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Abstract — An automated image analysis system designed to assess the activity of benthic organisms is described.
This system is used to study filtration in the serpulid polychaete Ditrupa arietina. The video sensor of the system
is composed of a black and white charged coupled device, a microprocessor, a memory and an interface board.
It is driven by real-time routines, which are downloaded in permanent memory prior to each experiment. These
routines control picture acquisition frequency and compute the differences in grey levels between the image
recorded at a given time and a reference image (corresponding to no filtration in the case of D. arietina). These
differences are used to detect numerical objects, which are stored in the memory board. At the end of each
experiment, these objects are uploaded to a microcomputer where they are analysed using a second set of
programs. This procedure involves several parameters, namely: the minimal object surface which is indicative of
a real difference between two images (minimal surface), the research area (search radius), the research sites, and
the definition of a set of conditions relating differences between images with a true filtering activity by D.
arietina. These parameters were determined by comparing the results obtained using: 1) the automated system,
and 2) classical frame by frame videotape analysis. They were then validated on several batches of worms by
comparing total filtering durations per worm measured using the as previously calibrated automated system with
those obtained using classical video observations. This step showed that the automated system is suitable for
studying filtering activity in D. arietina. Our first results show that inter-individual variability is high, which has
important consequences on experimental plans designed to assess the effects of environmental factors on
filtration. © 2000 Ifremer/CNRS/IRD/Editions scientifiques et médicales Elsevier SAS
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Résumé — Etude expérimentale de Pactivité de filtration de Ditrupa arietina (Annélide Polychéte) par Iintermé-
diaire d’un systéme d’analyse d’images automatisé. Un systéme d’analyse d’image automatisé congu pour ’analyse
de Iactivité des organismes benthiques est décrit. Ce systéme est utilisé pour étudier la filtration de la polychete
serpulidae Ditrupa arietina. Le capteur vidéo du systeme est composé d’un capteur optique CCD noir et blanc,
d’un microprocesseur, d’une carte mémoire et d’une interface. Il est piloté, en temps réel, par des programmes
chargés en mémoire permanente avant chaque expérience. Ces programmes controlent la fréquence d’acquisition
des images et calculent les différences de niveaux de gris pour chacun des pixels composant I'image enregistrée
a un temps donné et une image de référence (correspondant a ’absence totale de filtration dans le cas de Ditrupa
arietina). Ces différences sont utilisées pour définir des objets numériques qui sont stockés en mémoire. A la fin

* Correspondence and reprints.
E-mail address: gremare@obs-banyuls.fr (A. Grémare).

© 2000 Ifremer/CNRS/IRD/Editions scientifiques et médicales Elsevier SAS. Tous driots réservés.
Pll: S0399-1784(00)01124-5/FLA 805



