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a b s t r a c t

It is unknown whether birds are able to retain the memory of purely sensory auditory information such

as white noise over an extended period of time. In a Pavlovian heart rate conditioning paradigm, four

pigeons were trained to associate a mild electric shock with periodic random waveforms, and no shock

with aperiodic noise. Periodic waveform detection requires echoic memory, i.e., the online retention of

a waveform pattern over a limited time. Starting with 40 ms, the waveform period was increased after

successful learning until no significant stimulus discrimination could be found. Significant discrimination

was achieved at periods of up to 2560 ms. This is the first demonstration that echoic memory performance

in birds is clearly superior to cats and gerbils, and comparable to naive human performance.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Due to the absence of any cortical organisation of the avian brain,

it was traditionally assumed that birds lack complex cognitive fac

ulties, and that their behaviour is entirely instinctive. Recently, this

view has dramatically changed, since the Avian Brain Nomencla

ture Consortium has highlighted the homology of the avian and the

mammalian pallium, paving the way for a completely new vision

of the neural structure and the cognitive capacities of birds (Reiner

et al., 2004). Behavioural studies make it indeed clear that birds

have cognitive capacities that were thought to be the privilege of

primates (Emery and Clayton, 2004).

Memory is arguably the most important human cognitive capac

ity. In the search for the neural mechanisms of memory, mammals

are usually preferred to birds as model systems, due to their closer

evolutionary relation to humans. However, the recent develop

ments make it important to compare the behavioural and neural

memory mechanisms of birds and mammals in a much more

detailed way. The most sophisticated studies on avian learning

and memory are conducted within the realm of the song system.
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Songbirds are extreme auditory and vocal specialists and share

with humans the capacity for vocal learning. Birdsong learning is

considered to be the closest animal equivalent to human speech

acquisition and the avian vocal learning system is a highly evo

lutionary derived set of interconnected structures that is about

as unique within the class of aves as is the human speech sys

tem for mammals (Bolhuis and Gahr, 2006). Experimental studies

of shortterm auditory memory persistence of tonal signals have

consequently been conducted with songbird species and have

revealed a remarkable capacity of these animals (Zokoll et al.,

2007).

Since humans are highly specialized for language learning, their

speech system can hardly be used as a model to study general

principles of vocal learning in the class of mammals. Similarly,

generalizations from song birds and their auditory capabilities to

birds in general may not be feasible. What is needed instead are

studies with avian generalists using an auditory memory paradigm

for which comparable data are available with various mammalian

species. Generalists are more representative for their class than

individuals with highly specialized and accomplished cognitive and

sensory capacities. Generalists are known for their ability to sur

vive in many kinds of habitats and forage for a wide variety of food.

Within the class of aves several wellstudied generalists are known

like silvereyes, goshawks, and pigeons (Scott et al., 2003; Rutz and

Bijlsma, 2006).
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Here, we trained pigeons in a complex auditory memory task,

requiring them to discriminate between periodic and aperiodic

waveforms. Periodic white noise consists of a seamless repetition of

a piece of frozen white noise. If a sample of white noise of, say, 40 ms

duration is repeated over and over again it can be discriminated

from continuous random noise.

The capacity to discriminate periodic from aperiodic waveforms

requires the ability to temporally store and integrate the wave

forms’ acoustic properties over time. The retention and comparison

of acoustic features is therefore referred to as echoic memory (cf.

Kaernbach, 2004; for review, see Cowan, 1984). The longer the peri

odic waveform sample, the less discernable it is from continuous

random noise. Thus, at the limit, a repeated long finite sample of

noise and continuous random noise will be indiscriminable. The

length of a sample that is discriminable depends on the lifetime of

the auditory memory of the animal tested.

Cowan (1984) proposed two types of auditory sensory memory:

a shortlasting auditory trace with memory spans not exceeding

several hundreds of milliseconds, and a longer retention of audi

tory information lasting up to several seconds. Periodic random

waveforms (Guttman and Julesz, 1963) have proven to be a good

probe to test the longer auditory store in humans and nonhuman

animals (Cowan, 1984; Kaernbach, 2004) because subjects can

succesfully discriminate between stimuli even when waveforms

lengths exceed the lifetime of the shortlasting auditory trace. For

a demonstration of the stimulus see www.periodicnoise.de.

