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Abstract Digital particle image velocimetry (DPIV) has
been applied to animal-generated flows since 1993 to map
the flow patterns and vortex wakes produced by a range of
feeding and swimming aquatic animals, covering a Re
range of 10–2–105. In this paper, the special circumstances,
problems and some solutions on many aspects of PIV,
which arise from working with living animals, are dis-
cussed and illustrated. Topics covered are the experi-
mental set-up, animal housing, restraining animals, animal
training, flow tanks, seeding, illumination, imaging, anal-
ysis accuracy and result interpretation. Examples include
the feeding currents of different juvenile stages of cope-
pods, filter feeding in acorn barnacles, filter feeding in
cockles and soft-shelled clams, the wake of burst-swim-
ming zebra danios, burrow ventilation in a mudshrimp
and the vortex chain wake of a swimming mullet. DPIV
appeared to be a powerful tool for studying animal-gen-
erated flows. However, PIV has to be applied with caution
and often needs to be adapted to the particular circum-
stances to take into account the presence of animals and to
ensure that the mapped flow phenomena arise from nor-
mal behaviour.

1
Introduction
Digital particle image velocimetry (DPIV) was first applied
to animal-generated flows such as swimming, pumping
and feeding currents in 1993. Until then, animal-generated
flows were analysed mainly qualitatively using dye or

particle flow visualisation, or under polarised light with
Schlieren optics (e.g. McCutchen 1977; Strickler 1998). In
some studies, e.g. of bivalve ventilation (Joergenssen 1982)
and bird flight (Spedding et al. 1984; Spedding 1986),
single particles were tracked over a sequence of images to
estimate local flow velocities. Since its application to
behavioural biomechanics, PIV has proved to be a pow-
erful tool to map the morphology of animal-generated
flows in space as well as in time. It has helped address
questions about the fluid mechanical aspects of animals
interacting with their environment. Alongside the com-
monly used kinematic and respiratory studies, it provides
an independent estimate of the energetic costs associated
with a particular behaviour, which can be derived from the
generated flow phenomena. Furthermore, we can learn
novel solutions to fluid dynamic problems by observing
how animals deal with fluid dynamic constraints.

Aquatic organisms interact with water at Re numbers
between 10–6 and 109 and therefore deal with completely
different flow regimes, ranging from predominantly vis-
cous to inertial (Fig. 1) (Videler 1993). Different scales and
flow regimes demand different approaches to mapping
flow phenomena. Applying PIV to animal-generated flows
puts additional constraints on the experimental set-up. In
our research group, we developed a complete DPIV system
specifically for animal-generated flows. Our work covers a
wide Re range, e.g. swimming of larval and adult copepods
(0.1 < Re < 100) (Van Duren et al. 2002); filter feeding in
acorn barnacles (R�1) (Stamhuis and Vos 2001); burrow
ventilation in a mudshrimp (Re � 200) (Stamhuis and
Videler 1998a, 1998b, 1998c); burst swimming in zebra
danio larvae and adults (Re = 400–3,000) (Müller et al.
2000) and continuous swimming eel and mullet
(Re � 30,000) (Muller et al. 1997, 2001). Animal-generated
flows have also been studied in other laboratories, mainly
using commercially available DPIV systems (e.g. Drucker
and Lauder 1999, 2001; Wolfgang et al. 1999). This paper
specifically addresses the problems encountered in DPIV
studies of animal-generated flow, and it will indicate how
to optimise the experimental set-up and the data analysis
to suit biological applications, using the diverse range of
studies conducted in our laboratory as examples.

2
Experimental methods
Our standard DPIV set-up is shown in Fig. 2. The DPIV
set-up comprises a flow tank or a still-water tank (A) with
the experimental animals in a particle-seeded flow, a CW
Krypton laser (B), three complementary camera systems
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(C), an image acquisition and storage system (D), and a
DPIV analysis (E) and result presentation (F) system.
These components are described in more detail below,
particular topics concerning PIV with life animals are
covered in the Sect. 3.

The flow tank has a 25 · 25 · 50 cm measuring section
with flow speeds between 0 and 1.5 m/s. For slow and
sessile organisms, still-water tanks, measuring between
100 cm3 and 0.5 m3, with particle seeded (sea) water are
used.

The required type, size and density of seeding depends
on the experimental conditions, e.g. fresh vs seawater
(different densities), and on the scale of the flow phe-
nomena. We use nylon, PVC, PE, PS or Pliolyte particles or
hollow glass spheres between 4 and 200 lm in diameter.

The CW Krypton laser (Coherent Innova K, Coherent
Lasers Inc., Santa Clara, Calif., USA, k = 647 nm,
Pmax = 1 W) light is delivered through an optical fibre to a
sheet probe. Inside the sheet probe, the red light from the
fibre-tip ‘‘point source’’ is focused by a bi-convex lens
( f = 50 mm), and passes through an aperture and a
cylindrical lens before leaving the probe (Fig. 3). The

resulting light sheet has an adjustable thickness, ranging
from 0.1 to 5 mm to suit the size range of our animals and
flow fields, from copepod larvae 0.2 mm long to juvenile
sharks 300 mm long. The power of the laser is adjustable
(0–1 W) to tune the power to the situation. We have re-
cently developed a powerful red semiconductor laser that
can be used as CW and as a pulse laser with very high
repetition rates, to be used with a double-exposure camera
or with a high-speed video system.

