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We demonstrate a novel mechanism for prey detection in birds. Red knots (Calidris canutus), sandpipers
that occur worldwide in coastal intertidal areas, are able to detect their favourite hard-shelled prey even
when buried in sand beyond the reach of their bills. In operant conditioning experiments designed to find
out whether the birds could tell buckets containing only wet sand from buckets containing hard objects in
wet sand, we show that they detect the presence not only of deeply buried live bivalves but also of stones.
The latter finding virtually excludes, under experimental conditions, prey-detection mechanisms based
on vision, acoustics, smell, taste, vibrational signals emitted by prey, temperature gradients and electro-
magnetic fields. A failure to discriminate between food and non-food trays with dry sand indicates that
pore water is involved. Based on the presence of large arrays of Herbst corpuscles (sensory organs that
can measure the acceleration due to changes in pressure), the specifics of foraging technique and the
characteristics of sediments on which red knots feed, we deduce that the sensory mechanism involves the
perception of pressure gradients that are formed when bills probe in soft sediments in which inanimate
objects block pore water flow. To our knowledge, this mechanism has not been described before. It is
argued that repeated probing in soft, wet sediments allows red knots to induce a residual pressure build-
up of sufficient strength to detect the pressure disturbance caused by a nearby object. The cyclic process
of shaking loosely packed sand grains followed by gravitational settling into a closer packing, leads,
owing to insufficient drainage of the sediment, to a locally increased pressure disturbance that is ‘pumped

up’ at each shake.
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1. INTRODUCTION

Invertebrates living out of sight, buried in soil or soft
sediments, still run the risk of detection and capture by
above-ground predators. Terrestrial birds like thrushes
use auditory cues to detect the subsurface presence of
worms (Montgomerie & Weatherhead 1997). On inter-
tidal flats, probe-feeding shorebirds such as oystercatchers
detect buried bivalves by direct touch (Hulscher 1982).
Sandpipers of the genus Calidris probe in the sand and
detect actively moving invertebrates by their vibrations
(Gerritsen & Meijboom 1986). Among the sandpipers,
the red knot, Calidris canutus, is a special case (Piersma et
al. 1996). Although red knots do eat moving invertebrates
on their high arctic tundra breeding grounds, they only
take surface-living arthropods detected visually. Red
knots spend the rest of the year in coastal areas, where
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they feed almost uniquely on molluscs and hard-shelled
crustaceans (Piersma & Davidson 1992; Piersma 1994).
Prey may be pulled loose from exposed parts of the rocky
intertidal zones (Summers & Smith 1981; Gonzalez et al.
1996), but most red knots forage on intertidal flats by
probing in soft sediments (Zwarts & Blomert 1992
Piersma et al. 1993a). Prey items are ingested whole,
crushed in their heavy and strong gizzard, and the shell
fragments are excreted in compact faecal pellets
(Dekinga & Piersma 1993; Piersma et al. 19935).

By their nature, most mollusc prey are not highly
mobile and are unlikely to emit vibrational signals. As
red knots have been found to detect bivalves buried at a
depth of 3 cm between seven and eight times more often
than predicted by ‘random search’ and ‘direct touch’
models, these birds must possess additional sensory capa-
cities (Piersma et al. 1995). We conducted operant condi-
tioning experiments and studied the morphology of the
sensory organs in the bill tip to examine the hypothesis
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that red knots are able to detect hard-shelled prey buried
in soft sediments without touching them. On the basis of
these findings we deduce the nature of the detection
mechanism and present a novel physical model based on
principles of seabed dynamics.

2. METHODS

(a) Birds

This study is based on trials with four different individual red
knots, not an unusual number of replicates in behavioural
studies of this kind (e.g. Rechten et al. 1983; Montgomerie &
Weatherhead 1997). The birds were captured with mistnets in
the Wadden Sea in October 1995, and kept in a cage measuring
245 cm x 70 cm, with height varying from 45cm at one end to
65cm at the other. Exposed to a constant 15.5:8.5 h L/D cycle
and an air temperature of about 17 °C, they were fed specified
rations of commercial trout food pellets and live bivalves. The
body masses of the experimental birds were kept constant
within the 100-120 g range. The experiments reported here took
place from September 1996 to March 1997.

(b) Operant conditioning experiments

Operant conditioning experiments (Mackintosh 1983) are
ideally suited to test whether birds are able to tell the difference
between objects (visible or otherwise), without getting into the
trouble of immediate food rewards when studying prey-detec-
tion mechanisms. Our experiments were designed to see
whether red knots could tell buckets with only wet sand from
buckets containing objects buried in wet sand. We trained birds
according to the operant (or instrumental) conditioning tech-
nique, using food pellets as a positive reinforcer (Dickinson
198]; Mackintosh 1983), to differentiate between sand-filled
buckets (9.5 cm deep and 15 cm in diameter) containing no prey
and buckets containing either 15 buried individuals of the tell-
inid bivalve Macoma balthica (17.0-17.9 mm long) or 15 stones
similar in size (16.0-19.0 mm measured across their longest axis)
and shape (slightly elongated and laterally flattened) to Macoma.
The stones originated from foreign river deposits and had never
been in contact with Wadden Sea water or sand.

