Vol. 43: 259-267, 1988

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

Published March 31

Spectral analyses of movements made by the
cephalic appendages of copepods
S. A. Poulet, C. W. Gill
Station d'oceanologie et de Biologie Marine, CNRS, Place Teissier, F-29211 Roscoff, France

ABSTRACT: Movements of Calanus helgolandicus, Centropages typicus and Ternora longicornis
cephalic appendages, which are involved in feeding and swimming, were investigated. When considered together, results of limb beat traces and of spectral and autocorrelation analyses show that the
movements of copepods cephalic limbs are dependent upon the species, and are indicative of sensory
feeding behaviour. T. longicornis exposed to mechanosensory stimulation, in the form of Sephadex
beads, phytoplankton cells or natural particles, produced appendage-movement traces varying in beat
frequency and amplitude. Particle size had the greatest influence on appendage movements. Chemical
stimulation in the absence of particles (dissolved free amino acid cocktails) generally increased the
appendage beat frequency, but did not cause fluctuations in beat amplitude such as occurred with
particles. Analyses of the movements of the first maxillae indicate that for filter-feeding calanoid
copepods, mechanoreception contributes to parbcle handhng, and chemoreception contributes both to
an increase in the speed of the feeding current and the recognition of food. During feeding In copepods,
it is likely that mechano- and chemoreception are complementary and act in conjunction.

INTRODUCTION
Since 1980, our understanding of copepod behaviour
has increased as a result of cine techniques pioneered
by Alcaraz et al. (1980) and subsequent quantification
of such observations using frame motion analysis
(Cowles & Strickler 1983). Information obtained with
these techniques (Koehl & Strickler 1981, Paffenhofer
et al. 1982, Strickler 1982, Price et al. 1983, Price &
Paffenhofer 1984, 1985, 1986, Vanderploeg & Paffenhofer 1985) has produced an end to the controversy
over whether particle feeding in copepods is a selective
and behavioural process or due to passive mechanical
filtration (e.g. Boyd 1976, Frost 1977, Poulet & Marsot
1978, Donaghay & Small 1979). Confirmation and
clarification have been obtained of earlier studies
which suggested selective and behavioural feeding,
but which were made with indirect techniques such as
Coulter Counter measurements (e.g. Parsons et al.
1967, Poulet 1978), cell counting under a microscope
(e.g. Huntley et al. 1983) or visual observations (e.g.
Esterly 1916, Cannon 1928, Conover 1966). Moreover it
has been shown that cephalic appendages involved in
the feeding process exhibit complex behaviour (Koehl
& Strickler 1981, Price et al. 1983).
It is now generally accepted that appendage move@ Inter-Research/Printed in F. R. Germany

ments are used to make water movements, for transportation and remote sensing of particles, as well as for
particle capture or rejection. These conclusions are
based on experimental studies (e.g. Frost 1972, Poulet
1978, Poulet & Marsot 1978, Koehl & Strickler 1981,
Price et al. 1983, Yule & Crisp 1983, Buskey 1984, Price
& Paffenhofer 1986) and conceptual models (e.g.
Rubenstein & Koehl 1977, Andrews 1983, Legier-Visser
et al. 1986, Poulet et al. 1986).Even though for calanoid
copepods the methods of food capture for 'large' particles are understood (10 to 28 pm; Price et al. 1983),the
method of capturing 'small' particles ( < 6 pm; Price et
al. 1983, Price & Paffenhofer 1985) and the sensory
mechanisms of food selection for both large and small
cells (mechano- or chemoreception; e.g. Andrews 1983,
Buskey 1984, Legier-Visser et al. 1986, Poulet et al.
1986) are still poorly understood. This deserves further
investigation by direct observations of filter-feeding
copepods using cin6 or video cameras, or the microimpedance technique (Cowles & Strickler 1983, Price et
al. 1983, Yule & Crisp 1983, Gill & Poulet 1986, Gill
1987).
In the present study, a computer micro-impedance
system was used to study the movements of the
cephalic appendages of copepods in the presence of
various particles and chemicals. Spectral analyses of
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the recordings were used to investigate the sensory
mechanism involved in copepod feeding.