2. Methods

2.1. Subjects

Four naïve pigeons (Columba livia) were trained in an echoic

memory task. They were obtained from local breeders and raised

in the institute’s own aviary, and, during the time of training and

testing, housed in a cage (40 cm×40 cm×40 cm) in a colony room

with a 12h dark:12h light cycle with lights on at 8 a.m. The ani

mals had access to food and water ad libitum in their homecage at

all times. All subjects were kept and treated according to the Ger

man guidelines for the care and use of animals in neuroscience, and

the European Communities Council Directive of 24 November 1986

(86/609/EEC). The research was approved by the Ethics Committee

of the State of Nordrhein Westfalen, Germany.

2.2. Procedure

In contrast to the other species tested up to now in echoic mem

ory tasks, auditory discrimination in pigeons using food rewards is

often slow and arduous (see Jenkins and Harrison, 1960; Delius

and Emmerton, 1978). We therefore opted to use a simple Pavlo

vian heart rate conditioning discrimination procedure with a mild

electric shock as the unconditioned stimulus. In short, the animals

learned to anticipate an electric shock (unconditioned stimulus,

US) administered after exposure to periodic white noise (positive

conditioned stimulus, CS+). No shock was administered after ape

riodic noise (negative conditioned stimulus, CS−). We measured

the animals’ heart rate increase during noise presentation with

electrocardiogram (ECG). A significant difference in the heart rate

increase between stimulus conditions was considered indicative of

successful stimulus discrimination (cf. Bräucker, 1986).

In detail, pigeons were trained in an aperiodicnoise/periodic

noise (AN/PN) discrimination task with increasing period lengths

for the PN stimuli. The CS− was never associated with an electric

shock, the CS+ contained a PN phase and was always associated

with a shock. The stimuli were generated online with Matlab (see

Fig. 1. Illustration of stimulus composition for CS− and CS+ (diagram on top), and

exemplary time course of relative IHBI during CS+ stimulus, relative to the time

of the shock (diagram on bottom). The upper graph shows a CS− trial and a CS+

trial (AN: aperiodic noise; PN: periodic noise). (Lower graph) The relative IHBI has

been averaged across all 40 CS+ trials of one session for one pigeon. This example

is of session 20, with a period length of 480 ms. The CS+ stimulus was periodic

during the last 10 s before the shock. Average relative IHBI are calculated every 0.5 s

for 1 s bins. A reduction in relative IHBI corresponds to an increase of the heart

rate. Immediately following the shock no heart beats are detected due to crosstalk

between the electrodes. This results in an artificial increase of the IHBI.

below for details). Both the CS− and the CS+ stimuli consisted

basically of several tens of seconds of white noise. This noise was

ramped on and off over 500 ms, and was followed by a silent inter

stimulus interval of 2 s.

CS+ stimuli started with 4 s of AN in order to get the pigeon habit

uated to the noise. This habituation phase was followed seamlessly

by another 10 s of AN of the same type serving as baseline to estab

lish the momentary heart rate. These 14 s of homogenous AN were

followed seamlessly by 10 s of PN, the stimulation phase. At the end

of the stimulation phase a 50 Hz shock was delivered for 100 ms.

The stimulation phase was followed seamlessly by 26 s of AN that

served to get the heart rate back to normal. The total duration of

the CS+ stimulus was 50 s without ramps.

CS− stimuli lasted 25 s without ramps, i.e., one second longer

than CS+ stimuli up to the shock. No periodicity was embedded in

CS− stimuli. Nevertheless, they were divided virtually into habit

uation phase, baseline phase, and stimulation phase to allow for

proper statistical comparison with CS+ effects. An illustration of

the composition of the stimuli can be found in Fig. 1 (upper panel).

