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Abstract

Laboratory training and testing of auditory recognition skills in animals is important for
understanding animal communication systems that depend on auditory cues. Songbirds are
commonly studied because of their exceptional ability to learn complex vocalizations. In recent
years, mounting interest in the perceptual abilities of songbirds has increased the demand for
laboratory behavioural training and testing paradigms. Here, we describe and demonstrate the
success of a method for auditory discrimination experiments, including all the necessary hardware,
training procedures and freely-available, versatile software. The system can run several
behavioural training and testing paradigms, including operant (go-nogo, stimulus preference, and
two-alternative forced choice) and classical conditioning tasks. The software and some hardware
components can be used with any laboratory animal that learns and responds to sensory cues. The
peripheral hardware and training procedures are designed for use with songbirds and auditory
stimuli. Using the go-nogo paradigm of the training system, we show that adult zebra finches learn
to recognize and correctly classify individual female calls and male songs. We also show that
learning the task generalizes to new stimulus classes; birds that learned the task with calls
subsequently learned to recognize songs faster than did birds that learned the task and songs at the
same time.
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The sensory and perceptual functions of the auditory system can be investigated by
measuring behavioural responses to sounds. Among non-human animals, sound processing
and perception are of particular interest in birds because many species communicate using
complex vocalizations and exhibit the rare capability of vocal learning (Doupe & Kuhl
1999; Dooling et al. 2000; Brenowitz & Woolley 2004; Dooling & Lohr 2006). Songbirds
that learn to produce and recognize complex vocalizations are commonly used in laboratory
studies of natural sound processing, vocal learning and vocal motor production (Williams
2008). Laboratory studies examining the role of vocalizations in reproductive behaviour also
commonly use songbirds because of the importance of song in sexual competition and mate
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choice (Hauber et al. 2010). A history of auditory training and testing techniques using small
birds exists (Hulse 1995; Dooling et al. 2000), but the increasing popularity of the songbird
for studying the perception of learned vocalizations suggests that an automated, well
described and fully tested method for training and testing small birds on auditory recognition
tasks will facilitate studies investigating vocal perception.

Songbirds offer several practical advantages to the study of vocal communication. Many
species can be bred and raised in captivity, allowing for highly-controlled developmental
manipulations, detailed analyses of behavioural development and comparisons across
species. Some species develop rapidly (<100 days), allowing laboratory experiments to be
conducted throughout the life span of an individual and across generations (Campbell and
Hauber 2009; Feher et al. 2009). Furthermore, behavioural and neurophysiological
experiments can be combined; the neural circuits that control song processing, learning and
production are well described (Nordeen & Nordeen 2008).

The zebra finch (Taeniopygia guttata), an Australian estrildid finch, is the most commonly
studied songbird in the laboratory (Williams 2008; Warren et al. 2010). Only males sing and
use their songs to court females (Zann 1996). Females use the acoustic properties of male
songs for mate selection (Forstmeier & Birkhead 2004; Spencer et al. 2005; Boogert et al.
2008; Holveck & Riebel 2007; 2010). Males and females also produce calls, which are
learned in males but not in females (Vicario 2004; Vignal et al. 2004; 2008). Both males and
females can distinguish between the songs and calls of different individuals, as demonstrated
by operant conditioning experiments (Okanoya & Dooling 1991; Cynx & Nottebohm 1992;
Riebel 2009). In zebra finches, operant conditioning experiments have examined the
temporal and spectral characteristics of calls and songs that are necessary for discrimination
(Cynx et al. 1990; Lohr & Dooling 1998; Dooling & Lohr 2006; Riebel 2009; Nagel et al.
2010), developmental (Braaten et al. 2006) and experiential (Benny & Braaten 2000)
changes in song discrimination, and female preferences for male songs as they relate to mate
choice (Riebel 2009). Several studies have shown that female song preferences measured
using operant testing paradigms predict which songs evoke female sexual responses such as
copulation solicitation displays and mating (Riebel and Slater 1998; Holveck and Riebel
2007, 2010; Anderson 2009).