Depending on the flow velocities and the size scale (and
the resulting specific fluid displacement in pixels), one of
our three camera systems is used: the Kodak ES 1.0, ca-
pable of recording 30 fps at 1 K · 1 K resolution; the
Adimec MX12, capable of recording 12 fps at 1 K · 1 K or
25 fps at 512 · 512 pixels or higher frame rates up to
100 fps at reduced spatial resolution; or the Kodak Mo-
tionCorder SR Ultra, capable of 250 fps at 512 · 480 pixels
up to 10,000 fps at reduced resolution. The Kodak ES 1.0
can also be used in double-exposure mode, yielding 12
image pairs/s with a very short inter-frame time. All sys-
tems can be linked to a digital acquisition system capable
of recording streams of full resolution uncompressed im-
ages for up to 1,200 s, equivalent to 25 GB, depending on
camera and frame rate.

Image pairs are enhanced by removing unevenly illu-
minated backgrounds. They are analysed using convolu-
tion filtering with interrogation areas of between 152 and
2552 pixels, allowing us to optimise the analysis for the
seeding densities and light conditions appropriate for live
animals. To locate the convolution peaks, four different
peak-finding routines can be applied: centroid, parabolic
fit, Gaussian fit or centre of gravity weighed to grey value
(COGW). The COGW method is preferable because it is
very fast and generally delivers the same accuracy as, for
example, centroid or Gaussian fit. Accuracy is actually
higher for wide peaks (4–5 pixels) compared with the
other peak routines, which are optimised for small peak

Fig. 2. DPIV set-up used to
study animal-generated flows
(see text)

Fig. 1. Animal swimming velocity vs Reynolds number, with an
indication of the prevailing flow regime in the bars below the x axis
(from Videler 1993)
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(< 3 pixels) (e.g. Raffel et al. 1998). It is less sensitive to
peak width: all pixels above a certain background level
contribute to the calculation of the final peak location,
weighed to their grey value. Peak locking errors are
therefore hardly a problem.

The final results of the PIV analysis can be displayed as
velocity vector fields or colour maps of velocity magni-
tude, vorticity, shear and strain. Additional result param-
eters are divergence, spatial acceleration rate, acceleration
in the direction of the local streamline and a vortex centre
locator. All analysis and acquisition functions are included
in the hardware and software of the PIV analysis system
(Swift 4.0, Dutch Vision Systems, Breda, The Netherlands)
derived from our home-made system (PIVchart 3.1). Be-
sides the vector plots, the colour maps of velocity mag-
nitude, vorticity, acceleration rate and the vortex locator
(discriminant for complex eigenvalues) are helpful in vi-
sualising and understanding the sometimes complex bio-
genic flow morphology.

3
Experimental constraints
The study of living animals impose unique constraints on
the DPIV set-up and procedures compared with the study
of inanimate objects. Aquatic animals are influenced by
the chemical clarity and stability of their fluid environ-
ment, e.g. for respiration. Animals may avoid intense light
because they may have a hidden natural life style, in a
burrow or under vegetation, or because their eyes are extra
sensitive to the particular colour of the (laser) light. They
may show unpredictable bursts of activity, which require
automatic triggering of the recording. These points and
many other practical problems can be divided roughly into
the following nine categories, which are addressed below:
animal housing, training, external flow regime, spatial
restraints, seeding, illumination, imaging, measurement
accuracy and data interpretation. Since aquatic animals
are the main subject here, no attention will be given to
terrestrial or aerial animals, but most of the observations
will apply there too.

3.1
Housing of experimental animals
Most PIV studies with animals aim at mapping naturally
produced flow phenomena, such as swimming, feeding, or
ventilation currents. In a laboratory environment, e.g. in
small or overcrowded holding tanks, experimental animals
may no longer display or significantly alter a particular
behaviour. Therefore, housing should be functionally as
close to the natural conditions as possible.

For freely swimming animals such as fish, the storage
tanks should be large enough to enable them to display
their normal (swimming) behaviour. During experiments,
the flow tanks need to be large enough to avoid wall ef-
fects. Experimental still-water tanks should allow the ani-
mal to complete at least ten tail beat cycles if steady
swimming is to be studied. Animals inhabiting burrows
need to be provided with sediment to encourage the rel-
evant behaviours, e.g. burrowing and burrow ventilation.
In our work on the mudshrimp Callianassa subterranea,
the animals were stored in sediment-filled containers to
allow them to excavate and inhabit a normal burrow.
During the PIV experiments, the shrimps were housed in
Perspex (PMMA) tubes mimicking the main features of a
burrow: vertical shafts, horizontal tubes and spherical
turning chambers (see Fig. 4 and Sect. 4.1). Small plank-
tonic animals such as copepods, rotifers or daphnia usu-
ally need very clear and well-oxygenated water and a
continuous food supply during storage.

Many animal species show territoriality between con-
specifics, males in particular, and need to be housed in
large containers or separately to avoid injuries.

3.2
Training
Many animals need to be trained before they will display a
particular behaviour in an experimental situation at an
acceptable frequency. Training may range from repetitive
introduction into the experimental situation for habitua-
tion, to conditioning using food and a visible or audible
signal as cues. Most animals require habituation before
performing in flow tanks. In still-water tanks, training the
animals to recognise a cue as a food signal – in the case of
fish a light flash (Videler and Hess 1984) instead of Pav-
low’s famous bell – can be very helpful to elicit previously
imprinted behaviour.

3.3
External flow regime: Still-water or flow tank
Still-water tanks are easy to set up and to maintain. Often
still-water tanks suffice to elicit natural behaviour. Unlike
still-water tanks, flow tanks always suffer from microtur-
bulence due to the pump and laminarisers, no matter how
well-conditioned the flow is. However, large and fast ani-
mals often require a flow tank. In a flow tank, the animal,
e.g. a fish, is confined to the measuring section, and
therefore stays in the field of view all the time. If the dis-
turbances are small compared with the average flow, and if
they do not interfere with the phenomena studied, a flow
tank can be the only means of eliciting certain swimming

Fig. 3. Adjustable laser light
sheet probe as used in combi-
nation with a CW krypton laser
(k = 647 nm, Pmax = 1 W) to
produce illumination sheets with
thicknesses between 0.1 and
5 mm
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behaviour reproducibly. Lauder’s group has made exten-
sive use of flow tanks to study fish and shark swimming
(e.g. Drucker and Lauder 2001).