These parameters of the CS+ and CS− stimuli were valid as long

as period lengths were short. To compensate for the small number

of periodic phases at long period lengths, from 640 ms on upwards

the duration of both the baseline phase and the stimulation phase

was set to 15 s. The total duration of the CS+ stimuli was then 60 s

without ramps. The duration of the CS− stimulus was increased to

35 s.

Each session began with a succession of two CS− trials, followed

by a randomised sequence of 40 CS+ trials and 40 CS− trials. With

the longer stimuli for period lengths beyond 640 ms, only 30 CS+

trials and 30 CS− trials were performed in a single session. Total

session duration was between 50 and 60 min.

In the first session of the experiment, the period length of the

white noise in CS+ trials was 40 ms. In general, the period length did

not change between sessions as long as neither of the two follow

ing criteria was reached. Once a pigeon reached the criterion of two

successive sessions of successful discrimination performance (see

below for the quantification of discrimination performance), the

period length was increased in the upcoming session. Once a pigeon

failed in two successive sessions, the period length was decreased
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in the following session in order to test whether the drop of perfor

mance was a function of period length, of habituation or of fatigue.

The schedule of period lengths was 40, 60, 80, 120, 160, 240, 320,

480, 640, 960, 1280, 1920, 2560 ms.

2.3. Apparatus, electric stimulation and white noise generation

The pigeons were restrained by a loose cloth bag and

placed in a shielded, soundattenuated aluminum box

(35 cm×85 cm×35 cm). The cloth bag restricted them from

making body and wing movements, but did not cover their head

or neck, so that hearing was undisturbed. Two speakers, one at

each side of the box, were used to apply the acoustic stimuli.

The electrodes were connected to the recording system/shock

application device by a plug that was attached to the socket on the

pigeons back. During training and testing, the box was closed and

illuminated by a houselight. The electric shock was generated by a

custommade standard laboratory dc power supply. The dc signal

was converted into a 50 Hz pulse by a Matlab routine, and was

delivered for 100 ms. The US consisted of a series of electric shock

pulses of 3 mA intensity in a range from 4 to 12 V. The actual shock

intensity used in each session was individually adjusted for every

animal so that the shock was just large enough to elevate the heart

rate above baseline level, as determined in a baseline session prior

to each testing session. For every animal, the current intensity

was repeatedly adjusted during the course of the experiment

to account for slow changes in the electrode impedance. The

ECG signal was amplified and filtered online with a lownoise

amplifier (npi electronics, Germany, DPA 2F amplifier), digitised

at a sampling rate of 20 kHz, and then stored on computer using

standard CED AD converters, and Spike2 software (Cambridge

Electronic Design, UK, 1401 plus system).

White noise was generated using a uniform random genera

tor. The amplitude of the digital samples spanned 45% of the total

possible range. Periodic noise was generated by iterating the same

sequence of random numbers as long as required. The period of the

periodic noise was determined by iterating the appropriate num

ber of random numbers, i.e., the duration of the period times the

sampling frequency. The digital noise was converted by a sound

card (Creative Technology ES1373). The sampling frequency was

44,100 Hz. The sound produced by the card deviated less then

1 db over the relevant frequency range (10 Hz to 22.05 kHz). This

noise was then presented with commercially available loudspeak

ers (Juster AirWave 221). Sound volume was kept at 70 dB SPL.

2.4. Surgery and electrocardiogram recordings

For surgery, pigeons were anaesthetized with a mixture of

ketamine (Ketavet, Pharmacia & Upjohn, Germany; 35–45 mg/kg,

i.m.) and xylazine (Rompun, Bayer, Germany; 5–15 mg/kg, i.m.).

Four silver plated copperelectrodes (Ø 0.4 mm) were implanted

for ECG recording and shock application. Two electrodes were bilat

erally positioned under the pigeons scapula bones, the other two

electrodes were bilaterally positioned under the pubic spines. For

each electrode, the protruding ends were soldered together, insu

lated with shrinkable tubing, and connected and fixed with dental

acrylic to a socket that was loosely attached to the pigeons back. This

configuration allowed the pigeon to move freely and undisturbed

without damaging the electrodes and socketconnections. The ECG

difference signal was measured between the left scapula and the

left pubis electrode, the electric shock was applied via the right

pubis electrode, and the right scapula electrode served as common

ground for both ECG recording and shock application. Pigeons were

allowed to fully recover from surgery before training and testing.