Behavioural auditory training and testing paradigms that are manually controlled are
impractical and vulnerable to data collection and analysis errors. Commercially available
training and testing systems that are automated are expensive and use hardware and software
that may not have the flexibility to accommodate a wide range of experimental designs. For
example, depending on the number of input and output lines necessary for a given paradigm,
a single interface module may only control one or two training chambers, requiring the user
to purchase multiple modules. Additionally, commercially available hardware components
that are necessary for successful discrimination training, such as feeders, are often
unsuitable for small birds (Njegovan et al. 1994). To overcome these issues, laboratories
implement custom-designed software and/or hardware systems (Okanoya & Dooling 1988;
Schraff et al. 1998; Houx & ten Cate 1999; Gentner et al. 2000; Sturdy & Weissman 2006;
van Heijningen et al. 2009; Nagel et al. 2010). These custom-designed solutions are not
available for all scientists and are challenging to develop and employ, especially for small
birds.

We have developed an auditory recognition training system (ARTSy) that uses inexpensive
hardware and custom software that is flexible, high-throughput and freely available to
scientists. ARTSy can be used to train and test any animal species that learns to recognize
and respond to sensory cues. For example, the hardware can be modified to address
questions regarding the discrimination of visual or olfactory cues. Here, we describe the
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system with hardware designed for training small birds to recognize and respond to
individual sounds or sound sequences, how to assemble the hardware, and use the software.
We demonstrate the success of the system by describing the recognition training and testing
of male and female zebra finches using female calls and male songs. Results also show that
task learning in adult zebra finches generalizes to other sound classes.

The training system can be used for a variety of behavioural paradigms, including operant
(go-nogo, two-alternative forced choice, preference) and classical conditioning tasks. Here,
we tested the go-nogo paradigm with male and female zebra finches. The basic parameters
that we define and the procedures we describe for go-nogo are similar for the other training
paradigms. In the go-nogo paradigm, the subject is rewarded for responding to the correct
(go) sound and punished for responding to the incorrect (nogo) sound. Subjects are rewarded
with food and punished with a period of complete darkness. Zebra finches typically learn the
go-nogo task after 600 to 3,000 trials, which is consistent with the results from studies using
systems designed for use in individual laboratories (Cynx & Nottebohm 1992; Cynx 1995;
Braaten et al. 2006). First, we trained subjects on the go-nogo task with female long calls.
We reasoned that training birds with one class of sounds that is separate from the class of
sounds that are of experimental interest is advantageous because learning the go-nogo task
and learning to recognize and discriminate between specific sounds are two separate
problems that the subjects must solve. Dissociating the learning of the task and the sound
recognition learning that is required for discrimination allows the experimenter to directly
compare discrimination performance on different types of experimental stimuli. After
subjects reached a criterion of 80% or better correct responses to long calls (Fig. 1A), we
then tested their ability to generalise the go-nogo task to zebra finch songs (Fig. 1B). We
also trained a separate group of birds using songs and compared task learning using long
calls as stimuli to task learning using songs as stimuli because these stimuli differ in
duration, acoustic complexity and salience. We predicted that the automated system would
successfully train birds to discriminate between different sounds in a comparable number of
trials as previously described in the literature and that task learning would generalise to
another sound class such that birds would learn to recognize songs faster if they learned
them after learning the task on calls than if they learned the songs and the task
simultaneously.

We trained 9 (2 male, 7 female) adult zebra finches (Taeniopygia guttata) that were hatched
and reared in the breeding colony in the Department of Psychology at Columbia University.
All birds were naive to discrimination training. Birds were raised in 6 different family cages
(some subjects were from the same lineage) and housed as adults in same-sex aviaries so
that they could see and hear other zebra finches of both sexes in the room. The colony
photoperiod was maintained on a 14 hr light/10 hr dark cycle. Colony room temperature was
maintained between 23 and 29 degrees Celsius. Mixed seed, water, cuttlebone and grit were
freely available; and the birds were supplemented three times a week with lettuce and twice
a week with eggs and shells. We trained two separate cohorts of adult zebra finches with
different sounds on the initial go-nogo task: The first cohort (N = 4, 1 male, 3 female) was
trained with songs, and the second cohort (N = 5, 1 male, 4 female) was trained with long
calls. Subjects in cohort 2 were tested for their ability to generalise the task to songs after
they were trained to recognize long calls. The ages of subjects in cohort 1 (420 + 8.49 days,
N =4) and 2 (227.20 £ 101.92 days, N = 5) were recorded at the start of the experiment. The
mean weight of the females in cohort 2 recorded at the start of the experiment was 14.18 +
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0.80 g, N = 4; the weight of the male was 16.64 g. All animal procedures were approved by
the Columbia University Institutional Animal Care and Use Committee (IACUC) and met
all applicable state and federal guidelines.

