plymouth Manne Laboratory and were acclimated to
laboratory conditions for 1 wk prior to any measurement. Cockles were allowed to bury into sediment trays
and were held in an aquarium (3 m3) of recirculating
seawater collected offshore (Eddystone) and maintained at 15°C and at a salinity of 32 to 34 psu. Cockles
were fed with a unialgal diet of Isochrysis galbana.
Experimental seston concentrations. The filter-feeding activity of Cerastoderma edule was determined in
response to a wide range of experimental seston, concentrations which approximated the changes in seston
quality and quantity found in the natural environment
over tidal cycles of sediment resuspension (e.g. Humber Estuary; Falconer & Owens 1990).The differentexperimental seston concentrations varied between 1.6
and 570 mg 1-l, with a n organic content ranging between 38.8 and 14 X , (Table 1).The range of seston concentrations was produced by adding increasing quantities of resuspended fine surficial sediment to a constant,
but relatively small, amount of the unicellular algae
Isochrysis galbana (20 X 106 cells 1-' or 0.59 mg dry wt
1-l). A stock of surficial sediment (1 cm depth) was collected from mudflats in the Lynher Estuary, southwest
England, and stored at 5°C in the dark. Subsamples
were then homogenised by strong aeration and stirring
before sieving through a 30 pm Nitex screen. Particle
size distribution of the seston was measured with a
Coulter Multisizer fitted with a 100 pm orifice tube. The
differential and cumulative curves describing the particle size distribution (Fig. 1) show that the median parti-
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dofaeces production, filtration rate is equal to ingestion
rate and above this threshold, filtration rate represents
the sum of ingested matter plus rejected matter as
pseudofaeces (Widdows et al. 1979).
Biodeposition and ingestion rate: Faecal pellets produced by Cerastoderma edule during the experiments
were either collected quantitatively using a micropipete (e.g. at low seston concentration), or the faeces
which had settled on the sediment were siphoned off
together with the coarse surficial sediment and the faeces were then separated under a stereomlcroscope.
Pseudofaeces are ejected from the inhalant slphon and
are deposited as a separate pile from the faeces. A proportion of the pseudofaeces is also resuspended by the
ejection force out of the inhalant siphon created by
sudden valve adduction. These clouds of resuspended
pseudofaeces are lost from the experimental system,
and therefore only a representative fraction was col!ected separately from the faeces, which was enough
to measure their organic and inorganic composition.
Total egestion rate was estimated directly by quantitative collection of faecal pellets, while total rejection
rate (or pseudofaecal production) was estimated from
the difference between the filtration rate and ingestion
rate. Faeces and pseudofaeces were filtered through
GF/C filters and treated as described above for determination of the seston concentration of the experimental diets.
Ingestion rate was calculated from the composition of
the experimental diet and the egestion rate, using the
inorganic fraction of the diets and faecal pellets as indicators, assuming that there is minimal absorption of inorganic material during its passage through the digestive tract. Cockles also have the ability to preferentially
select organic matter relative to the inorganic matter at
seston concentrations where pseudofaeces are produced. Therefore ingestion rate was corrected according the percentage of selection efficiency.
Selection efficiency (SE) was calculated
according to Bayne & Hawkins (1990) and
40
Ig1.esias et al. (1992),where the organic content was used to evaluate the preferential
30 ingestion of organic matter instead of inor2
ganic matter from the food. For this purpose
Z
it is necessary to know the organic content of
,g 20
the food (f) and pseudofaeces (p)to use the
L
formula:

g
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SE = l - ( p / f )
When SE = 0, there is no selection (f = p )and
when SE = 1, there is complete selection and
ingestion of organic particles.
Net absorption efficiency: Due to the
a b i l i , t ~to select organic particles in
preference to inorganic particles at experi-
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mental suspensions above the threshold of pseudofaeces production, net absorption efficiency was estimated by using the organic and inorganic [ash) content
of the food ingested and the faeces, following the ratio
method of Conover (1966).Absorption rate was calculated as the product of the organic ingestion rate and
absorption efficiency.
Statistical analysis. Regression analysis and curve
fitting using different models were performed with
Excel 5.0 to represent the dependence of the feeding
and digestive processes on the different seston concentrations. Analysis of covariance (ANCOVA) was
applied to compare the regression lines (slopes and
elevations) of the mean and maximum clearance rates.
Analysis of variance (ANOVA) followed by a test of
significance (Tukey's) was applied to compare the
organic content of the seston, faeces and pseudofaeces. All these analyses were carried out with the statistical package Systat (v. 5.3: Systat Inc.) for WindowsTu.