2.5. Data analysis

ECG data were preprocessed using the peakdetection routines

in the Spike2 software package (Cambridge Electronic Design, UK).

Every heartbeat produced two positive, and two negative peaks in

the filtered ECG signal. Generally, the first positive peak was used as

the eventtime marker. In a few cases, the first peak was too weak to

be consistently detected by the routine. In these cases, the second

positive peak was used as the event marker. Within a given session,

either the first or the second peak was consistently used for event

time marking, but never both peaks. Heartbeat times, stimulus on

and offsets, and electric shock on and offsets were then exported

and further processed by Matlab routines.

We computed the relative interheartbeat interval (IHBI) as a

measure of heart rate. For the calculations of the IHBIs, each single

IHBI of a certain trial was divided by the mean IHBI during the base

line phase of the same trial. Fig. 1 (bottom panel) shows a typical

time course of the relative IHBI in case of a CS+ stimulus. The IHBI

was reduced during the last 5 s before the shock, and for about 15 s

after the shock. This reduction in IHBI corresponded to an acceler

ated heart rate, in anticipation of and in reaction to the shock. The

increase of the IHBI shortly after the shock was artificial and due

to the decalibration of the recording system as a result of the high

electric input.

A significant reduction in the IHBI during the presentation of

the PN in CS+ trials relative to the IHBI in CS− trials was con

sidered a successful discrimination between CS+ and CS− trials.

To test for significant differences, the average across all CS+ stim

uli of the relative IHBI in the final second of the PN stimulation

phase of a given session was compared to the corresponding aver

age across all CS− stimuli of the same session. If the difference

was larger than 1.96 times the expected standard deviation of

this difference (calculated on the basis of the variances of the

relative IHBI for CS+ and CS− stimuli during this session), this

session’s performance was deemed to demonstrate significant dis

crimination. Note that this criterion corresponds to a twosided

95% confidence interval. Thus, we would expect a 5% error rate,

scoring significant differences when no real difference exists 5%

of the time (i.e., 5% in both directions, 2.5% in the expected direc

tion).

Moreover, we also tested for significant differences on the group

level. The relative IHBIs of all pigeons were sampled in steps of

500 ms after CS onset. We then computed an analysis of variance

(ANOVA) for repeated measures for each period length condition,

with the withinsubject factors ‘stimulustype’ and ‘time after CS

onset’. Because pigeons need to sample several waveform rep

etitions to be able to discriminate between CS+ and CS−, we

expected that they would not discriminate between stimuli right

after CSonset, but only after some time has elapsed. Hence, we

hypothesised a significant interaction between time and stimulus

type.

3. Results

All pigeons showed an anticipatory increase in heart rate during

periodic, but not aperiodic noise, and thus significantly discrim

inated between CS+ and CS− stimuli. Fig. 2 shows a comparison

of IHBI of CS+ with CS− trials in an exemplar session. The graph

displays the IHBI relative to baseline during the stimulation phase,

averaged across all trials (30 CS+ trials and 30 CS− trials per ani

mal) and animals (N = 4, mean and standard error of the mean) in

a session with period length of 960 ms. The figure clearly shows

a decrease in IHBI across the CS+ stimulation (black line) interval

with respect to CS− stimulation (grey line), suggesting a significant
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Fig. 2. Example of successful noise discrimination. The figure shows the IHBIs rel

ative to baseline (dashed horizontal line, corresponding to an IHBI of 0.51 s) during

the stimulation interval for CS+ and CS− trials. Data are taken from one exemplar

session with stimuli of 960 ms period length, and are averaged across all trials (30

CS+ trials and 30 CS− trials per animal) and animals (N = 4, mean and S.E.M.).

increase in heart rate, and hence successful discrimination between

periodic and aperiodic noise.

Table 1 lists the number of sessions with and without significant

AN/PN discrimination per pigeon as a function of period length.