To study the influence of external flow on the natural
interaction between an animal and the water, a flow tank is

a necessity. One example is our study on acorn barnacle
(Semibalanus balanoides) filter feeding and its response to
tidal currents (see Fig. 5 and Sect. 4.2).

3.4
Spatial restraints: Tethers and gauzed fences
In 2D PIV, only one plane is illuminated and recorded.
Sessile animals can often simply be positioned in the il-
luminated plane to record the flow phenomena they pro-
duce. When working with walking animals or animals
swimming preferably just above the bottom, the illumi-
nated sheet can be positioned at the appropriate height.
Free-swimming animals, however, do not necessarily po-
sition themselves in the illuminated plane, or may even
display avoidance reactions due to the strong (laser) illu-
mination. Therefore, special measures may have to be
taken to keep them in view. For animals with a rigid
carapace, such as crustaceans, it may be possible to tether
them, without significantly interfering with their swim-
ming motion. Copepods are known to habituate to this
treatment and show the same types of behaviour while
tethered compared with an untethered situation (Hwang
et al. 1993). Tethering free-swimming animals will obvi-
ously alter the flow patterns associated with their beha-
viour. However, in some cases these obvious negative
effects are outweighed by the benefit of being able to
analyse their flow patterns at all.

For some animals, such as fish that generate swimming
motion with an undulating movement of the whole body,
tethering is simply not an option, and prerecording facil-
ities on the recording device are a prerequisite (see
Sect. 3.7). Also, for such animals it may be necessary to
restrict the volume of the aquarium considerably to in-
crease the chance of the animal passing through the laser
sheet regularly. Such measures may also create either
strong wall or ground effects from the aquarium or ab-
normal behaviour from the fish. The wall and ground ef-
fects may be avoided by restraining the area with walls or
floors from wire netting. The gauze widths have to be small
enough to keep the animals out but large enough to let the
fluid pass through unaffected.

3.5
Seeding: Particle size, buoyancy, toxicity, density
Particles for PIV seeding need to be neutrally buoyant to
follow the flow accurately. Small mismatches are accept-
able, depending on the application (Raffel et al. 1998) and,
in practice, really neutrally buoyant particles are rarely
available. Most of our experimental animals live in sea-
water (density of 1.034 kg/dm3), which has a similar
density to nylon and many particulate polymer half-
products, e.g. polyethene, polystyrene (unexpanded) or
PVC. Polymer particles have three additional advantages.
They come as a dry powder without a carrier solvent, they
are non-toxic, and they are cheaply and readily available
through many chemical companies (e.g. Shell, Dow or
BASF) in a range of sizes (usually 25–400 lm). Smaller
particles are also available, e.g. Pliolyte (= 15 lm, BASF,
Leverkusen, Germany), hollow glass spheres (5 lm, Nor-
tek AS, Sandvika, Norway) and nylon particles (4 lm, TSI,
Shoreview, Minn., USA). The alcoholic carrier fluid of the

Fig. 4. Experimental housing and PIV analyses of flow patterns of
burrow ventilation in the mud shrimp Callianassa subterranea: top,
artificial Perspex burrow including the main features of a normal
burrow (vertical shafts, horizontal tubes, spherical turning chambers);
middle, flow pattern immediately behind the shrimp, showing the
flow to emerge with high velocities from the tail constriction (shear
rate in colour coding); bottom, flow pattern as mapped in most parts
of the burrow (here just in front of the shrimp) showing a parabolic
Hagen–Poiseuille pattern
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nylon particles did not affect the animals during the short
experimental periods. We have successfully used coating
particles (BASF Propiofan 5D, size � 5 lm) for LDA and
PIV studies of mechanical animal models, but these par-
ticles come as a sol in an organic carrier fluid and are
unsuitable for work with animals.

Toxicity is an important issue when working with filter
feeders, which will remove at least some particles from the
water and probably ingest them. Furthermore, animals
may alter the seeding density and distribution. Filter
feeding cockles (Cardium edule) and soft-shelled clams
(Mya arenaria) removed all particles from the exhalant
currents during PIV experiments (see Fig. 6 (top left) and
Sect. 4.3). In such cases, exhalant flow velocities have to be
interpolated from the surrounding vectors (Fig. 6 top
right), or smaller particles have to be used that are able to
pass through the filter.

Animals put constraints not only on the chemical and
physical properties of the particles, but also on the seeding
density. In general, a PIV interrogation area should
contain 8 to 15 particles for ‘‘classical’’ auto- or cross-
correlation analysis (Hinsch 1993). For an image of
512 · 512 pixels and an interrogation area of
45 · 45 pixels, this comes down to (at least) 1,000–1,500
particles per image. The number of imaged particles is
directly related to the sheet thickness, but this is covered
in the next section. Here, we consider interference between
seeding density and living animals. Animals can have
feeding or respiratory structures that may get clogged by
the particles, affecting, and in extreme cases suffocating,
the animal. In such cases, smaller particles that pass
through the feeding filters or gills have to be used, or the
particle suspension has to be diluted to delay clogging.