MATERIALS AND METHODS
Copepods were collected from the English Channel
off Roscoff (France) and kept overnight at 12 or 15 "C in
filtered seawater. The beat patterns of the second
antennae (A 2) and mandibular palps (Mdp) of Calanus
helgolandicus were recorded in filtered seawater
(Millipore, 0.45 pm size filters). The first maxlllae ( M l )
movements were recorded under similar conditions for
comparison between C, helgolandicus, Centropages
typicus a n d Temora longicornis. The effect of
mechanosensory (particles) and chemosensory (amino
acids) stimulations on the M1 movements of individual
T. longicornis were also recorded. The experimental
system incorporated a flow-through chamber receiving
filtered seawater (control) initially, followed by filtered
seawater to which stimulatory compounds were added
(experiment).Recordings were made in a Perspex flow
chamber of 125 m1 volume. Copepods were restrained
by suction tubes in a water flow of 0.17 cm S-', which
was maintained at 10 or 15 " C . Details of the suction
restraint method, of the flow chamber and of the impedance technique have been previously described (Yule
& Crips 1983, Gill & Poulet 1986, Gill 1987).
Limb beat traces were selected from recordings of
1 to 3 min duration from 5 to 10 individuals of each
species. Sections of traces (time series corresponding to
256 to 1300 data points, with y=comparative
amplitude [mV] and X = time [ms] of the appendage
movements; Yule & Crisp 1983, Gill 1987) were treated,
using spectral and autocorrelation analyses (Bendat &
Piersol 1971). Standard Fourier series procedure
(Goertzel 1960) was followed, and the SSP-IBM 1130
package was used, without any initial data screening or
smoothing, to describe and compare the traces in terms
of frequency in the 1 to 100 Hz range.

RESULTS
Normal limb beat patterns of Calanus helgolandicus
Direct recordings of Calanus helgolandicus A2 and
Mdp beating in filtered seawater are shown in Fig. 1
(left).Because of the similarity between the movements
of the A2, Mdp, first maxillae ( M l ) and maxilliped
(Mxp), and the absence of movements by the first
antennae ( A l ) and second maxillae (M2) in partlclefree seawater (Gill & Poulet 1986), the traces of these
latter appendages have been omitted from Fig. 1 C.
helgolandicus limb beat patterns are characterized by

beating and restlng periods of varying duration. This
activity is probably related to the 'hop and sink' swimming pattern reported by Cannon (1928).
Traces of cephalic appendage movements provide a
suitable time series for spectral analysis. This statistical
approach, based on Fourier analysis, discriminates the
frequencies constituting a movement. It is a tool for
studying the frequency of these oscillatory movements,
which is the most accurate parameter measured with
the computerized micro-impedance system (Gill &
Poulet 1986, Gill 1987). Results in Fig. 1 are based on
time series, each of which includes 400 to 700 data
points (corresponding to beating periods designated by
S [start] and E [end];Fig. 1, left) so that frequencies in
the range of 1 to 100 Hz can be discriminated. The
power spectrum curve shows one peak ( v 2 / ~ zwhere
,
V = amplitude in mV and Hz = frequency in cycles S-')
with height between 10-' and 104, and frequency
ranging from 29.9 to 28.7 Hz, depending upon the
appendage. The homogeneity of the beating period of
these appendages is also demonstrated by autocorrelation analyses of the same time series (Fig. 1, left). The
oscillatory movements, given for the mandibular palp
as a n example (Fig. 1, left: S-E), are autocorrelated for
K ranging from 0 to > 100 (where K = rank of data
point in the time series), with a significant coefficient of
correlation (-0.85 < r < + l ; p = 0.05).