RESULTS

Experimental seston concentrations
Experimental seston concentrations (TPM) varied
over a wide range from 1.6 to 570 mg I-', and POM varied between 0.62 and 79.80 mg I-' (Table 1). The
organic content of the diets (Fig. 2) decreased with the
increasing seston concentration, from 38.8% at the
lowest seston concentration to 14 % at the highest concentration. This relationship was best described by the
following power function:
OC = 34.528 X-'

'272

(R2 = 0.81)

where OC is the % organic content and X is the seston
concentration (mg I-').

a
=

34 5 2 8 ~ "

: ____1__1__
m a

a .

-

9
0
0

S

I

10

I00

1000

Seston Concentration (mg I")

Fig. 2. Relationship between the organic fraction and total seston conc e n t r a t ~ o nCurve
.
was best fitted by a power f u n c t ~ o n
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h-' at 300 mg 1 - l . Above ca 300 mg 1-'
there was a decline in TFR (Fig. 4 ) . Less
variation was recorded in the organic filtration rate (OFR), which ranged from
1.07 mg h-' at the lowest seston concentration to 17.02 mg h-' at 259 mg 1-'
(Fig. 4 ) . With increasing seston concentrat~onthere was a decline in OFR (i.e.
>260 mg 1 - l ) but the values did not
fall below 8 mg h-'. The relationships
between TFR/OFR and seston concentration are described by polynomial
models according the following equations:

Seston Concentration (mg I-')

TFR = 0 . 0 0 0 7 x 2 + 0 . 4 6 3 ~
+ 9.05
(R2= 0.97)
+ 2.196
OFR = -0.0001x2 + 0 . 0 9 2 ~
(R2= 0.93)

Fig. 3. Cerastoderrna edule. Maximum (a)and mean (A)clearance rates (CR)
in relation to seston concentration (X). Curves were fitted by linear functions

Physiological measurements

where TFR is the total filtration rate (inorganic and
organic matter) in m g h-', OFR is the organic filtration
rate in mg h-' and X is the seston concentration in mg
1-l. The resulting models were highly significant (p <
0.001), with a good fit to the data.

Clearance rate
There is a significant negative relationship between
the clearance rate of Cerastoderma edule and seston
concentration (Fig. 3) which can be described by the
following equations:

Biodeposition rate

Mean CR = -0.2661n(x) + 1.797 (R2= 0.96)
Max. CR = -0.372 ln(x)+ 2.552 (R2= 0.96)
where CR is the clearance rate (1 h-') and X is the seston or TPM concentration (mg 1-l).
The ANCOVA showed that there were no significant
differences between the slopes (p = 0.17) of the mean
and maximum clearance rates of Cerastoderma edule.
However, significant differences were found when the
elevations were compared (p = 0.02). The
highest CR values [max.:2.4 rt0.20 1 h-' (+SE);
100
mean: 1.79 rt 0.20 1 h-' (+SE)]were obtained at
the lowest seston concentration (i.e. 1.6 mg
80 1 - l ) , with a gradual decline in CR with increasing seston concentration. At the highest concentration of 526 mg 1-' the maximum and
60 mean clearance rates had declined to 0.09 +
2
0.033 1 h-' (+SE)and 0.06 0.026 1 h-' (+SE),
5 4~ 'G
respectively.
2

-:

Egestion rate (i.e. faeces production) a n d rejection
rate (i.e. pseudofaeces production) combined represent the biodeposition rate. There were significant
differences between these 2 processes, egestion rate
increased slightly with seston concentration, from
1.25 mg h-' to 3.41 mg h-' at 1.6 and 311 mg 1-', respectively. Pseudofaeces production was not observed
at the lowest experimental diet (1.6 mg 1-l), but it
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Filtration rate
The total filtration rate (TFR) in mg h-'
(organic + inorganic matter h-') increased
with
from a minimum
value of 2.67 mg h-' a t the lowest concentration (1.6 mg I-') to a maximum of 84.0 mg

1
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1000

Seston Concentration (mg I-')
Fig. 4. Cerastoderma edule.Total (a,TFR) and organic (A, OFR) filtratlon rates in relation to seston concentration. Curves were described by
polynomial functions
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Faeces
W Pseudofneces

-

that Cerastoderma edule is able to preferentially select
organic particles for ingestion instead of inorganic particles, and thus increase the %, inorganic content of the
pseudofaeces. Significant differences were also found
between faeces and pseudofaeces (p < 0.01) when the
organic content of these biodeposits was compared
(Fig. 5b).Rejection rate followed a similar pattern to filtration rate and the proportion of filtered material
which was rejected as pseudofaeces increased from
zero to 97.6 % at 2.67 and 84 mg h-' of FR, respectively
(Fig. 6).