J.-C. DUCHENE et al. / Oceanologica Acta 23 (2000) 805-817

de chaque expérience, ces objets sont transférés dans un microordinateur ou ils sont analysés a partir d’'un
deuxiéme jeu de programmes. Cette procédure fait intervenir plusieurs parametres: la surface minimale
indicatrice d’une différence réelle entre deux images (surface minimale), I’aire de recherche (rayon de recherche),
les sites de recherche, et la définition d’un jeu de conditions mettant en relation les différences entre images et
une activité de filtration réelle de D. arietina. Ces paramétres ont été déterminés par comparaison des résultats
obtenus a partir : (1) du systéeme automatis¢, et (2) d’enregistrements vidéo classiques. Ils ont ensuite été validés
sur plusieurs lots d’animaux en comparant les activités individuelles mesurées a I’aide du systéme vidéo ainsi
calibré avec celles résultant de I’analyse d’enregistrements vidéo. Cette étape a montré que le systéme est adapté
a I’étude de I'activité de filtration de D. arietina. Nos premiers résultats montrent que la variabilité interindividu-
elle est grande ce qui induit des conséquences importantes sur les plans expérimentaux destinés a mettre en
évidence les effets des facteurs environnementaux sur activité de filtration. © 2000 Ifremer/CNRS/IRD/Edi-
tions scientifiques et médicales Elsevier SAS
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1. INTRODUCTION 1998), only little quantitative information about ben-
thic invertebrate’s feeding activity or rhythm is yet
Recent investigations carried out in the bay of available. Most of the existing data refer to tidal or
Banyuls-sur-Mer have shown major changes in mac- diurnal rhythms (Grémare, 1987). However, feeding
robenthos species composition (Grémare et al., activity appears also affected by other factors such as
1998a). The most important one is linked to the food availability (Hill, 1976) or local hydrodynamics
increase of the serpulid polychaete Ditrupa arietina (Trager et al.,, 1990 and 1992; Achituv and Ya-
(O.F. Miiller), which is now dominant in the two maguchi, 1997).
shallowest assemblages, namely the Spisula subtrun-
cata and the Nephtys hombergii communities. Large
scale study of the spatial distribution of D. arietina
has shown that this species is now present in high
densities all along the Catalan coast from Barcelona
to Montpellier, whereas it was almost absent a quar-
ter of century ago (Grémare et al., 1998b). The
increase of D. arietina in the Gulf of Lions is thus at
least of regional importance. This process has impor-
tant ecological consequences. It may affect carbon
cycle through calcification during tube building
(Medernach et al., 2000). The replacement of the
active filter-feeding bivalve S. subtruncata by the gill
crown suspension-feeding polychaete D. arietina may
also result in differences in benthic trophic network
functioning, and more specifically in changes in parti-
cle transfers from the water column to the sediment
through filtration and biodeposition.

The assessment of feeding activity can be based on
physiological measurements (Davey et al., 1990;
DeVilliers and Hodgson, 1993) or on direct observa-
tions. In the latter case, it involves live visual obser-
vations (Grémare, 1987) or video-recordings (Trager
et al., 1990; Achituv and Yamaguchi, 1997), which
are both rather long and difficult to obtain and (or)
to interpret. This may explain the relative lack of
available data. A sound alternative consists in devel-
oping automated systems such as has already been
done for the study of bacterial (Hader and Vogel,
1991), larval (Butman et al., 1988; Grassle and But-
man, 1989; Duchéne and Nozais, 1994; Nozais and
Duchéne, 1996; Nozais et al., 1997) or fish motions
(Boisclair, 1992). The most important limitations of
those systems are that they: (1) were mostly designed
for organisms living in the water column, and (2)

D. arietina feeds on suspended particles by extending generally did not allow for in situ monitoring. We
its gill crown in the overlaying water and quickly were thus interested in developing an automated im-
retracts it as soon as disturbed (Jordana, personal age analysis system suitable for both in vitro and in
observation). Such an extreme sensitivity may consti- situ monitoring of benthic organisms activity. The
tute a difficulty when interpreting results of feeding aim of this paper is to describe this equipment, and to
experiments. More generally, and with the important report on the first results regarding filtering activity in
exception of bivalves (Morton, 1983; Thorin et al., D. arietina.
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2. MATERIALS AND METHODS

2.1. The automated image analysis system

The automated system is made of a video sensor
coupled with a computer (figure 1A4). The sensor
(figure 1B) is composed of a charged coupled device
(CCD), a processor, several memory boards and an
interface board. The sensor is managed by real-time
routines, which are downloaded from the computer to
the permanent program memory at the beginning of
each monitoring session. These routines perform im-
age analysis in real time. At the end of the session,
other programs implemented in the computer manage
the recovery and the post-treatment of activity data.
The two main interests of this system thus are: it
provides a real-time analysis of the video fields, and
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Figure 1. Schematic diagram of the automated image analysis
system (A) and of the video-sensor (B).

the sensor is

acquisition.