Comparison between copepod species
The normal limb beat patterns of 3 species of
copepods (Calanus helgolandicus,
Centropages
typicus and Temora longicornis), restrained in filtered
seawater under similar experimental conditions, are
compared in Fig. 2A. Recordings for the first maxillae
( M l ) showed differences related to the presence or
absence of breaks during beating. C. helgolandicus
and C. typicus are intermittent beaters, whereas
7. longicornis is a continuous beater. The comparative
amplitudes of the movements (5 to 25 mV in Fig. 2A)
may be related to appendage size and setal length. The
amplitude of the beats for the Iarger C. helgolandicus
was greater than for C. typicus and T.longicornis. This
size/amplitude relationship is probably related to the
energy expended in feeding and swim.ming, and subsequently to copepod metabolism.
Spectral analyses of M1 movements (time series of
500 to 768 data points) are shown for each species in
Fig. 2B. The power spectrum curve, for each species,
has one major peak (ranging from 1 0 - ~to I O - ~ ) above
the background noise (< 10-''). Under the expenmental conditions, beat frequency was lowest for Temora
longicornis (21 Hz), highest for Centropages typlcus
(36.5 Hz) and intermediate for Calanus helgolandicus
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Fig. 1. Calanus helgolandicus. Normal limb beat patterns in filtered seawater. Top left: Traces of beating-resting periods. fight:
Spectral analysis of the traces (logflog scales). Bottom left: Autocorrelation analyses of the traces of the mandibular palp.
Appendages are: A2, second antenna; Mdp, mandibular palp. S and E: start and end of time series studied by spectral and
autocorrelation andlyses. Units: V, amplitude in milllvolts; Hz,frequency in cycles per second; K, rank of data points in time
series; R, coefficient of correlation. Dashed line: confidence limits (p = 0.05). Time unit (778 ms) corresponds to recordings of 256
data points

(27.4 Hz). The change in appendage beat frequency is
species-dependent and related to copepod feeding and
swimming behaviour, in addition to energy expenditure.

Mechanosensory stimulation with beads
Sephadex beads are hard, artificial particles, probably with a limited stimulatory effect on copepods,
except size effect. The mechanosensoiy response of
Temora longicornis offered unmeasured concentrations of Sephadex beads differing in size is shown in
Fig. 3B. The normal Limb beat pattern (control) was
modified when copepods received beads dispensed by
a micro-injector. In the presence of 'small' beads
(<20 pm; Fig. 3A, SM), irregular beats of low
amplitude were frequent (arrows). With 'medium'
beads (20 to 40 pm; Fig. 3A, M), changes in the pattern
and resultant traces were characterized by beating
periods showing succession of beats of low (<5 mV)

and high (10 to 20 mV) amplitudes. In the presence of
'large' beads (40 to 80 pm; Fig. 3A, L), the initial limb
beat pattern was strongly modified; with beats having
a higher amplitude (up to 20 mV) alternating with
longer resting periods.
Spectral analyses of traces for small, medium and
large Sephadex beads (time series S to E in Fig. 3A)
gave different results (Fig. 3B). The values of the peaks
of the power spectrum curves (v'/Hz), ranged from lO-'
to > 104, and were above the background noise level
( S 10-l'). They were inversely proportional to particle
sizes and varied according to the beating frequencies.
The major peak occurred at 27 Hz for small beads and
4.5 Hz for large beads (Fig. 3B; SM and L). For medium
sized beads, 3 peaks (>8 X 10-l') were discriminated at
27, 25, and 22 Hz (Fig. 3B; M: arrows).
Autocorrelation analyses (Fig. 3C; SM, L) confirm the
variations of the frequency of M1 movements, compared to control, when copepods handled beads of
different sizes. Coefficients of correlation were significant @<0.05) for various values of K. In conclusion,
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results in Fig. 3A, B and C show that mechanical stimulation alone, as given by the different sizes of artificial
particles, is well perceived by copepods. The transition
from particle-free seawater (control) to particleenriched seawater (experiment) modifies the frequency of the movements of the feeding appendages
(Fig. 3B: control, SM). Switching from small to large
beads induces decrease in frequency of the movements
(Fig. 3A, B, C). These behavioural modifications do not
seem to be a problem for Ternora longicornis. Catching
and handling beads is fast, ranging from 10 to
> 100 ms, depending on bead size (Fig. 3A). This type
of stimulation strongly modified the filter-feeding
behaviour of T. longicornis.
During the course of these recordings (Fig. 3A; SM,
M, L), the movements of the feeding appendages were
observed, using a Wild binocular microscope. The visual observations confirmed that the traces in Fig. 3A
correspond to particle handling by copepods. All beads
within the 10 to 80 pm size range were captured, handled and transferred towards the mouth, by cooperative movements of the Mdp, M2, M1 and the flow of the
feeding current. The majority of the beads, small and
large, were rejected after handling. This complex
behaviour has already been described in detail (e.g.
Koehl & Strickler 1981, Price et al. 1983). New information from results in Fig. 3(A, B, C) is: (1) frequency of
M1 beating periods increases when copepods switch
from particle-free to particle-enriched seawater (Yule &
Crisp 1983, Gill & Harris 1987; Fig. 3 ) ; (2) during particle handling, beating frequency decreases in accordance with particle size; (3) handling time increases with
particle size; (4) handling time reflects 'tactile sensing'
of particles by copepods. After a handling period, the
limb beat pattern returns to normal (not shown in
Fig, 3).