With pigeon 1, the period length was in some cases increased even

when only one session had demonstrated significant discrimina

tion performance. While it reached a maximum period of 1920 ms

with significant performance once, it did not show significant per

formance again until back to 640 ms. A possible reason for this

fallback might have been an instability of the electrodes of this

animal at the end of the experiment. Pigeon 2 and 3 showed signifi

cant discrimination performance in several sessions with a 1280 ms

period, and pigeon 2 once with a 1920 ms period. Pigeon 4 demon

strated significant discrimination performance with a very small

effect size in two sessions with 2560 ms periods.

The ANOVA revealed a significant interaction effect between

time after CS onset and relative IHBI in all period length conditions

(all F > 5.8, all p < 0.001), suggesting that pigeons significantly dis

criminated between CS+ and CS− in all conditions (note that, due to

our strict inclusion criterion, not all pigeons performed all period

length conditions). Table 2 lists the statistical parameters for all

period lengths, and it also contains the first occurrence when the

IBHI significantly differed between CS+ and CS− trials. Because a

given number of waveform repetitions takes longer with long than

short period lengths, pigeons needed progressively more time with

increasing period lengths to discriminate between stimuli.

4. Discussion

Pigeons performed amazingly well in an AN/PN discrimination

task that required echoic memory. This is particularly remarkable

in light of the performance of other species. Humans are vocal

learners and can discriminate between periodic noise (PN) and

aperiodic noise (AN) up to period lengths of 10 or 20 s (Warren

Table 1

Number of sessions with and without significant discrimination performance as a

function of period length for the four pigeons

Pigeon Period length (ms)

40 60 80–480 640 960 1280 1920 2560

1 3/2 3/0 2/0 3/1 1/3 1/3 1/3 0/0

2 3/2 3/0 2/0 2/0 2/0 3/1 1/3 0/0

3 2/3 2/1 2/0 2/0 2/0 4/3 0/3 0/0

4 1/4 3/0 2/0 2/0 2/0 4/0 4/1 2/1

Table 2

Reapeted measures ANOVA for differences in relative IHBI between CS+ and CS−

trials for each period length (only interaction effects between stimulus condition

and time after CS onset are shown)

Period length ANOVA First significant difference between

CS+ and CS− (s) (p < 0.05)

40 F(18,342) = 11.66, p < 0.001 2.5

60 F(18,198) = 28.43, p < 0.001 2.5

80 F(18,126) = 15.91, p < 0.001 2.5

120 F(18,126) = 34.89, p < 0.001 3.0

160 F(18,126) = 36.07, p < 0.001 3.5

240 F(18,126) = 70.92, p < 0.001 3.0

320 F(18,126) = 39.58, p < 0.001 4.0

480 F(18,126) = 40.61, p < 0.001 4.5

640 F(18,162) = 21.33, p < 0.001 6.0

960 F(18,162) = 6.34, p < 0.001 7.0

1280 F(18,324) = 5.84, p < 0.001 6.5

1920 F(18,420) = 10.3, p < 0.001 8.5

2560 F(18,36) = 7.74, p < 0.001 5.5a

The table shows that the pigeons significantly discriminated between CS+ and CS−

trials in all conditions. The third column gives the timepoint of the first occurrence of

a significant difference in IHBI (resolution 500 ms). Pigeons discriminated between

stimuli progressively later with increasing period lengths.
a Not consistenly significant afterwards.

et al., 2001; Kaernbach, 2004). Nonvocal learning mammals are

able to learn an echoic memory task but their ability for periodic

noise detection has up to now not been demonstrated for periods

longer than 500 ms. Naive Mongolian gerbils showed difficulties

discriminating 100 ms PN from AN, and highly trained animals (156

days, 9360 trials) showed significant performance up to 360 ms, but

could not proceed to 400 ms (Kaernbach and Schulze, 2002). Cats

showed a slightly better performance: Within 75 days (4240 tri

als) they learned to discriminate PN with periods of 450–500 ms

from AN (Frey et al., 2003). While the performance of these two

species clearly demonstrates the ability of animals to retain sensory

information for a fraction of a second, they fall short of human per

formance. The pigeons tested in the present experiment were the

first species besides humans where retention of auditory sensory

memory beyond one second has been demonstrated. Considering

the difficulties in mimicing human discrimination performance

in animal experiments, it could be said that the performance of

pigeons comes almost close to that of humans. Hence, we have

developed a behavioural paradigm and animal model for testing

auditory memory that we believe to be superior to previously used

tasks and animal models.