fully autonomous during data

2.1.1. Hardware

We used a CCD (VLSI Vision Ltd) with a resolution
of 256 x 256 pixels and 256 levels of grey. The mi-
croprocessor collects data originating from the CCD
sensor and transfers them at a 50 frames's~' rate in a
video working memory, which is then sampled ac-
cording to a periodicity fixed by the operator during
downloading. The images obtained are compared to a
reference one. Differences between images are stored
in a compacted format within the memory board
together with the results of other computations car-
ried out by the real-time routines. An interface board
is used to connect the processor to the external
computer through an RS 232 port. This board in-
cludes circuitry to reconstruct a video output signal.
This video output is a regular CCIR 1Vcc composite
signal, which is used to connect a video monitor,
required to adjust the video field at the beginning of
each experiment.

2.1.2. Software

The software required to manage the whole system
includes both real-time routines and post-treatment
programs. All these programs are written in C lan-
guage and compiled in a micro-controller code within
a library. This library is accessed through the installa-
tion program. A menu driven window selects the
routines corresponding to the experiment from the
library and sends them to the sensor through the serial
interface. This download is done once for all at the
beginning of each experiment. At the beginning of
each session, the computer must thus be connected to
the sensor in order to: (1) download real-time routines
if not already present in the permanent memory, and
(2) send the start command to the system. Measure-
ments are then carried out automatically and the data
(i.e., objects generated by real time routines based on
differences in grey levels between the reference and the
current image) are stored within the internal memory
of the sensor. The microcomputer may thus be discon-
nected during data acquisition. However, at the end
of the experiment, it must be connected once again to
send a ‘stop command’ and to upload the data. Data
are then processed by post-treatment programs based
on three main parameters: minimal area, search ra-
dius, and research sites.
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2.2. Biological material

Worms were collected on several occasions between
1996 and 1998, either within the bay of Banyuls-sur-
Mer (25 m < depth <30 m), or off Argeles-sur-Mer
(26 m < depth < 29 m), which is located about 20 km
north. Back to the laboratory, they were placed in
tanks (L:W:H, 2 x 1 x 0.2 m) containing a thin layer
of sand and fuelled with running ambient seawater.

2.3. Calibration of the automated system

On 16 January 1997, 15 worms, collected within the
bay of Banyuls-sur-Mer were placed in an aquarium
containing 30 L of filtered seawater (1.5 pm). They
were positioned upright in well calibrated fine sands
covered by a fine layer of mud with the entry of their
tube located about 1 cm above the water-sediment
interface. Just prior to the start of the experiment,
worms were induced to retract their gill crown and to
close their tube aperture. The images obtained was
used as reference (i.c., no filtration). The video sensor
was positioned 14 cm above the sediment surface and
the orientation of the light set so that activity could be
assessed both around the tube apertures and around
their shadows on the sediment. The duration of the
experiment was 2 h (15 °C), with the activity being
recorded every minute. Individual worms activities
were also recorded on videotapes that were analysed
frame by frame for filtering activity.

Calibration consisted in determining the values of the
four main parameters involved in the functioning of
the post-treatment programs. We first considered min-
imal surface (2, 10 and 20 pixels), then search radius
(5, 10, 15 and 20 pixels), and research sites (tube’s
aperture and shadow), and at last the set of parameters
and conditions corresponding to filtration. In each
case, different values were tested and corresponding
total individual filtration durations were compared
with those measured using classical video-recordings.
Both the intercepts ( = 0) and the slopes (= 1) of the
linear regression models linking ‘predicted’ and ‘ob-
served’ individual activities were tested.

2.4. Validation of the automated system

We used the same experimental protocol as for the
calibration phase but with four different batches of

15 worms collected within the bay of Banyuls-sur-
Mer. The first three experiments were carried out
between 6 and 18 December 1996. The fourth ex-
periment was carried out on 3 November 1998. To-
tal durations of filtering activity per worm were
quantified using the set of parameters and condi-
tions determined during the calibration phase. They
were then compared with values derived from clas-
sical video-recordings. The statistical procedure was
similar to the one used during the calibration
phase.