Mechanosensory stimulation with natural particles
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Fig. 2. Calanus helgolandicus, Centropages typicus and Temora long~cornis.( A ) Comparison of normal limb beat patterns
of first m a d a e ( M l ) among 3 species of copepods restrained
in filtered seawater S and E: start and end of times series
studied with spectral analysis. Time unit (778 or 1523 ms)
corresponds to recordings of 256 data points. (B) Spectral
analysis of first max~llae( M l ) movements for 3 species of
copepods. Data analysed are shown in (A). V: amplitude of
movements (mV); Hz: frequency in cycles per second

Copepods do not normally feed on Sephadex beads;
thus, conclusions derived from results in Fig. 3 may be
unrealistic or irrelevant to natural feeding behaviour.
Experiments involving natural food (suspendend particles and phytoplankton cultures) were used to verify
findings obtained with artificial beads.
In the first series of experiments, Ternora longicornis
was offered seston collected at the same place and time
as the copepods. The living fraction of the particle stock
was essentially Rhizosolenia sp. (20 to 40 pm, spherical
diameter), mixed with non-living particles of smaller
and larger sizes ( < l 5 0 pm). Traces of copepods in
filtered seawater were used as a control (Fig. 4 , upper).
Normal limb beat patterns were modified in the presence of seston (Fig. 4 , centre; arrows). Traces were
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Fig. 3. Temora longicornis. Mechanosensory stimulation with Sephadex beads. (A) Trace of first maxillae
( M l ) movements in filtered seawater (Control); in filtered seawater containing small (SM: 10 to 20 pm),
medium (M- 20 to 40 vm) and large (L: 40-80 pm)
beads. S and E: start and end of time series studied by
spectral and autocorrelation analyses. Arrows: handling periods. Time unit (778 ms) corresponds to recordings of 256 data points. (B) Spectral analyses of first
maxillae (M1) movements when receiving small (SM),
medium (M) and large (L) Sephadex beads. Data analysed are shown in (A) (S to E). H: harmonic of the
major peak. Vand Hz: as in Fig. 1. (C) Autocorrelation
analyses for the traces of the first maxillae ( M l ) movements when receiving Sephadex beads of various sizes.
SM, M, L and data same as in (A). K a n d R: as In Fig. 1.
Dashed lines: confidence limits @ = 0.05)