For very small animals (such as small copepod larvae,
see Sect. 4.4), the laser sheet thickness must be severely
reduced, and the magnification has to be increased. Ob-
taining sufficiently high seeding density may lead to
problems with reduced transparency of the water: many
fine particles make it too cloudy. So in some cases seeding
may have to be reduced to less then optimal conditions for
PIV analysis. This does not necessarily hamper the anal-
ysis, however, because very small animals live at relatively
low Re flow regimes, and the flow patterns they produce
are laminar and to a large extent predictable. Having a few
gaps in such flow fields can often be remedied with good
interpolation techniques without introducing major errors
(see also Sects. 3.8 and 3.9).

3.6
Illumination: Colour, intensity, sheet thickness,
reflections, CW/pulsed
In PIV studies, illumination is usually provided by a sheet
of light (Raffel et al. 1998). Lasers are convenient because
they generate high-intensity monochromatic light in one
coherent beam that can be collimated and handled with
hardly any losses or diffusion side effects. However, power
(in this case intensity) must be low enough to avoid
heating up or even burning the animal. Low power CW
lasers (He–Ne, argon, krypton) or short-duration pulse
lasers (e.g. low-power Nd:YAG) are usually safe, but more
powerful solid-state lasers (e.g. ruby) or high-power

Fig. 5. Feeding behaviour and flow patterns of the acorn barnacle
Semibalanus balanoides: top, average decrease in active feeding mode
(solid line) and simultaneous average increase and subsequent
decrease of the passive feeding mode (broken line) with increasing
external flow velocity; middle, barnacle dressed up in a black poncho
to minimise reflection, leaving the test opening free for the moving
cirri; bottom, PIV analysis of the flow pattern around and caused by
the beating cirri, in side view, at the start of the power stroke
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pulsed lasers can damage the animals. Light colour is
important because freshwater and marine animals are
usually most sensitive to blue-green but much less so to
red light, because blue-green is the dominant light colour
in their natural environment. Although a red light source
is ideal for work with aquatic animals, most cameras are
equipped with IR filters, which should be removed if
possible to increase the sensitivity of the camera to red
light. We chose a krypton laser, emitting red light at a
wavelength of 647 nm (Pmax = 1 W). Although fish avoid
exposing their eyes to the laser light, all animals tested so
far, including fish, lobsters and shrimps, show no overall
avoidance behaviour of the light. Tethered animals (e.g.
small crustaceans), unable to avoid the light sheet, con-
tinue their normal feeding behaviour, but do show escape
responses to flashes of bright white light in free-swimming
trials (Van Duren 2000).

Animal sizes, and with them the generated flow pat-
terns, vary widely in our studies from around 0.1 mm to
almost 0.5 m. Accordingly, light sheet thickness has to
match the scale of the flow. This was accomplished in our
system by delivering the light through a sheet probe ca-
pable of varying the sheet thickness. The sheet can be set
to any value between 0.1 and ca. 5 mm by adjusting the
focusing lens (Fig. 3).

Many marine animals are lightly coloured (e.g. cream
colour of many bivalves and shrimps) or even reflect light
(silver-colour of fish). Hence, the illuminated plane is
‘‘thickened’’ by diffusion and reflection in the proximity of
the animal, which in turn affects local PIV results. In our
study on acorn barnacle filter feeding, we dressed the

barnacles in small black ponchos (Fig. 5, middle, and Sect.
4.3), which, unlike paint, did not affect their feeding be-
haviour (Fig. 5, bottom).

The advantages of a CW compared with a pulsed laser
are that the illuminated sheet is continuously visible to the
experimenter as well as to the experimental animal. The
animal is able to avoid the sheet with its eyes, and is not
exposed to very bright flashes in a dark environment,
which often invoke escape responses or complete avoid-
ance of the illuminated area. The disadvantage of a CW
laser is the relatively low power, which makes it less
suitable at high shutter speeds and fast flows. A pulsed
laser usually has high pulse energy, and pulse periods can
be very short, resulting in brighter particle images even at
very short illumination times. However, for many biolog-
ical applications, CW lasers are preferable because of their
lesser impact on the animal and on the usually slim fi-
nancial budget.

3.7
Imaging: Timing, pre-recording, single/double exposure,
series, frame rate
Animal behaviour is often unpredictable despite training
and cunning experimental protocols (see also Sect. 2): it is
hard to predict when and where ‘‘it’’ is going to happen,
and patience is a prerequisite for the experimenter.
Training, a flow tank or tethering can help determine the
location. However, most free-swimming animals display
their behaviour in a burst or without warning and can only
be recorded using a pre-recording loop. A camera system
with pre-recording continuously produces PIV images

Fig. 6. Filter feeding in bivalves:
top left, a cockle (Cardium edule)
in a particle-seeded aquarium,
with the outflow showing up as
vertical black band due to the
efficient filtering of the animal;
top right, PIV analysis of top left,
showing the outflow current as
interpolated from the surround-
ing flow tracers; bottom, a soft-
shelled clam (here buried in the
sand) generating back-flow over
the filtering gills, producing an
eruption of particles from the
inflow opening of the siphon
(four stages, 0.04 s apart)
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which are fed to the registration system which loops them
through volatile memory. When pushing the record but-
ton, the pre-recorded images are saved together with post-
trigger events to ‘‘permanent’’ memory compensating for
the reaction time of the experimenter (typically 0.3–0.6 s).
Most modern digital recording systems have a pre-re-
cording mode standard or as an option. Our work on zebra
danio (Brachydanio rerio) larvae exemplifies the necessity
of pre-recording: the larvae swim at low Re in a burst-and-
coast mode consisting of one tail flick and coasting for-
ward, which generates a quickly decaying flow field (see
Fig. 8 and Sect. 4.5). Instead of manual triggering, the
recording can be initiated by the animal using IR or photo
diodes. So far we prefer manual triggering because the
‘‘visual inspection’’ of the resulting flow pattern appeared
to be essential for quality control.