2.5. Analysis of filtering activity patterns in D.
arietina

Filtering activity patterns in D. arietina were described
based on individual records obtained during three
experiments carried out on §, 9 and 10 September 1997.
Each experiment (16 °C, 24 h, filtered seawater) in-
volved a batch of twelve worms collected in front of
Argeles-sur-Mer on 5 September 1997. We looked for
trends in temporal changes of individual filtering
activity using a simple smoothing average technique.
We checked for periodicity using spectral analysis.
Synchronisation among individuals was assessed by
applying the same procedures to the time series regard-
ing the proportion of filtering worms.

2.6. Assessment of inter-individual variability

The impact of inter-individual heterogeneity in filtering
activity on the design of experimental plans aiming to
assess the effects of environmental factors on filtration
was quantified using a bootstrap procedure (Efron,
1979) based on 71 2-h long individual filtration record-
ings obtained between December 1996 and January
1997 on worms collected within the bay of Banyuls-sur-
Mer. This procedure was applied both on the total
filtration duration per worm and on the number of
filtering events per unit of time. Starting from the 71
means of the initial time series, we randomly generated
228 samples of N means (with 10 < N> 30). N thus
corresponded to the number of worms per replicate.
We then randomly generated 100 subsamples of five
means. The means and variation coefficients of those
subsamples were used to assess the within-treatment
variability.
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3. RESULTS

3.1. Calibration

The determination coefficient of the linear regression
model linking individual filtering durations recorded
both with the automated system and by classical
video-recordings was low when using a minimal sur-
face of two pixels (figure 24, table I). This coefficient
correlated positively with minimal surface. Only the
ten-pixels value resulted in a linear regression model
with an intercept not significantly different from 0
and a slope not significantly different from 1. This led
us to retain this value during the following steps of
the calibration.

Results obtained with the automated system corre-
lated poorly with those obtained by classical video-
recordings when using a search radius of five pixels
(figure 2B, table I). The correlation between activities
recorded using the two methods increased with the
search radius. Both the fifteen- and the twenty-pixels
search radius resulted in regression lines with inter-
cepts not significantly different from 0 and slopes not
significantly different from 1. We used a search radius
of 15 pixels during the following steps of the
calibration.

There was a poor correlation between the activities
recorded by the two methods when considering
changes occurring either around the mouth of the
tube or around its shadow (figure 2C, table I). Corre-
lation was poor as well when considering only
changes around the tube aperture. The scatter was a
little bit less important when considering either only
the events around the tube shadow or the events
concerning simultaneously the tube aperture and its
shadow. These results could not be considered as
fully satisfactory, which led us to introduce a set of
logical conditions designed to relate the events de-
tected by the automated system with real filtering
events.

The two first sets both considered the events occur-
ring simultaneously around the tube aperture and
around its shadow. They consisted of introducing
surface thresholds of 20 and 40 pixels, respectively.
These minimal surfaces differed from those men-
tioned above since they no longer considered elemen-
tary but aggregated objects. The correlation between
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Figure 2. Calibration of the automated system. Comparisons of
the total duration of filtration per worm obtained with the auto-
mated system when varying the values of the main parameters
involved in the post treatment programs and those measured using
classical video-recordings. (A) minimal surface, (B) search radius,
(C) research sites, (D) logical conditions. T: tube, S: shadow.

the so-obtained activities and those resulting from
classical video-recordings are good in both cases
(figure 2D, table I). However, both these sets of
conditions failed to provide linear regression models
with intercepts not significantly differing from 0 and
slopes not significantly differing from 1. We thus
introduced an alternative condition regarding the sole
changes detected around the shadow of the tube
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Table 1. Main characteristics of the linear regression models used during the calibration phase to correlate the measurements carried out
with the automated system with those obtained using classical video-recordings.