characterized by beating periods of high and low
amplitudes, varying from 5 to 10 mV.
In the second series of experiments, Temora longicornis received phytoplankton
culture cells
(Tl~alassiosirasp., 20 pm). Traces of M1 movements,
reflecting feeding behaviour, were recorded and compared with the control (Fig. 4). Modifications, similar to
those obtained with T. longicornis receiving beads and
seston of identical size ranges, corresponded to handling behaviour (Fig. 4 , bottom; arrows). Visual observations of copepod feeding behaviour at the time of
recording confirmed that food particles were handled
for the same period of time; but, in contrast to
Sephadex beads, cells of phytoplankton from cultures
or from seston were ingested.
Spectral and autocorrelation analyses of traces of
copepods feeding on seston and on phytoplankton
cultures gave results (Fig. 5 and 6) resembling those
obtained for copepods handling Sephadex beads of
similar sizes (Fig. 3 and 4).
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Chemosensory stimulation of amino acids
Biochemical compounds surrounding or leaking from
living phytoplankton cells, or extracts of cells, have
been suspected of being stimulatory agents for some
time (e.g. Bainbridge 1953) allowing remote sensing of
food by copepods. Copepods discriminate between
food and non-food particles using chemoreception, and
this was first demonstrated by Poulet & Marsot (1978).
Poulet and co-workers (Poulet & Marsot 1980, Poulet &
Ouellet 1982, Gill & Poulet 1988) further showed that
amino acids can play a role in the feeding and swimming behaviour of copepods. In order to compare
chemical and mechanical stimulations of copepods,
recordings of the M1 movements of Ternora longicornis
receiving filtered seawater enriched with cocktails of
amino acids (Sigma Co.) were made using the computerized micro-impedance system. Copepods received successively filtered seawater (control) and
cocktails of equimolar concentrations of glycine,
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Fig. 4. Temora longicornis. Mechanical stimulation with food
particles. Top: Control (filtered seawater). Centre: Naturally
occurring particles (<150 pm). Bottom: Phytoplankton culture
(Thalassiosira sp.; 20 pm). Traces of first maxillae (M11 beating
patterns under control a n d experimental conditions. Arrows:
handling periods. S and E: start and end of time series studied
by spectral and autocorrelation analyses. Time unit (778 ms)
corresponds to recordings of 256 data points
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Fig. 6. Temora longicornis. Autocorrelation analyses of time
series (marked by S and E in Flg. 4). R and K a s in Fig. 1. Top:
control. Centre: Naturally occurring particles (20 to 40 pm;
< 150 pm). Bottom: Phytoplankton culture (Thalassiosira sp.;
20 pm). Dashed lines: confidence limits @ = 0.05)

-

tyrosine, phenylalanine, leucine, ornithine and lysine
( 1 0 - ~M). Background levels of amino acids in filtered
seawater (lO-' to 1 0 - ~M), estimated by high performance liquid chromatography (Lindroth & Mopper 1979),
were below the concentration used in experiments.
M1 traces for the control and experiment look the
same (Fig. 7, left). Spectral analyses of selected time
series (marked by S and E; corresponding to 1280 data
l

points) show however that there are differences (Fig. 7,
right). Significant increases in frequency (>7 Hz)
between the control and experimental conditions show
that chemosensory stimulation alone, in the form of
amino acids added to seawater, modifies the frequency
of appendage movements; and thus, stimulates the
beating speed of the appendages, but not the
amplitude or the type of movement. Further details of
the responses of Temora longicornis to amino acids
cocktails are reported in the companion article (Gill &
Poulet 1988).

L
3

CONTROL

Fig. 5. Temora longicornis. Spectral analyses of first maxillae
( M l ) movements when feeding on natural particles. Data
same as in Fig. 4. Top: Control (filtered seawater). Centre:
Naturally occurring particles. Bottom: Phytoplankton culture
(Thalassiosira sp.) H: harmonic of the major peak