T

3

I

D Food

E?JFncccs
Pscudofaeces

Selection efficiency and ingestion rate
Cerastoderma edule showed preferential ingestion
of organic particles instead of inorganic particles contained in the seston. Selection efficiency was mainLained high and constant (ca 0.50) at seston concentrations between 4.8 and 97 mg I-', and then declined to
lower values (ca 0.15) at the highest seston concentrations (between 450 and 570 mg I-'). This relationship is
presented in Fig. ?a and d.escribed by the following
exponential equation:

Sesfon Concentration ( m g I " )

Fig. 5. Cerastoderma edule. (a) Biodeposition rate in relation
to seston concentration. (b) Organic content of food, faeces
and pseudofaeces in relation to seston concentrat~on

SE = 0.617e-0.002" (R2 = 0.89)

where SE is selection efficiency and xis the seston concentration (mg I-').
The preferential ingestion of organic matter from the
increased significantly from 4.86 mg h-' at a seston
seston produces an organic enrichment of the food
ingested. Consequently the organic content of the filconcentration of 4.8 mg 1-' to 76.20 mg h-' at 311 mg 1-'
(Fig. 5a). Faeces production declined by 60% while
tered material ranged between 24.9 (at 11 mg I-') and
pseudofaeces production was only reduced slightly at
14% (at 570 mg I-'), wh.ile the organic content of
the material ingested varied between 43 and 1 6 % , at
the higher concentrations (>327 mg I-'). The organic
content of pseudofaeces was significantly lower than
the same respective seston concentrations (Fig. 7b).
The difference between the 2 curves presented in Fig.
the organic content of the seston (p < 0.01), suggesting
7b (filtration and ingestion) represents the
effect of selection efficiency in Cerastoderma
edule. At seston concentrations below ca 100
-- 100 mg 1-' (20% organic content) the physiologiV1
cal sorting and selection mechanism appears
8 809
to be very effective, but the ability to select
6
0
'J
then declined abruptly at higher concentraa 60tions.
2
Total ingestion rate (TIR) showed constant
40- i
values, ca 2 mg h-', at the lower seston conF
U
centrations (1.6 and 34 mg 1-l), increasing
.% 20 - .
slowly up to 4 . 2 mg h-' at concentrations
2
around
250 mg I-', but then declined abruptly
4
O t ;
at the higher food rations (Flg. 8). O r g a n ~ c
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ingestion rate (OIR) followed a more constant
Filtration Rate (mg h")
trend, ranging from 0.64 mg h-' at the lower
seston concentrations (i.e. < l 0 0 mg I-') to
Fig. 6. Cerastoderma edule Material rejected as pseudofaeces In rela1.25 mg h-' at ca 200 mg I-' The relationships
tion to different levels of filtration rate. Curve (continuous line) was fitted
b y a polynomial function. PR: pseudofaeces rejection; X , filtration rate
between these physiological rates a.nd the
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250 mg 1-l. This relationship can b e represented by an exponential model according
to the following equation:
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where AE is the absorption efficiency ( X )
and X is the seston concentration (rng 1-l).
When absorption efficiency was related
to the organic content of the material
ingested there was a clear increase from
8.7 % for low organic content (0.15) to values as high as 65 % a t a middle organic content (0.25),which continued at a relatively
constant level to the highest values of
organic content (0.4) tested in this study
(Fig. 9b). This relationship is described by
the following logarithmic equation:

OCF

- 23,

[(~c"'""""