Training events were conducted in a custom-built wire-cage (43.18 cm x 30.48 cm x 30.48
cm) housed in a sound isolation cubicle (78.74 cm x 53.34 cm x 53.34 cm outside and 67.31
cm x 41.91 cm x 44.45 cm inside) lined with acoustic foam (Fig. A4; H10-24A, Coulbourn
Instruments, Allentown, PA, USA). A custom-built, acrylic response panel (30.48 cm x
30.48 cm) replaced one wall of the cage. An infrared slot sensor was mounted on the left
side of the response panel (SLO30VB6Y, Banner Photoelectric Sensors, Prime Inc., Oradell,
NJ, USA). A custom-built solenoid-driven feeder delivered food reinforcement during
training (Fig. A5). A fluorescent lamp (137076, www.jcwhitney.com) mounted on the back
of the isolation chamber was used for light reinforcement during training. An overhead
fluorescent lamp (13707G, www.jcwhitney.com) was used to illuminate the chamber when
the subjects were not training. A speaker (KFC-1377, Kenwood USA Corporation,
Kenwood, CA) was placed on the top of the wire cage, centred over the response panel.
During training sessions, a camera with microphone (KPC600, Bollide, B & H,
www.bhphotovideo.com) placed on the top of the cage recorded training events. Two
perches and a bamboo nest cup were mounted inside the cages.

Sound Stimuli

Long calls

Songs

Songs and long calls were recorded while birds were housed in custom-built sound isolation
booths (Fig. 1). Songs were recorded by placing a male and a female in the same cage inside
the booth. Female long calls were recorded by placing a single female inside the booth,
immediately following exposure to another female. A microphone (SRO, Earthworks) was
placed in the top, centre of the cage. Sounds were digitally recorded at a sampling rate of
44.1 kHz (EDIROL Audio Capture FA-66, www.roland.com; Sound Analysis Pro Recorder
software, Ofer Tchernichovski, City College, CUNY)). Background noise was reduced by
bandpass filtering raw sound files to include frequencies that ranged from 0.25 to 8 kHz
(Goldwave, Goldwave Inc.). Power in all sound files was rebalanced in RMS intensity, and
a 5 ms amplitude ramp was applied to the onset and offset of each file to remove potential
acoustic artifacts that resulted from the editing process (Matlab, www.mathworks.com).

Zebra finches emit long (or distance) calls when they are isolated or immediately separated
from other birds (Zann 1996). Female long calls have a characteristic frequency- and
amplitude-modulated harmonic structure with a fundamental frequency of 0.4 to 0.5 kHz
(Vignal et al. 2008). They typically range from 150 to 250 ms in duration (Okanoya &
Dooling 1991). Long calls recorded from 4 adult females housed in our colony were used to
create 3 exemplar sound files of each female's long call. Long calls were a mean duration of
193.75 + 51.11 ms, N = 4. Examples of long call stimuli are shown is Figure 1A.

Zebra finch song is composed of individually identifiable syllables that are produced in
stereotyped sequences called motifs (Zann 1996). Syllables are acoustically distinct units of
continuous sound, separated by silence. Sequences of acoustically simple introductory notes
often precede the production of multiple, repeating motifs. For cohort 1, we used database
recordings of songs from birds housed at the Department of Psychology, Hunter College
(Vyas et al. 2009) to generate stimuli that were unfamiliar to subjects before training began
(Cynx & Nottebohm 1992). Three exemplars of each male's song were made from a library
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of recorded songs. Similarly, for cohort 2, we created unfamiliar song stimuli from database
recordings of 15 adult males that we no longer housed in our colony. Six song exemplars
were created from unique song recordings of each male. All song exemplars included
approximately 3 motifs, omitted introductory notes, and were 2 seconds in duration.
Example song stimuli are shown in Figure 1B.

Software—All experimental events were controlled and recorded by a custom-written
Matlab program (David Schneider, Columbia University) that we have made available
(www.commneuro.psych.columbia.edu). The core of our software was designed to present
sounds and/or deliver reinforcement for multiple behavioural training paradigms (Appendix,
Supplementary Material). Here, we describe how to use the program to successfully
acclimate birds to the feeder, shape birds to peck the sensor for food, and to train birds in a
typical go-nogo task.

Behavioural training

1. Acclimation: One week prior to the start of training, subjects were moved from the
colony room to isolation booths so they could acclimate to the training chamber. Subjects
were housed individually, and remained in the isolation booths for the duration of the
experiments. Booth photoperiod, temperature and food and water availability were the same
as the colony room conditions. We found that subjects performed better when they were
housed continuously in training chambers, and were not repeatedly handled and transported
between the colony room and testing chambers.