Parameter (pixels) r? Slope Intercept Intercept =0 Slope
(SR =15, tube and shadow >0)
MS=2 0.682 0.990 4.982 NS a
MS =10 0.945 0.964 1.798 NS NS
MS =20 0.991 0.891 0.891 2 ¢
(MS =10, tube and shadow >0)
SR=5 0.321 0.096 1.790 o @
SR =10 0.711 0.626 2.871 NS NS
SR=15 0.945 0.964 1.798 NS NS
SR =20 0.950 0.996 1.535 NS NS
MS =10, SR =15)
Tube or shadow>0 0.271 0.906 28.284 NS b
Tube >0 0.278 0.956 23.838 NS b
Shadow >0 0.650 0.933 9.457 NS NS
Tube and shadow >0 0.682 0.990 4.982 NS a
(MS =10, SR =15)
Tube and shadow >20 0.996 0.910 0.793 b ©
Tube and shadow >40 0.994 0.879 0.600 ¢ ¢
Tube and shadow >40 or shadow >80 0.995 0.973 0.809 NS NS

MS: minimal surface, SR: search radius. NS: not significant.

2 0.01 <P<0.05.

®0.001 <P<0.01.

¢ P<0.001.
aperture within the third set of conditions. This re- the automated system. Overall, we considered that

sulted in a highly significant linear regression model
between observed and predicted activities with an
intercept not significantly different from 0 and a slope
not significantly different from 1. This set of condi-
tions was thus used during the validation phase.

3.2. Validation

Correlation between observed and predicted activities
was high for all the four validation experiments
(figure 3, table II). Intercepts of the regression models
significantly differed from 0 during two experiment
whereas slopes significantly differed from 1 during
three experiments. When pooling the results of all the
validation experiments, there was a highly significant
correlation between predicted and observed activities.
The intercept did not significantly differ from 0 but
the slope significantly differed from 1, partly due to
low scatter between predicted and observed activities.
The simultaneousness of the filtering events detected
by the two methods was good as well, with only some
filtration events shorter than 1 min not detected by

the validation phase was satisfactory and therefore

O December 1996, 1
O December 1996, Experiment 2
<& December 1996, Experiment 3

g /A November 1998
2
&Tc 140
_5 E 120
£ 100
%S 80
172} 6()*
gz
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35 & 2
g 0 T T T T
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Total duration of filtration per worm
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Figure 3. Validation of the automated system. Comparison of the
total duration of filtration per worm detected using both the
automated system (with the parameters determined during the
calibration phase) and classical video-recordings.
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Table II. Main characteristics of the linear regression models used during the validation phase to correlate the measurements carried out
with the automated system to those obtained using classical video-recordings.

Exp. N r? Slope Intercept Intercept =0 Slope =1
Dec. 1996 1 15 0.987 0.949 1.293 NS NS
Dec. 1996 2 15 0.998 0.951 1.377 NS ¢
Dec. 1996 3 15 0.983 0.914 0.085 a a
Nov. 1998 11 0.988 0.972 2.945 b 2
Pooled 56 0.996 0.980 0.576 NS a

NS: Not significant.
*0.01<P<0.05.
®0.001 <P<0.01.

¢ P<0.001.

used the so-defined set of parameters and conditions
to infer filtering activity in D. arietina.

3.3. Filtering activity patterns in D. arietina

During all three experiments, the variability in filtra-
tion patterns among individuals was important. The
total filtration durations per worm ranged between 52
and 1155 min, 38 and 1306 min, and 93 and 1164
min for the September 8, 9, and 10 experiments,
respectively. The number of filtration events per sin-
gle worm and per experiment ranged between 25 and
93, 12 and 82, and 28 and 67 for the September 8§, 9,
and 10 experiments, respectively. The average dura-
tions of each filtration event were between 2 and 46
min, 2 and 109 min, and 3 and 34 min for the
September 8, 9, and 10 experiments, respectively. The
relationships between total duration of filtration per
worm, and number of filtration events or average
duration of each filtration event are given in figures
4A and 4B, respectively. The total filtration duration
correlated positively with the average duration of
each filtration event but not with the number of those
events. For 20 out of the 35 worms under study (one
worm was discarded since it featured no activity at all
during the September 9 experiment), there was no
evidence for temporal trend in filtering activity. There
was no consistent pattern (i.e. constant decrease or
increase of filtering activity during the overall length
of the experiment) for the other 15 worms.