DISCUSSION
Copepod feeding has received considerable attention due to its pivotal role in the marine food web. The
computerized micro-impedance system adds detailed
information on feeding behaviour and reinforces our
concepts resulting from previous microcinematographic, video and Coulter Counter observations. New
results from the micro-impedance technique are
related to: (1) quantitative measurements of limb beat
patterns in terms of amplitude, frequency and duration;
(2) detailed statistical studies of behavioural movements through spectral and autocorrelation analyses;
(3) determination of resting-beating periods and handling time which change in relation to the size of
particles; (4) effects of the stimulatory properties of
chemical compounds such as amino acids (Gill & Poulet
1988).
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Our results (Fig. 3 to 7) imply that mechano- and
chemosensory feeding behaviours in copepods are acting in conjunction. Buskey (1984) reached similar conclusions with Pseudocalanus minutus. In previous
studies, each mechanism has been considered separately as if antagonistic. Copepods receive information
from their environment in the form of physical and
chemical stimulation and are equipped with both
mechano- and chemoreceptors (Friedman 1980, Gill
1986).On that basis, we do not see why they should not
react simultaneously to both type of signals. Moreover,
it is conceivable that both modes of reception acting
together could enhance feeding efficiency of copepods,
thereby constituting a major strategy for survival in a
nutritionally dilute environment (Conover 1968).
Our results are consistent with those obtained for
other species of copepods (Alcaraz et al. 1980, Koehl &
Strickler 1981, Price & Paffenhofer 1984, 1985, 1986).
Feeding behaviour on small particles (e.g.particles < 6
to 10 pm; Koehl & Strickler 1981, Price & Paffenhofer
1985) has yet to be properly observed and understood
using any of the recent techniques, even though
copepods are known to ingest particles < 10 pm (e.g.
Frost 1972, Poulet 1978, Donaghay & Small 1979, Price
& Paffenhofer 1983). We have investigated the
behavioural responses of copepods within a broad size
range (10 to 80 pm), using artificial and natural particles. Among the particulate food eaten by copepods,
this range corresponds to microplankton ( > 2 0 pm;
while nanoplankton is <20 pm). Both are food stocks
differing in production rates and nutritional values
(Mullin 1965, Strathmann 1967, Moal et al. 1987). The
problem of whether consuming a few large particles is
more efficient and advantageous than consuming
many small ones is important in copepods (e.g. Frost
1972, 1977). It is generally accepted that calanoid
copepods filter-feed on small particles less efficiently.
From results shown in Figs. 4 and 5, and from other
experiments using phytoplankton cultures of similar
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sizes (Gill & Harris 1987), it is obvious that handling
time does not depend upon size alone. Therefore we
believe that feeding efficiency of copepods with regard
to particle size may be due to differential 'tactile sensing' of particles. Particle handling allows copepods to
taste and select food (Fig. 3 to 6; Huntley et al. 1983,
Price & Paffenhofer 1985).Handling indirectly modifies
absolute feeding efficiency (e.g. number of nutritious
particles captured per unit of time). Handling time
measured for Temora longicornis can be short (10 to
< 100 ms; Figs. 3 to 5; Koehl & Strickler 1981).
Copepods spend more time handling large particles.
Thus, it is probably more efficient for then to catch and
sense large particles than small particles. Consequently, the probability of ingesting large particles is
high. However, the nutritional value of particles is not
related to their size, but rather to the ratio of food
amount to cell volume. Poulet et al. (1986) and H a m s et
al. (1986) have shown that for zooplanktonic crustaceans, ingestion rates of proteins and carbohydrates
are related both to feeding rates and concentration of
the chemical per cell. In addition, small cells of phytoplankton have a higher nutritional value per unit volume than large cells (Mullin 1965, Strathmann 1967,
Moal et al. 1987). When the independent parameters
which are listed above are considered together, they
constitute a strategy for optimizing feeding efficiency
in copepods.
Phytoplankton extracts contain stimulatory agents
whose chemical nature is generally unknown (Bainbridge 1953, Poulet & Marsot 1978, Huntley et al. 1983,
Buskey 1984, Gill & Harris 1987). Results obtained by
Poulet & Marsot (1980), Poulet & Ouellet (1982), Gill &
Poulet (1988) and present results on the variability in
the frequency of M1 movements of Temora longicornis
(Fig. 7), demonstrate that amino acids are: (1) stimulatory chemicals for copepods; (2) acting at the remote
scales; and (3) influence swimming and feeding
behavioural patterns. They are actually the only com-
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pounds found in phytoplankton known to stimulate
copepod behaviour.
Various physical and chemical factors could stimulate swimming and feeding; however, it appears that
part~cle size and amino acids are essential factors
determining mechano- and chemosensory behaviour of
copepods. Therefore, they are key factors in the swimming and feeding patterns of copepods.
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