Our study did not only differ from previous ones with respect

to the animal model but also with respect to the reinforcer in use.

While previous experiments have used appetitive paradigms, we

conducted a shockconditioning procedure. This was motivated by

studies which made it likely that pigeons have learning constraints

to associate tones with appetitive rewards (Jenkins and Harrison,

1960; Delius and Emmerton, 1978). It is therefore in principle pos

sible that our pigeons were considerably more successful than

cats due to the higher level of motivation created by the shock

association paradigm. Although it is impossible to rule out this

explanation, we have reasons to believe that this is not likely: learn

ing phenomena tested with various reinforcers including shock

often display similar qualitative results, although acquisition speed

can differ (Weiss, 1976; Cohn and Weiss, 2007). In some cases,

highvalue aversive stimuli like electric shocks even delay learning

performance because stress probably interferes with contingency

acquisition (Zhao et al., 2004). Thus, we cannot discard the pos

sibility that our decision to use a shockassociation experiment

increased learning speed, but believe it less likely that the final

performance baseline was increased to a significant extent by the

procedure in use.
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Fig. 3. Allometric comparison of maximum PN period as a function of relative brain

size. Relative brain size was calculated by dividing the brain weight by the body

weight to the power of 2 over 3. This exponent corresponds to the regression coef

ficient of brain weight and body weight if plotting these parameter for hundreds of

species in a log–log plot.

Fig. 3 shows an allometric comparison of sensory retention as a

function of relative brain weight. From this comparison it becomes

obvious that the lifetime of sensory information in the long audi

tory store is not a function of relative brain weight. Instead, long

sensory retention seems to depend on an algorithm that is present

in humans and pigeons but is less developed in gerbils and cats.

What are the neural algorithms underlying echoic memory?

Presently, we can only speculate what these mechanisms might be.

In order to detect waveform repetition, the animals must be able

to temporarily store at least some sequences of frequencies for the

duration of a waveform length, and then compare the currently

perceived sequence with the memorised one. The nidopallium

caudolaterale (NCL), the avian prefrontal cortex (Mogensen and

Divac, 1982, 1993; Durstewitz et al., 1998; Güntürkün, 2005) is

a likely candidate to perform this operation: Single NCL neurons

have been repeatedly shown to play a role in the temporary reten

tion and manipulation of sensory information (Kalt et al., 1999;

Diekamp et al., 2002b; Kalenscher et al., 2005a,b), and pharma

cological interventions with NCL functioning and lesions of NCL

impair an animals’ ability to maintain and work with stored sen

sory information (Diekamp et al., 2000, 2002a; Lissek et al., 2003;

Lissek and Güntürkün, 2003, 2004, 2005). In order to detect wave

form repetition, the animal must be able to compare waveforms

of only a few milliseconds duration. Because the NCL is known

to perform similar operations, it is a straightforward guess to

hypothesise its involvement in the present task. But it is equally

possible that the computations are processed at subforebrain level

(Wagner et al., 2005). The final behavioural output could then

result from the interaction of brainstem auditory structures and

the NCL.

As a concluding note, advances at various fronts of neuroscience

have recently accumulated to a paradigm shift in our understanding

of vertebrate brain evolution (Reiner et al., 2004; Jarvis et al., 2005).

New evidence not only show that birds have a large pallium with

comparable ‘cortical’ organizational features (Reiner et al., 2004),

but also account for the fact that the avian forebrain developed

more recently than the mammalian cortex (Jarvis et al., 2005). Our

evidence that echoic memory in pigeons surpasses that of some

mammals with higher brain weight underlines the notion of this

paradigm shift and opens the door to future electrophysiological

studies on echoic memory, aimed at identifying the neural struc

tures and mechanisms involved in this type of auditory memory.
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