Not only the timing, but also the time resolution needs
to be tuned to the animal behaviour. Most modern PIV
systems use cameras capable of recording two images with
a very short inter-frame time, on the order of a few mi-
croseconds or even nanoseconds, synchronised with a
pulsed illumination device, e.g. a Nd:YAG laser. These
cameras have typical transfer periods between the frame
pairs of 0.08–0.2 s and are therefore able to record 5–12
image pairs per second (maximally). Such a double-frame
rate works very well for repetitive events with a predictable
timing and known cycling. In cases of very fast and burst-
like animal movements, inter-frame times of (fractions of)
ls usually are small enough, although very short frame
integration times or shutter periods may interfere with the
limited illumination intensity. Compared with the time
scale of a typical animal movement (often >10 Hz), a pe-
riod of 0.1 s or more between the frame pairs is too long to
yield satisfactory temporal resolution. A ‘‘standard’’ DPIV
recording system suffices for relatively slow and predict-
able events with a movement cycle time of about 1 s or
more, or for random snapshots of fast flow events. Our
work on juvenile mullets (Chelon labrosus) provides an
example for slow predictable swimming at a tail beat fre-
quency of 1 Hz (see Fig. 9 and Sect. 4.6). However, most
animals move at considerably higher cycle frequencies,
and a high-speed digital video system with an image fre-
quency of at least 100 Hz becomes a necessity. At high
imaging frequencies, the illumination time may be so short
that a huge amount of light, i.e. a high power laser, is
needed, and damage to the animal due to the concentrated
laser power may become a serious risk.

3.8
Analysis accuracy
Since its introduction, DPIV has seen a series of im-
provements in both the experimental and the post-pro-
cessing stage (see e.g. Jones 1997; Westerweel et al. 1997;

Fig. 7. Top drawing: Four developmental stages of the North Sea
copepod Temora longicornis. Other 3 pictures: Hydrodynamic
signatures from copepod larvae: N6: a 0.4 mm long 6th nauplial stage
larva during escape response, C1a: a 0.4 mm long copepodite stage
larva during escape response, C1b: as C1a but just after the animal has
ceased to swim. (Colours indicate the vorticity, see text for further
explanation)

b

807



Scarano and Riethmuller 1999), increasing the accuracy
and reducing noise in the PIV representation of the actual
flow field. Improvements like these are particularly very
useful for comparisons of experimental results with theo-
retical models or Navier–Stokes-simulations. There is,
however, a hidden risk when working with highly variable
flow generators such as animals. The analysis result of a
recording of an animal generating a flow pattern may be
highly accurate, but is not necessarily highly reproducible.
This is caused by the variation in the animal’s movements
or motivation and makes comparisons with theoretical
flow fields often very difficult. For many biological appli-
cations, e.g. estimates of the flow energy dissipation to be
compared with other measures of locomotory energetics
such as respirometry, agreement within an order of mag-
nitude is satisfactory.

The need for accuracy has consequences for the choice
of PIV system when working with animals: a highly ac-
curate state of the art and usually very expensive system
only pays off when highly reproducible events are studied
or when derivation of accurate thrust or drag measure-
ments are planned. When the aim is to establish average
flow patterns generated by a rather variable source, a low-
cost but reliable system may do the job.

Our work on energy dissipation in swimming copepods
may serve as an example here: The flow velocity profile

was estimated in 3D from two perpendicular 2D velocity
fields, and the dissipated energy was calculated, assuming
that a viscous dissipation function (Schlichting 1979; Budo
1980) is a good descriptor of the energy flux. In this way,
we were able to determine the orders of magnitude of total
mechanical energy dissipation during normal swimming
c.q. feeding compared with ‘‘hopping’’, which appeared to
be 80 times more expensive (Van Duren et al. 1998).

3.9
Interpretation
Interpretation of PIV results requires caution, in particular
single-plane 2D results. When studying animal-generated
flow patterns, not only the ‘‘where’’ and ‘‘when’’ suffer
from low predictability, as stressed in Sect. 3.7, but also
the ‘‘what’’ is not always clear in terms of what to expect.
There is little background information on the flow patterns
that animals generate or experience in the wild, and efforts
to integrate experimental work with modelling on a larger
scale were initiated only fairly recently (e.g. Ellington and
Pedley 1995; Marassé et al. 1997). Three-dimensional and
time-dependent effects often play a large role in animal-
generated flows. Three-dimensional effects may be esti-
mated from the divergence (Stamhuis and Videler 1995) or
may be reconstructed from perpendicular and parallel
planes (e.g. Van Duren et al. 2002). In 3D stereoscopic PIV,

Fig. 8a–c. Three subsequent
stages during burst-swimming in
a Zebra danio larva: a water is
completely still, larva is visible
and direction in which it will
disappear is indicated; b flow
pattern with vorticity in colour
code 0.24 s after the start of the
tail flick; c as b but 0.64 s after
the start. Note the indicated
peak vorticities

808



the third velocity component in the measurement plane
can be calculated from the two views (Prasad and Adrian
1993). Another way of obtaining the 3D velocity compo-
nent, in this case for the whole 3D volume, is 3D PTV
(Cowen and Monismith 1997; van der Plas and Bastiaans
1998), which may be very promising for biological appli-

cations because ambient light can be used although
probably at an elevated intensity to enable fast shuttering.