AE = 122.81n(x)+ 249.42 (R2 = 0.71)

where AE is the absorption efficiency ( % )
and
X is the organic fraction of ingested
0
I
seston.
I
I0
100
1000
The rate of food absorption (AR) was very
Scstorl Conceritration (rng~l)
constant (ca 0.5 mg h-') at seston concentrations from l . 6 to 250 mg I-'. At highersestOn
Fig. 7 Cerastoderma edule. (a) Selection efficiency (SE) in relation to seston concentration ( X ) . (b) Organic content of ingested (OCI; m) or filtered
concentrations this was followed by a rapid
(OCF; A ) sest0n in relation to SeStOn ~ ~ n ~ e n t l a( Xt )i. ~Curves
n
for (a) and
decline in AR, with minimum values around
(b) were fitted by exponential functions
0.04 mg h-' at rations above 300 mg I-' (Fig.
10). This suggests that there is a very effective digestive mechanism to regulate AR a t experimenexperimental seston concentrations are described by
the following polynomial models:
tal seston concentrations between 1.6 and 250 mg 1-',
and the rapid decrease at higher concentrations
+ 0 . 0 1 +~ 1.859 (R2= 0.62)
TIR = -3 X
appears to reflect a failure of the feeding system,
OIR = -7 X 1 0 - % ~+ 0 . 0 0 3 +~ 0.752 (R2= 0.63)
which is not able to maintain selection mechanisms
and high ingestion rates. The relationship between AR
where TIR is the total ingestion rate in mg h-', OIR is
the organic ingestion rate and X is the seston concenand seston concentration is described by a polynomial
tration (mg I-').

g'

U

1

R' = 0.84
I

Net absorption efficiency
Absorption efficiency (AE) was estimated
from the food ingested (after preingestive
selection) and the faeces according to the ash
ratio technique (Conover 1966), which has
been found to give reproducible data for filterfeeders (Navarro & Thompson 1994).High values between 50 and 7 0 % were registered at
the lower seston concentrations (1.6 to 34 mg
I-'), but this was followed by a progressive
decline to 8.7% at the highest food ration
(548 mg 1 - l ) (Fig. 9a) Thus AE appears to be
relatively independent of seston concentrations over a large range (1.6 to 250 m g I-'), and
it is only reduced at concentrations above

Seston Concentration ( n ~ gI-')
Fig. 8. Cerastoderma edule. Total (TIR; m) and organic (OIR; A ) ingestion rates in relatlon to seston concentration (X). Curves were fitted by
polynomial functions
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Seston Concentration (nig l.')

tion of the filtered material, ranging from
26.6% (1.76 mg h-') at a concentration of
4.8 mg 1-' to 2% (1.55 mg h-') at concentrations above 368 mg 1-' The highest ~ngestion
rates were obtained at concentrations between 180 and 250 rng I-' with values above
4.2 rng h-' (5% of the filtered material). Ingestion rate did not increase to the same degree
as filtration rate, and the progressive difference between these 2 rates as seston concentration rises (up to ca 250 rng 1 - l ) reflects the
Increase in the rate of pseudofaeces production, with a slight reduction at the higher seston concentrations. According to these results,
ingestion rate is regulated by 2 different feeding processes as the seston concentration increases. Firstly, the reduction in clearance
rate and secondly, the increase in pseudofaeces production. Absorption rate was very constant within a wide range of seston concentrat ~ o n s(1.6 to 250 mg 1 - l ) representing a very
low amount of the ingested material and declining to zero at concentrations >350 mg l-'.

Organic Fraction of Ingested Seston

DISCUSSION
Fig. 9. Cerastoderma edule ( a ) Absorption efficiency (AE) in relation to
seston concentratlon (X),curve was fitted by a n exponential function.
(b) Absorption eff~ciency (AE) in relation to the organic fraction of
ingested seston, curve was fltted by a logarithmic function