2. Training to peck the sensor for food: Training the birds to peck the sensor occurred in 3
stages. During these stages the birds were food restricted. We removed seed cups before the
start of the dark cycle (21:00), and began training sessions at the start of the light cycle
(07:00). Sessions lasted 4 to 6 hours depending on subjects' performance level (subjects
were carefully monitored during these sessions because the amount of food they received
depended on how well they performed). Subjects had access to cuttlebone, grit and water at
all times. In the first stage, subjects were introduced to the feeder by eating from it when it
was stationary. The lip of the feeder was positioned to protrude under the response panel so
that seed was visible and accessible near the mesh flooring. Subjects mastered this task in 1
session. In the second stage, birds were familiarised with the sound and motion of the feeder
with the acclimation program, which was designed to present the feeder at regular intervals.
Two parameters defined the timing of an acclimation trial in the program: reward duration
and inter-trial-interval (1TI). Reward duration defined how long the feeder was available to
subjects. The ITI defined the duration between trials or feeder activations. ITIs are bound by
minimum and maximum values. This allows the user to choose an inconsistent ITI to
prevent temporal pattern learning. During feeder acclimation, the parameters were set as
follows: reward duration = 10 s; ITI minimum =30 s; and ITI maximum = 60 s. Therefore,
the feeder was activated every 30 to 60 s, presenting seed to subjects for 10 s intervals.
Subjects typically mastered this stage in 1-2 training sessions. Some subjects startled when
the feeder moved, preventing them from approaching it. In these cases, we paused the
program to let them eat briefly from the stationary feeder before resuming training. When
we observed consistent startling, we repeated training, regardless of whether subjects
regularly ate from the feeder, until the startle behaviour subsided. In the third and final
stage, subjects were shaped (Appendix, 3.1) to peck the portion of the response panel
outlined by the sensor (Fig. A8). When subjects pecked the response panel or moved their
heads inside the sensor, its infrared beam was broken causing feeder activation. At this
point, subjects initiated all trials. We used the shaping program to monitor the sensor and
drive the feeder. Reward duration was the only defined parameter (10 s). On the first
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shaping day, we placed a piece of tape encrusted with seeds on the panel inside the sensor.
Subjects first triggered the feeder when eating seed from the tape. When the ration of seed
on the tape decreased, birds investigated and ate from the feeder. Subjects eventually ate
from the feeder after pecking the sensor. Subjects stayed at this training stage until they
consistently pecked the sensor and ate from the feeder. Some subjects stopped pecking the
sensor once the seed on the tape was gone. In these cases, we intervened by re-seeding the
tape and/or temporarily increasing the reward duration by 5-10 s. Stage 3 learning required
1-4 sessions, depending on the subject. Many birds learned the task in 1 session, but we
trained them for an additional session, starting with tape only, to ensure that they learned the
task. All stages progressed sequentially on independent days and usually totalled 4—6
training days overall.

3. Training to go-nogo: We first trained birds on the go-nogo task with either female long
calls (cohort 1) or songs (cohort 2) (Fig. A9). Two go sounds and 2 nogo sounds, 3
exemplars each, were assigned to each bird. Sound presentation was counterbalanced so that
go and nogo sounds were not the same for all the subjects. Food cups were removed the
night before training sessions, and birds started training immediately following lights-on in
the morning. The subjects initiated all trials. Seven parameters defined the timing of a go-
nogo trial in the program: 1) start delay; 2) pre-response duration; 3) response duration; 4)
reward duration; 5) punishment duration; 6) null duration; and 7) ITI. The start delay
determined the time between trial initiation and stimulus playback. The pre-response
duration defined the time after stimulus playback before subjects could respond and
successfully activate the feeder. The response duration is the time subjects had to respond to
a stimulus before the response is registered as “null” and a null period ensues. Punishment
duration defines how long the light goes out and subjects were in darkness. Null outcome
duration defines a set period of no outcome after a stimulus.