In some cases, especially at low Reynolds numbers, the
experimenter can extrapolate the 3D aspects of an ob-
served 2D pattern with confidence. At low Re, velocity
gradients are shallow, the flow is laminar, and velocity
does not change suddenly in time or space. For example,
in the case of a 2D flow field of a swimming copepod (Sect.
4.4), we can safely assume that the animal produces a 3D
stream tube with converging flow in front of, and diverg-
ing flow behind the animal, and perpendicular flow fields
confirm this prediction. The higher the Re, the more dif-
ficult it becomes to predict flow patterns.

4
Examples
Below, the examples mentioned in Sect. 3 are presented
briefly, with emphasis on the aforementioned subjects.
Most of the PIV analyses were done with an earlier version
of our analysis program which did not interpolate the
colour-coded parameters, resulting in checker-board-like
colour-coded figures that are a more honest representation
of the information density, but are less visually accessible
than the sleeker looking colour plots of more recent ver-
sions of PIV analysis programs.

4.1
Tube flow: Burrow ventilation in the mudshrimp
Callianassa subterranea
Callianassa subterranea is a 4-cm-long mudshrimp that
lives in extensive burrows dug into the North Sea floor.
The shrimp ventilates its burrow about twice every hour to
renew the burrow water for respiratory purposes. To es-
timate the amount of energy expended, the shrimp was put
into a Perspex model of the burrow, and the ventilation
flow patterns were mapped in the burrow and in the vi-
cinity of the shrimp (see Fig. 4 top). The animals displayed
normal ventilation behaviour in the artificial burrow.
Illumination was provided by a vertical laser light sheet
0.5 mm thick, and home-made neutrally buoyant 25-lm
polystryrene particles were used for seeding. Images were
collected with an I2S B/W video camera, recorded on a
U-matic-SP video system (Sony Benelux, Badhoevedorp,
The Netherlands) and digitised as single fields of
768 · 512 pixels, resulting in a temporal resolution of
50 fps. Next to PIV, single particles were followed in time
to check for pulsation. The flow information was used to
model burrow ventilation with beating swimmerets and
evaluate the effect of a pulsatile flow.

The results showed that the three pairs of swimmerets
beat with a phase shift of one-third of the cycle, spreading
propulsive force generation evenly over the cycle. The
animals constrict the tube diameter with their tail fan,
reducing the diameter to about 10–15% of the normal tube
diameter, causing the flow velocity locally to increase ac-
cordingly from 2 mm/s to 18 mm/s (Fig. 4 middle). Both
mechanisms of spreading propulsive force and accelera-
tion of the flow help generate an even non-pulsatile flow:
the flow in the burrow showed a normal parabolic Hagen-
Poiseuille profile (Fig. 4 bottom). Model calculation
showed that by avoiding pulsation, the animal reduces the

Fig. 9a–c. Three successive stages of the flow field of a swimming
mullet (L = 0.12 m, Re = 20,000), showing horizontal cross sections
through the vortex chain wake also known as the ‘‘inverted Von
Kármán vortex street’’: a–c show the velocity vectors and the colour
coded vorticity 0.16 s apart
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ventilation cost with a factor up to 6. (Stamhuis and Vi-
deler 1998a,1998b,1998c)

4.2
Sweeping little rakes: Filter feeding behaviour
of acorn barnacles
Acorn barnacles feed by beating their extended, rake-like
cirri through the water to catch particulate food, such as
detritus or small zooplankters. Many barnacle species are
small and have tiny filtering cirri, placing them in a flow
regime in which both inertial and viscous forces play an
important role, and which is modified by tidal and sea
currents imposing varying external flow speeds on the
barnacles. The barnacles studied (Balanus balanoides, cirri
length ca. 6 mm) appeared to feed actively when no am-
bient flow was present, but significantly decreased the time
fraction spent on active feeding as external flow velocities
increased (Fig. 5 top, solid line, exponential decrease,
P < 0.01). In medium external currents, barnacles reori-
ented their cirri perpendicular to the flow and relied on the
currents to maintain the flow across the cirri. As current
speeds reached 3.5 cm/s, they stopped feeding completely
(Fig. 5 top, dashed line, parabolic fit, P < 0.01).

To map the flow around and caused by the beating
cirri, the barnacles had to be covered in black ponchos to
reduce light reflections and diffusion by the white test (see
Fig. 5 middle). The flow was recorded in a series of hori-
zontal and vertical sheets to get a 3D impression of the
flow pattern. The sheet thickness was ca. 0.4 mm, 5 lm
hollow glass spheres (Nortek AS) or 25 lm Pliolyte (BASF)
particles were used for seeding. Images were recorded
using an Adimec MX12 camera at 25 fps (resolution
512 · 512 pixels), digitised and stored uncompressed.
Figure 5 (bottom) shows the flow pattern in lateral view
half way through the power stroke. During the first stage of
a stroke, the cirri move fast at a relatively high Re (ca. 3),
and are able to filter the water for food particles. During
the second stage of the stroke cycle, the water catches up
with the filter and the cirri operate as paddles (Re � 0.3),
sweeping the water that has just been filtered away from
the barnacle. In the third stage, the cirral filter is folded
and moved back to it initial position without much in-
terference with the water. This system ensures that the
barnacle never filters the same water volume during a next
stroke cycle.