Buckets were prepared in the hour before the experimental
sessions (thus, there was time for sand and inserted. objects to
equilibrate with respect to temperature, etc.). A scaled tube was
inserted into the sand to create a small hole in which the hard
object was placed. Then the remaining hole was filled and the
sand was smoothed. The depths given here measure the distance
between the upper rim of the bivalve or stone and the surface of
the sediment. To eliminate possible effects of our burying actions,
‘empty’ buckets received similar treatment, except that no
objects were placed in the holes before they were refilled with
sand. We kept the penetrability of the sand constant over all
experiments using a penetrability gauge (a scaled stainless steel
pen dropped from a standard height) for a single reference
measure, and either sand or fresh seawater (except for the experi-
ment with dry sand) was added to reach that reference state. The
buried Macoma were alive, but we believe that they did not signal
anything but their presence, e.g. by making movements. We
never encountered Macoma that had moved or clearly opened
their valves and extended their siphon after the maximum 2h
between implantation and the completion of a session.

To demonstrate that the birds could discriminate between
buckets either containing, or not containing, hard objects, after
a 15s period during which they were required to probe (usually
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no deeper than 0.5cm) for a minimum of 3s, the birds were
trained to go to the right-hand feeder for a reward (a few food
pellets) when the bucket contained objects, and to the left-hand
feeder when the bucket contained only sand. Throughout an
experiment the observer remained silent and out of view
(behind a one-way screen) to avoid ‘Clever Hans’ effects.

Birds were tested singly. The three birds not participating in
the trial waited in an adjacent cage but were still in visual and
vocal contact with the focal individual; the test buckets were out
of sight. A sequence of two lights and one pair of lights was used
to steer the bird through the experiment. A light was switched
on above the ‘waiting compartment’ to indicate the start of a
trial. As this light was switched off, another light, automatically
switched on above the bucket, indicated that the bird should
come towards it and probe in the sand. At the termination of
the 15s probing period, lights above each of the two feeders
were switched on for the bird to choose one. With the light
above the waiting compartment turned on again, the birds
returned there. In relative darkness the bucket was replaced in
preparation of the next trial without the bird being disturbed or
even able to see the observer’s hand. Each session consisted of
eight successive trials lasting 1-2min, each of the latter
consisting of presentations of a bucket randomly chosen from a
series of three positive and three negative but otherwise identical
buckets (two buckets were thus offered twice within a session,
the sandy surface being smoothed before the second presenta-
tion). There were between one and four sessions per day.

During the training periods, to aid detection for the birds,
Macoma were placed in a horizontal position to give a large area
for detection, rather than the vertical position found in nature.
The birds easily learned this task (see table 1) and the only
further training (14 sessions with Macoma) was after a four-week
break in experiment 3. There were 39 sessions before, and 32
sessions after the break. During the actual experiments the birds
were only rewarded after a correct choice. Note that in operant
conditioning experiments it is impossible to randomize experi-
mental tasks. The technique relies on the fact that birds learn a
simple reward rule. As we did not vary the order of tasks
between individuals, we checked for changes in response
patterns over time by repeating one task (with Macoma buried
flat at 3.5 cm depth) three times in the course of this study.

As we were interested only in whether or not the four birds
learned to discriminate between buckets with and without
buried objects, and as we had no prior knowledge about the
number of trials necessary to reach significant discrimination,
and to mimimize the time needed per task, sequential statistics
based upon proportions from a binomial distribution (Krebs
1994) were used to determine when for all four birds the results
of the successive sessions demonstrated a statistically significant
preference for the proper (rewarded) feeders.

We assumed that an above 60% correct choice (H;=0.6)
proves an ability to discriminate. This is quite a low threshold
level (see Templeton 1998). However, red knots are a species for
which good feeding grounds are notoriously variable and patchy
(Zwarts et al. 1992; Piersma 1994). Even when fully informed,
red knots may have the natural inclination to make strategic
‘mistakes’ in order to check out whether alternative reward rules
have come into fashion. We tried to reject the null hypothesis of
50% correct choice (Hy=0.5), i.e. no discrimination. Given that
the type-I and type-II error levels are set to 5% (a=£=0.05),
that Hy=0.5, and that H;=0.6 (see Krebs 1994), we calculated
an uncertainty zone which the cumulative positive scores had to
exceed.