The four main types of individual filtration patterns
observed during the present study are presented in
figure 5. Pattern 1 is characterised by the constant
succession of short (i.e. less than 5 min.) filtration

events, which results in a strong periodicity around a
time-period close to 30 min. This pattern was associ-
ated with 23 of the 35 worms studied. Pattern 2
corresponds to a modification of the first one through
the introduction of longer resting periods. The peri-
odic signal corresponding to the succession of short
filtration events, although still present, is thus
strongly altered. This pattern was associated with 7
of the 35 worms under study. Patterns 3 and 4 are
both characterised by a total absence of periodicity.
In pattern 3, this absence results from low filtration.
This pattern was associated with only 1 out of the 35
worms under study. In pattern 4, the absence of
periodicity is linked to the coexistence of both short
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Figure 4. Relationships between total filtration duration per worm
and the number of filtration events per worm (A), and the average
duration of a filtration event (B). Data are pooled for all three
experiments involving worms collected off Argeles-sur-Mer.
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Figure 5. Presentation of the four main filtration patterns recorded during the three experiments involving worms collected off
Argelés-sur-Mer together with the corresponding periodograms. Y: filtration, N: no filtration.

and long filtration events. This last pattern was asso-
ciated with the worms featuring the highest filtering
activity (4 of the 35 worms under study).

Temporal changes in the proportion of filtering
worms are presented in figure 6 together with the
corresponding periodograms for each of the three
experiments involving worms collected off Argelés-
sur-Mer. Maximal proportions of filtering worms
were of 66.7, 66.7 and 81.8 % for the September 8§, 9,
and 10 experiments, respectively. These values were
rather rare and these proportions usually remained
close to the average value for the whole experiment
(i.e. 19.5, 26.8 and 39.2 % for the September 8, 9, and

10 experiments, respectively). There was no evidence
for any temporal trend. Spectral analyses carried out
for the September 8 and 10 experiments did not
reveal any obvious periodicity in temporal changes of
the proportion of simultaneously filtering worms.
This pattern was less clear for the September 9
experiment.

3.4. Assessment of inter-individual variability

Results of the bootstrap procedures applied both to
total filtration duration and to the number of filtra-
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Figure 6. Temporal changes in the number of filtering worms (together with corresponding periodograms) during the three experiments

involving worms collected off Argelés-sur-Mer.

tion events per unit of time are presented in figure 7.
For both of these parameters the means resulting
from the bootstrap came closer to the average values
characterising the activity of the initial population
as the number of worms per replicate increased.
Corresponding variation coefficients decreased as
the number of worms per replicates increased. Varia-
tion coefficients remained relatively high (i.e., about
20 %) even when using as much as 30 worms per
replicate.

4. CONCLUSION

4.1. The automated image analysis system in
comparison with other existing devices

First studies regarding larval photoresponse (Young
and Chia, 1982; Marsden, 1984 and 1990), or swim-
ming kinetics (Clark and Hermans, 1976) have either
been based on visual observations or on high-speed
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Figure 7. Results of the bootstrap procedures assessing the effect
of inter-individual heterogeneity on the within-treatment variabil-
ity of experimental plans designed to assess the effect of environ-
mental factors. Relationship between the number of worms per
replicate and the mean and variation coefficients of both the
total filtration duration and the number of filtration events per
worm. Horizontal lines correspond to the means of the initial
populations (see text for details). VC: variation coefficients.

cinematography. Development of video and small
computers later allowed for the introduction of
track analysis. In most cases, tapes were played
back frame by frame and analyzed manually. Those
techniques were refined to allow for 3D analysis
using appropriate optic devices (Boisclair, 1992;
Young and Getty, 1987). They have been used in
different research fields until recently (Wong et al.,
1986; Boudreau et al., 1991; Saiz and Alcaraz,
1992; Hughes and Atkinson, 1997), sometimes in
association with fluorescent labelling of small or-
ganisms such as larvae (Jonson et al., 1991).