4.3
Clearing up the water: Filter feeding in bivalves
On the coastal intertidal flats, several species of bivalves
can be found buried in the mud at different locations.
Some species, e.g. the cockle (Cardium edule) and the soft-
shelled clam (Mya arenaria), are found close to the gullies
in relatively fast currents, whereas other species, such as
the blue mussel (Mytilus edulis) and the baltic tellin
(Macoma balthica) are found higher up the mudflats in
slower currents with higher particle sinking rates. Bivalves
filter the water for food particles using their internal re-
spiratory gills as a filter. The water enters the shell cavity
through the inhalant opening and leaves again through the
exhalant opening. PIV was used to examine the relation-
ship between location on the mud flats and feeding current

characteristics, mapping the inhalant and exhalant cur-
rents of about equally sized specimens of the four species
mentioned above. The animals were ‘‘mounted’’ on a
rubber ring with their shell openings upwards and were
illuminated with a 0.5-mm laser light sheet. Pliolyte
(BASF) 25 lm particles were used for seeding. Images
were recorded on an Adimec MX12 camera at 25 fps with a
512 · 512-pixel resolution and were stored digitally (un-
compressed). Cockle and clam were such efficient filter
feeders that all seeding particles were removed, and the
exhalant current showed up as a black band in the particle-
seeded ambient water (see Fig. 6 top left). The outflow
current velocity had to be extrapolated from the sur-
rounding velocity distribution through (2D spline) inter-
polation (see Fig. 6 top right). The animals sometimes
stopped feeding, and applied backflow over the filter by
clapping the two valves together, causing an eruption of
rejected particles from the inhalant opening (see Fig. 6
bottom). Tellin showed very low feeding current velocities
(ca. 2.2 mm/s, � 6.2 ml/h) with a quite diffuse outflow
pattern. Cockle and clam showed jet-like outflow patterns
with estimated peak velocities of 11.3 and 13.3 mm/s re-
spectively (76 and 330 ml/h, respectively). Mussel was
intermediate in all respects. In conclusion, the species
living close to the gullies showed diffuse inflow patterns
but clear jet-like outflow patterns and had high filtration
rates in terms of processed volumes. The species living
higher up the mudflat had lower filtration rates. This may
be associated with their habitat: cockle and clam take their
inhalant water from the dilute and well-mixed water of the
gullies, whereas the mussel takes its inhalant water from
the mussel beds with a higher particle density per volume,
and the tellin ‘‘grazes’’ from a slurry-like source because
high up the mudflat most of the particulate material has
sunk out into the lower water layers.

4.4
Micro-flow PIV: Feeding and escaping currents
of larval copepods
Copepods are very small waterflea-like crustaceans living
in almost any water basin on the earth in great numbers
(up to hundreds per litre of water). Due to their small size
(0.1–3 mm) and low foraging swimming velocities (ca.
0.1–10 mm/s), they live mainly in a low Re regime (see
Fig. 1). Copepods are a significant part of the aquatic
foodweb. Questions on how they find their food and how
they are detected by predators are immediately linked to
the flow regime, the hydrodynamic range of influence and
characteristics of the hydrodynamic signatures they leave
behind during feeding and escaping. A PIV study was
performed by tethering adult and juvenile copepods from
the North Sea (Temora longicornis, adult body length
� 1 mm, see Fig. 7 top) to a thin glass pipette and record a
series of flow fields in the horizontal and vertical plane.
The tether was mounted in a micro-manipulator, enabling
precise positioning of the animal in, just above or just
below the laser sheet (Van Duren 2000). The sheet thick-
ness was 0.1–0.2 mm, and seeding was provided by 4-lm
nylon particles, which are neutrally buoyant in seawater.
The experiments were conducted without applying exter-
nal flow, feeding behaviour was spontaneously performed
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by the animals, and escape behaviour was invoked by
tapping on the micromanipulator.

Temora longicornis goes through 11 larval stages before
reaching the final (12th) adult stage. The first six stages are
called nauplii, which have an unsegmented body with
three pairs of thoracic appendages, and the last six stages
are called copepodites, which resemble the adults, al-
though the early stages have fewer body segments and
consequently fewer appendages. The last nauplid stage
(N6) has about the same size but a rather differently
shaped body compared with the first copepodid stage (C1)
(see Fig. 7a).

The flow field of a 0.4-mm final nauplius stage larva
during an escape response shows the largest velocities near
the moving appendages, just below the animal (Fig. 7-NG).
No jet is created and no free vortex rings are produced,
although there is clearly an area of high vorticity below
and a weaker one above the animal. The flow field of a
similar size C1 copepodite during an escape jump shows
the area of highest velocity behind the animal (Fig. 7-C1a),
the maximum velocity being at least three times higher
than in the N6 escape. On either side of the jet, vorticity
peaks are visible, indicating the generation of a vortex
ring. This vortex ring persists even after the copepodite
has ceased to swim (Fig. 7-C1b). The copepodite’s body is
much more streamlined than the nauplius, and the co-
pepodite is able to reach higher escape velocities (i.e.
produce faster jets when tethered). This illustrates the
increasing importance of inertia for the shape and ageing
of the wake at increasing Re. The copepod larvae, on their
way to adulthood, grow out of the viscosity dominated
regime towards a more inertia dominated regime. Even-
tually, they are able to reach high escape swimming ve-
locities (adults: up to 80 body lengths/s) and leave larger
hydrodynamic signatures behind (separate vortex ring
structures) which last longer (up to several seconds for
escaping adults) (Van Duren 2000).