The present study exposed the bivalve
Cerastoderma edule to a very wide range of
seston concentrations, with different proportions of organic matter, with the aim of sirnulating environmental conditions found in turbid estuaries inhabited by this infaunal
bivalve (e.g. Humber Estuary; Falconer &
Owens 1990). Resuspension of fine sediments
will result in a progressive decrease of the %
organic content (quality) as seston concentration increases. These negative relationships
have been described in many rnanne environments (Widdows et al. 1979, Newell & Bayne
1980, Navarro et al. 1991, 1993).
ANCOVA showed that there were no significant differences between the slopes of
regressions relating mean and maximum
Sestor~ Concentration (nig l.')
clearance rate (CR) with total seston concenFig 10 Cerastoderma edule Absorption ration (AR) in relation to sestrations However, significant dlfferences
ton concentration [X) Curve was f ~ t t e dby a polynomial f u n c t ~ o n
were found between the elevations, suggesting that Cerastoderma edule combines p e n model according to the formula
ods of high feeding activity with other less active periods. The mean CR were consistently about 60 to 7 0 %
of the maximum CR over the wide range of seston conwhere AR is the absorption rate (rng h-') and X is the
centrations. The functional feeding response of C.
seston concentration (mg I-').
edule was characterised by a significant reduction of
Above the threshold of pseudofaeces production (i.e.
CR with increasing seston concentratlon, which is in
4.8 mg 1 - l ) ingestion rate represented a very small fracagreement with Winter (1978), who postulated the
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ability of filter-feeders to regulate pumping rate in
response to increasing seston concentrations. Similar
effects of seston load on CR have been described by
Foster-Smith (1975) for C. edule and also for the clam
Venerupis pullastra. More comprehensive studies carried out recently by Navarro et al. (1992, 1994) and
Iglesias et al. (1996) on C. edule showed similar effects
of increasing seston concentrations within a range of 1
to 30 mg I-'. The results of the present study have
demonstrated that this negative relationship between
CR and seston concentration extends over a very wide
range of seston concentrations (1.6 to 570 mg I-'). This
shows that a reduction in CR 1s one important compensatory mechanism to regulate ingestion rate when C.
edule is exposed to conditions of increased turbidity
and seston concentration, similar to those associated
with intertidal mudflats in estuaries with high tidal
ranges (e.g. 5 to 7 m).
Many studies have been carried out relating food
availability and filtration rate in marine bivalves, but
most of them have used seston concentrations below
the threshold of pseudofaeces production (Riisgard &
Randlov 1981, Navarro & Winter 1982, Winter et al.
1984, Bayne et al. 1989).Other authors have conducted
similar studies above the threshold of pseudofaeces
production (Foster-Smith 1975, Widdows et al. 1979,
Iglesias et al. 1992, Navarro et al. 1992, Bayne et al.
1993, Hawkins et al. 1996). Very different feeding
behaviours have been described in both cases, showing the importance of evaluating physiological
responses to seston concentrations of similar quantity
and quality to those measured in the natural environment. The present study showed that filtration rate
(FR) increased with seston concentration up to a maximum of 300 mg 1-', and then declined at higher concentrations. Iglesias et al. (1992) and Navarro et al.
(1992, 1994) also found an increase in FR in Cerastoderma edule, within a smaller range of seston concentrations (1.53 to 29.8 m g I-') than those used in the present experiment (1.6 to 570 mg 1-l). Similar behaviour
was observed in Mytilus eduhs by Bayne et al. (1993).
Iglesias et al. (1992) concluded that there was an interactive effect between seston quantity and quality and
the feeding behaviour of C. edule, describing 2 main
responses: (1) filtration rates are constant when C.
edule is exposed to increasing particle concentration of
high quality, and (2) filtration rates increase progressively with seston concentrations of low food quality.
Our results are very similar to this within a wider range
of seston concentrations, where FR was almost constant between 1.6 and 11 mg 1-' when the quality of the
seston was high (organic content = 39 to 25%). However, FR increased rapidly with increasing concentration from l 1 to 300 mg 1-' and decreasing quality of the
rations (organic content = 25 to 18 %). The presence of
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high FR appears as a n efficient mechanism to enhance
the energy gain from a turbid environment, because
these species can process large amounts of particulate
matter. They have the capacity to sort and preferentially ingest organic particles instead of inorganic particles, and reject a high proportion of inorganic matter
in the form of pseudofaeces. This feeding behaviour
results in an enrichment of the ingested matter. The
decrease of FR at concentrations above 300 mg 1-' suggests a gradual failure of the filtration, particle selection and ingestion systems, and an inability to function