Another approach consists of playing back and dig-
itizing the videotapes after the experiment, the so-
obtained signal being then processed with specific
softwares. The first systems of this kind were asso-
ciated with minicomputers. Lang et al. (1979) stud-
ied the responses to light variations of Balanus
imprecisus nauplii using a computerized procedure
developed byGreaves (1975). The same system was
later used for the measurement of horizontal swim-

ming and vertical sinking velocities of Capitella
capitata larvae (Butman et al., 1988). Rapid techno-
logical improvements then allowed for the use of
microcomputers, and the reduction of processing
time. This resulted in a real-time digitizing and pro-
cessing of either the recorded videotapes (Ramcha-
ran and Sprules, 1989) or even the video signal
when directly transmitted to the computer
(Bakchine-Huber et al., 1992; Davis et al., 1996).

The in situ deployment of such systems remains
however problematic due to the necessity of a phys-
ical connection between the video sensor and the
computer, or to videotape storing capacities. One of
the main advantages of our system is that most of
the computations are carried out in real-time by the
processor associated with the sensor, which makes
it fully autonomous during the whole monitoring
period. Moreover, the system does not store full
images but only numerical objects computed from
differences between images, which increases the
maximal possible duration of monitoring session.
These two advantages open up important possibili-
ties for in situ deployment. In addition, the sensor
unit may start specific sampling procedures depend-
ing on real-time activity measurements.

4.2. The use of the automated system to infer
filtration activity in D. arietina

There was always a strong correlation between ac-
tivities recorded using either classical video analysis
or our automated system. This suggests that the
automated system provides satisfactory estimates of
filtration activity in D. arietina. However, the slopes
or the intercepts of the linear regression models
linking activities recorded using the two techniques
differ significantly from 1 and 0, respectively in
three out of four experiments. This result is partly
due to the strong fit of these linear regression mod-
els. Nevertheless we believe that it also reflects a
true underestimation of filtration when using the
automated system. Such an underestimation could
be associated with filtration events shorter than 1
min and taking place between two consecutive im-
age acquisitions by the video sensor.

We used the results of the three validation experi-
ments carried out during December 1996 to infer
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the possible bias resulting from such short filtration
events. During these experiments, filtration events
shorter than 30 s and comprised between 30 and 60 s
accounted for 10.8 and 16.3 % of the total number of
filtration events, respectively. These two kinds of
events accounted for 0.7 and 2.6 % of the total filtra-
tion duration, respectively. A simple probability com-
putation shows that short filtration events not
detected by the automated system would account for
about 12 % of the total number of filtration events
and 1.1 % of the total filtration duration. This last
figure may explain the slight underestimation of filtra-
tion duration when using the automated system.

It is also important to point out that the calibration
procedure was solely based on total filtration dura-
tions, whereas most of the error linked to the occur-
rence of short filtration events is related to the
number of filtration events. Moreover, the average
duration of each filtration event may vary depending
on worms and experiments. Filtration events are usu-
ally longer in worms with high activities than in
worms with low activities. The underestimation of the
number of filtration events is thus more important in
worms featuring low filtration. This is well illustrated
by the results of the November 1998 experiments
(average filtration duration of 90 min against only 23
min for the three other validation experiments) during
which non detected filtration events corresponded to
only 2.1 and 0.1 % of the number of filtration events
and of the total filtration duration, respectively.