4.5
Unpredictable events: Burst swimming in Zebra danios
Zebra danios (Brachydanio rerio) swim in a burst-and-
coast mode. Most swimming bouts consist of a single tail
flick and a coasting phase, during which the body is kept
straight. Laser-illuminated planes of the particle-seeded
flow in a horizontal section through the wake reveal the
effect of the flow regime on the structure of the wake.
Illumination was provided with a red-light krypton laser
with a sheet thickness of 0.5 mm, and 4 lm nylon particles
were used as seeding. The juveniles (body length
L = 4 mm) and adults (L = 35 mm) swam voluntarily
through the horizontal light sheet. Images were recorded
using an Adimec MX12 camera at 25 fps and
512 · 512 pixels resolution and stored uncompressed
using a digital acquisition system (Dutch Vision Systems,
Breda, The Netherlands) with a 1-s pre-recording facility
(Müller et al. 2000). A juvenile fish performing a burst
disappears from the field of view within 0.1 s, leaving
behind a huge but swiftly decaying signature (Fig. 8a, b).
The 2D flow field shows two counter-rotating vortices
caused by one tail flick during the burst phase. These
vortices represent a cross-section through a vortex ring:

two vortex core sections of opposite rotational sense
closely together with a central jet flow directed away from
the fish. The strength of the vortex ring quickly decreases:
the peak vorticity drops by more than two-thirds within
0.4 s (Fig. 8c). Adult fish swimming at Re above 1,000
create similar patterns to juveniles swimming at Re below
100. The main differences lie in the size of the vortex core,
the vortex circulation and, to a lesser extent, in the decay
times of the wake. All these differences are likely to result
from the increasing importance of inertia when growing
from juvenile to adult.

4.6
Fish foot prints: The wake of a continuously
swimming mullet
The structure of the wake behind a continuously swim-
ming mullet (L = 0.12 m) was analysed quantitatively by
applying 2D PIV. A fish was allowed to swim in a still-
water glass tank seeded with 200-lm polystyrene (unex-
panded) particles, which have a similar density to sea-
water. The tank was illuminated with a 1-mm-thick
horizontal krypton laser light sheet, and flow phenomena
were recorded at 512·512 pixels resolution at 25 fps with
1 s pre-recording. The fish was swimming voluntarily in
the laser sheet, but kept its eyes out of the sheet. A detailed
analysis of the flow patterns and the swimming move-
ments allowed us to derive a kinematic explanation of the
flow pattern as well as an estimate of the relative contri-
butions of the body and the tail to thrust production (for
more details see Müller et al. 1997). During active pro-
pulsion, the undulatory swimming fish shed a wake,
showing up in the horizontal-plane flow field as a back-
wards directed, zigzagging jet flow between alternating
vortices (Fig. 9). The fish shed one vortex per half tailbeat
when the tail reached its most lateral position. This pattern
resembled earlier qualitative impressions of the wake and
supports the interpretation of the wake as a reverse von
Kármán vortex street, essentially a chain of vortex rings
with an undulatory central jet passing through all the rings
of the chain (Blickhan et al. 1992; Videler 1993). Further-
more, the flow fields revealed that part of the circulation
shed in the vortices had been generated upstream of the
tail, on the body, by the transverse wave travelling down
the body. This undulatory pump mechanism accounted for
less than half of the energy shed in the wake. The re-
mainder was generated by the tail. The vortex spacing
matched the tailbeat amplitude and the stride length.

The reverse von Kármán wake is clearly recognizable
immediately after the fish has passed, but the vortices de-
cay considerably within a short time period: the vorticity is
less than 0.4 times the start value in less than 1 s (Fig. 9c).

Thrust and waste power from the wake were calculated
using a vortex ring model, assuming perfectly circular
vortices that contain all the vorticity, yielding a thrust
power of about 0.1 mW for a 0.12-m-long mullet swim-
ming at 0.2 m/s.

5
Conclusions and discussion
DPIV is very useful for studying animal-generated flows
and flow patterns around organisms living in flows. It is
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possible to cover a broad Reynolds range with a limited
amount of equipment, if this equipment can easily be
adapted and/or tuned to the specific application. For the
laser sheet illumination, a variable sheet thickness ap-
peared to be crucial to be able to cover the wide range of
animal sizes, from 0.0001 m to 0.3 m in our studies. The
use of a CW laser allowed us to check visually whether the
animal was swimming in the recorded plane. A standard
frame rate camera yielded good results in the cases de-
scribed here, but higher frame rates are necessary when
working with faster-moving animals or at high magnifi-
cations. Recently, we started to apply high-speed video to
map the flow phenomena produced by fast-moving ani-
mals such as fish larvae or small shrimps, in order to study
the stages in flow pattern production minutely.

From studying animal-generated flows using 2D DPIV,
we learned that the influence of viscosity on the generation
of thrust in aquatic animals is significant if not dominant
almost throughout the whole Re range from 10–2 to 105. At
the lower end of this range, viscosity hampers the creation
of separate vortices or vortex rings. As Re increases, sep-
arate vortices become recognisable and are shed as single
vortex rings at Re � 102. In the case of fish swimming at
higher Re, these rings forms chains with a well-defined
central jet. Even at higher Re as in the case of the mullet,
the influence of viscosity is visible in the process of de-
generation and diffusion of vortices within a relatively
short time span (several seconds). The ecological impor-
tance of wake decay should not be underestimated. A
vortex wake is a strong hydrodynamic signal to conspe-
cifics as well as predators, and therefore of ultimate im-
portance for survival. Our studies, as partly presented
here, indicate that wakes decay relatively fast, and hy-
drodynamic signals seem to have a very limited lifetime.
Conspecifics as well as predators can rely on hydrody-
namic signals only at close range within short time spans,
but they have to rely on smell (e.g. Atema 1995; Zimmer
and Butman 2000) for communication over longer dis-
tances and longer time scales.

The processes of filter feeding, thrust and drag gener-
ation, and wake formation and decay in the animal king-
dom are by no means understood completely. Modern
techniques such as DPIV but also CFD modelling of ani-
mal propulsion (e.g. Pedley and Hill 1999; Wolfgang et al.
1999; Jiang et al. 2002a, 2002b) aid in mapping and
understanding the fluid mechanical processes and their
biological implications. Therefore, animal-generated flows,
their formation and decay under different circumstances
over a range of scales will be of key interest for our
research in the near future.
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