effectively at these higher seston loads.
Rejection of pseudofaeces has been described a s a
second regulatory mechanism of ingestion rate (FosterSmith 1975, Widdows et al. 1979, Iglesias et al. 1992,
Navarro et al. 1992). Hawkins et al. (1996) found that
the production of pseudofaeces in Mytilus edulis
depends on the FR, which increased with seston concentration up to the highest level tested by these
authors (112 mg 1-'). Similar results were obtained in
the present study, where Cerastoderma edule increased the rejection rate with the increase in FR, from
zero at 1.6 mg I-' to nearly 80 mg h-' at 300 mg 1-',
while egestion rate was maintained very constant
between the same food concentrations. Rejection rate
(RR) was low at the lower seston concentrations
(Fig. 5a). but increased steadily from 34 to 300 mg 1-',
following a similar pattern to FR. The relationship
between FR and RR was fitted by a polynomial model
(Fig. 6) and is in agreement with that reported by
Hawkins et'al. (1996) for M. edulis. C. edule appears to
show both mechanisms for regulating ingestion, one is
by reducing CR and the other by increasing the production of pseudofaeces. However, the relative importance of these 2 mechanisms appears to be modified by
the quantity and quality of the suspended particulate
matter, and different results can be obtained when
only the effects of the quality of the diet are tested.
Iglesias et al. (1992) and Navarro et al. (1992) concluded that the mechanism of regulation in C. edule is
determined by food composition, with CR providing
the main mechanism under high quality (energy rich)
rations, and the production of pseudofaeces as the
main mechanism under low quality rations.
ANOVA followed by Tukey's test of significance
showed that the organic content of the pseudofaeces
was significantly lower than the organic content of the
seston filtered (Fig 5b), indicating selection with
organic enrichment and preferential ingestion of
organic particles at concentrations when pseudofaeces
are produced by Cerastoderma edule. This feeding
response of C. edule was first identified by Kierrboe &
Mshlenberg (1981) using the chlorophyll a ratio in the
food and pseudofaeces. They found this species was
able to select phytoplankton cells with selection effi-
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ciencies as high as 77 %. Bayne et al. (1989) modified
this index using the organic fraction in food and pseudofaeces and reported values around 50% for Mytilus
edulis. The present study also demonstrated that selection efficiency (SE) was a very effective physiological
mechanism in C. edule up to a seston concentration
of 100 mg 1-' (20% organic content), but declined
abruptly at higher concentrations (Fig. ?a) and lower
organic contents. This decrease may also be related to
the decreasing quality of the experimental rations with
the increasing seston con.centrations, as reported by
Navarro et al. (1992) for the same species. Our results
of SE do not agree with those of Hawkins et al. (1996),
who recorded a positive relationship between SE and
filtration rate in M . edulis. However, there is agreement when results are expressed in terms of the positive relationship between organic content (between
0.14 and 0.40) of the food and SE. The decreasing difference between the organic fractions of filtered and
ingested matter represents the effects of SE, and
showed that SE was negatively related to seston concentration, but positively related to the organic content
of the seston. These relationships were represented by
exponential equations (Fig. ?b), showing that by
means of this mechanism organic ingestion rate was increased by ca 7 0 % (i.e. 25 % organic in seston to 43 %
organic in ingested matter; Fig. ?b) at the lower concentrations (i.e. 11 mg 1-', high quality) and ca 2.0% at
the highest concentrations (low quality). It 1s not clear
if this significant decrease of SE at higher seston loads
is related to the less efficient mechanism of filtration
when it is necessary to process large amount of filtered
material or to the effects of the increasing fraction of
mucus in the organic content of the pseudofaeces as
the quantity of the seston increases and its quality
decreases. Iglesias et al. (1992) assumed that the
rejected material by C. edule at food qualities below
40% of organic matter contains approximately constant fractions of mucus and that pseudofaecal mucus
loss could be the explanation of the lower values of SE.
These same authors suggested that the secreted mucus
in the pseudofaeces would be a similar loss to the
metabolic faecal losses associated with digestive
processes, and thus the SE represents net selection
efficiency. Urrutia et al. (1996) reported a very similar
dependence of SE on the organic content of the seston,
however their values were higher than those found in
the present study within a range of 10 to 20% of
organic content. The significantly higher seston concentration used in the present study could be producing the lower values of SE, showing the interactive
effects of TPM and organic content of the seston on the
feeding response of C, edule.
In contrast to filtration rate, ingestion rate was maintained independent of seston concentrati.on of Cerasto-