During the present study, the frequency of picture
acquisition was mainly limited by the speed of the
microprocessor and the amount of information that
could be stored on the memory board of the sensor.
Since then, the image analysis system has been im-
proved through the use of a new sensor with higher
resolution, a new microprocessor, and the incorpora-
tion of a new storing device. These developments
allow for picture acquisition and treatment every 0.5
s. This should thus no longer constitute a problem
during future studies regarding filtering activity in D.
arietina.

4.3. Characterisation of filtering activity in D. arietina

This is the first study reporting on filtration activity
patterns in D. arietina. Besides the test of the auto-

mated image analysis system, we also wanted to
collect information on the standard filtration of D.
arietina to develop appropriate experimental plans
aiming at assessing the effects of environmental fac-
tors on filtration. This is why we have decided to
work in the absence of any strong stimulus (e.g.,
food, hydrodynamism, etc...).

Filtering activity consists in a succession of filtration
and resting events, which can be characterised by
total filtration duration and by the number of filtra-
tion events per unit of time. Our results show that
changes in total filtration duration are not caused by
an increase in the frequency of filtration events but
rather by an augmentation of the average duration of
those events.

Due to these interactions and to high inter-individual
variations in total filtration durations, individual pat-
terns of filtration also feature high heterogeneity. It is
nevertheless possible to define several types of pat-
terns and to relate them to total filtration duration.
For the animals collected off Argelés-sur-Mer during
October 1997, the dominant pattern (pattern 1) corre-
sponds to a repetition of short (i.e., <5 min) filtra-
tion events occurring approximately every 30 min.
This pattern can be modified either by the introduc-
tion of longer resting events (patterns 2 and 3) or, on
the contrary, by the introduction of longer filtration
events (pattern 4). In both cases this results in an
attenuation or even a loss of the periodicity charac-
terising pattern 1. Pattern 4 is clearly associated with
the most active worms by opposition to pattern 3.
Each experiment seems largely dominated by a single
pattern of filtration. For example, worms collected
within the bay of Banyuls-sur-Mer during October
1998 mainly followed pattern 4.

Even in those experiments during which most of the
worms have shown a strong periodicity in their filtra-
tion (e.g., Argelés-sur-Mer, September 1997), we have
not been able to collect any evidence for synchronic-
ity among individuals. Temporal changes in the pro-
portion of filtering worms were indeed low in
amplitude and did not show any periodicity. This
lack of synchronicity may partly result from the fact
that our experiments were carried out in the absence
of any strong external stimulus.
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4.4. Consequences of inter-individual variability for the
design of experimental plans aiming at assessing the
impact of environmental factors on filtration in D.
arietina.

We are now interested in experimentally assessing the
impact of environmental factors on filtration in D.
arietina. This objective requires appropriate experi-
mental plans. In its present form, the automated
image analysis system does not allow for the simulta-
neous monitoring of several batches of worms (i.c.,
replicates). This problem could be solved by placing
the video sensor on automated X-Y translator as
already done for the automated tracking of plank-
tonic larvae (Duchéne and Nozais, 1994). Together
with reduction in processing time, this would allow
following simultaneously the activity of different
batches of worms submitted to different treatments.
However, this development would probably prove
insufficient, when studying filtration in D. arietina,
due to high inter-individual variability. Results of the
bootstrap procedure indeed show that variation co-
efficients corresponding to within-treatment variabil-
ity are close to 20 %. Such variability would strongly
limit the ability of the association of experimental
plans based on replication to detect significant treat-
ment effects. A possibility to overcome this difficulty
would be to submit the same batch of worms to
successive values of the tested parameters and then to
use pairwise comparison tests to statistically infer the
effects of those treatments. Such an experimental
design has already been applied to the study of the
effect of light on larval swimming (Lang et al., 1979).
It requires the constancy of individual standard activ-
ity during the entire experiment. According to our
results, this hypothesis seems to be fulfilled for exper-
iment durations up to 24 h in the case of D. arietina.
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