derma edule with very constant values (around 2 mg
h-') between 1.6 and 100 mg I-'. However, there was
an increase in the total ingestion rate of -80% between
100 and 300 mg I-', and thus it was related w ~ t ha very
high filtration rate at those rations. The abrupt
decrease in ingestion rate at higher concentrations was
associated with a marked decline in clearance rate and
by a reduction in filtration rate. Organic ingestion rate
was more efficiently regulated than total ingestion
rate, being very constant over a wide range of seston
concentrations (1.6 to 300 mg 1-l). This was primarily
due to the efficient particle selection mechanism,
which increased the amount of organic matter ingested
relative to the organic content of the seston filtered.
The total amount of ingested matter at concentrations
ranging from 1.6 to 100 mg 1-' was approximately
twice that reported by Hawkins et al. (1990) for the
same species, possibly because they used a very low
food concentration (20 X 103 particles ml-l) with a
higher organic content, which could result In similar
organic ingestion rate to that obtained in the presen.t
study (around 0.8 mg h-'). Our results therefore indicate that C. edule has a very efficient mechanism of
regulating the amount of food ingested over a very
wide range of seston concentrations, by simultaneously reducing clearance rate and increasing production of pseudofaeces.
Net absorption efficiency, unlike gross absorption
efficiency, takes into consideration the organic matter
which is secreted or abraded inside the gut lumen
during the process of digestion and absorption, and
which is not then absorbed but eliminated together
with the faeces (Hawkins & Bayne 1985, 1992).
Absorption efficiency in filter-feeding bivalves has
been reported as a physiological process highly
affected by the quantity and quality of the diet (Bayne
& Newel1 1983).At algal cell concentrations below the
threshold of pseudofaeces production the absorption
efficiency for species of Mytilus has been found to
decline with increasing ingestion rate (Thompson &
Bayne 1972, 1974, Widdows 1978, Navarro & Winter
1982). Although when bivalves are feeding on diets
similar to those found in the natural environment,
many species appear to have preingestive mechanisms to select and preferentially ingest organic particles from the seston. The organic content of the food
ingested is therefore the main factor determining
absorption efficiency (Bricelj & Malouf 1984, Iglesias
et al. 1992, Navarro et al. 1993). Net absorption efficiency (AE) measured in the present study was high
(50 to 70%) and very constant at the lower seston concentrations (1.6 to 34 mg 1-'), declining only slightly
up to seston concentrations of 300 mg 1-' This lack of
a negative relationship between TPM and AE is primarily due to the occurrence of a constant ingestion
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rate over this range (Fig. 8). The slight reduction of
AE between 34 and 300 ing 1-' can be explained by
the slight increase in ingestion rate. The decline in AE
a t the higher seston concentrations tested is probably
d u e to the rapid decrease in the quantity and quality
of food ingested combined with the negative effect of
metabolic faecal losses. According to Hawkins &
Bayne (1992) and Navarro et al. (1994), this organic
component forms a constant fraction of the food
ingested and will therefore represent an increasing
proportion of the faecal organic content a n d will
lower absorption efficiency in response to ingested
seston with low organic content. Our results are in
good agreement with the findings of these authors,
because absorption efficiency was markedly reduced
when Cerastoderma edule ingested seston with an
organic content lower than 0.2 (Fig. 9b). From our
results, negative values of absorption efficiency are
predicted at high seston concentrations with organic
contents lower than 0.14. Similar results were
obtained by Cranford (1995), with zero absorption
efficiencies for Placopecten magellanicus at rations
with organic contents of 0.14. Navarro et al. (1992)
also reported similar results of AE for C. edule, with
zero values at rations with organic content around
0.09. According to Navarro et al. (1992), the organic
content at which absorption efficiency reaches zero
can be used as an index of the capacity of the animal
to survive in environments wlth low quality diets.
However, this single parameter is not enough, and it
is also necessary to consider other physiological parameters (e.g. metabolic costs) to establish whether a n
animal has the energy available to survive (to grow
and reproduce) in a given environment.
Absorption rate was very constant throughout a
wide range of seston concentrations (1.6 to 300 mg
I-'), mainly as the result of the almost constant absorption efficiency between 1.6 and 200 mg 1-' (Fig. 9a)
and the highly regulated organic ingestion rate
between this range (Fig. 8). Our results suggest that
at concentrations above 300 mg 1-' the energy intake
of Cerastodern~aedule is significantly reduced as a
result of the reductions in clearance rate, filtration
rate, ingestion rate and absorption efficiency. C. edule
is therefore a species which can compensate efficiently for a decrease in seston quality (0.4 to 0.2) over
a wide range of seston concentrations (1.6 to 300 mg
1-l) by maintaining a n effective preingestive mechanism of selection for organic particulate matter, as
well as increasing filtration and rejection rates. As a
consequence, this species is well adapted to living in
environments with marked fluctuations in seston
quality and quantity caused by resuspension of fine
sediinents during periods of high current velocities on
the flood or e b b tides.
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