To initiate a trial, the birds had to first peck in the sensor. Tripping the sensor resulted in
sound playback, and then the birds had 2 s to respond by pecking in the sensor again. For
cohort 2, there was a 0.5 s delay (pre-response duration) after the call stopped playing before
subjects could respond (Appendix, 3.1). If the call that played was a go call, then the birds
received a 6 s seed reward (hit). If the call that played was a nogo call and the birds pecked
the sensor, then the light turned off for 16 s (false alarm). If the birds did not respond to a go
call (miss), a 6 s null period elapsed before the birds could initiate a new trial. Similarly, no
response to a nogo long call (correct rejection) was followed by a 6 s null period. Birds
learned to respond by pecking the sensor after hearing go long calls and to withhold a
response after hearing nogo long calls. All long calls were delivered in repeating sets of 12
(4 long calls, 3 exemplars of each), but the order of long call presentation in each set was
random. The behavioural results from each day were concatenated into a single data file, and
percent correct scores were calculated for individuals every 100 trials, even when the 100
trials spanned two days. Consistent with similar behavioural studies, we stopped training
when birds performed at 80% (or better) for two consecutive blocks of 100 trials (Dent et al.
2008). During go-nogo training, we rarely intervened. Individual birds varied in the number
of trials they performed per day, but if an individual's characteristic performance markedly
declined (i.e. they were much less active than on previous days or inactive during sessions),
we suspended training for a day. Subjects increased their activity after a one day break from
training.

Task generalization (transfer)

In cohort 2, after training using long calls, the go-nogo stimuli were switched to zebra finch
songs. Trial timing parameters and performance criterion were identical to the baseline
training that used calls as stimuli. Birds were randomly assigned 2 go and 2 nogo songs.
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Data analysis

RESULTS

Data were automatically recorded by the program in a format that is easily accessible in
Excel spreadsheets. Data sheets include the type of response (response = 1, or no response =
0), the stimulus, the time the stimulus began, the time the stimulus stopped, and duration
from the offset of the stimulus to when the bird responded (if there was no response, then
the duration is equal to the defined response duration). For all subjects (cohorts 1 and 2), we
calculated the mean number of trial blocks to reach criterion on baseline (long calls or
songs) and transfer (songs) training phases, the mean number of days (or sessions) to
criterion, and the mean number of trials per day. Paired t tests were used to evaluate if there
were differences in cohort 2 between these measures on baseline (calls) and transfer (songs)
training phases. Independent t tests were used to determine if there were differences between
cohorts 1 and 2 on these measures. Data were analysed using Matlab (Mathworks Inc.) and
GraphPad (Prism V.5, GraphPad Software Inc.).

Baseline training

Transfer

Both cohorts learned the baseline task. Birds trained on the baseline task with long calls
reached criterion in a mean of 23.8 £ 5.89 (N = 5) trial blocks (each block was 100 trials).
Birds trained on the baseline task with songs reached criterion in a mean of 16 + 9.49 (N =
4) blocks. A comparison between the two groups on the mean number trial blocks to
criterion was not significant (two-tailed independent samples t test: t; = 1.522, P = 0.1719).
The cumulative baseline performance of both training groups over trials to criterion is
shown in Figure 2. The mean number of days for birds to reach criterion was 6.75 *+ 4.57 for
birds trained on songs and 12.60 + 5.59 for birds trained on long calls. Correspondingly,
birds trained on songs performed 315.4 + 152 trials per day on average while birds trained
on long calls performed 213.8 + 64.8 trials per day. Differences between training groups on
the mean number of days to criterion were not significant (two-tailed independent t test: t; =
1.683, P = 0.1363), nor were differences in the mean number of trials per day (two-tailed
independent t test: t; = 1.369, P = 0.2132). The number of days to criterion and the mean
number of trials per day on the baseline task are shown for individuals in Table 1.

Birds transferred to songs reached criterion in significantly fewer trial blocks (11.40 + 1.82,
N = 5) than during baseline training with long calls (two-tailed paired t test: t4, =4.7, P =
0.0093) (Fig. 3A). The cumulative performance of birds to criterion on the transfer task is
shown in Figure 3B. Accordingly, all birds reached criterion in significantly fewer days (4.8
+2.17, N = 5) during transfer training than during baseline training (two-tailed paired t-test:
t4 = 4.628, P = 0.0098). We compared the mean number of trials per day on baseline and
transfer training phases to assess whether the decrease in latency to criterion was
accompanied by an increase in the mean number of trials performed in a day. Birds
performed significantly more trials per day during transfer to songs (320.2 + 118.4, N = 5)
than during baseline training with calls (two-tailed paired t test: t5; = 2.866, P = 0.0457). The
number of days to criterion and the mean number of trials per day on the transfer task are
shown for individuals in Table 1.

Response bias

During behavioural training, many animals exhibit response biases that affect the rate at
which they learn to perform a given behaviour. The analysis of response biases can be
methodologically useful for adjusting rewards and punishments to maximize learning. For
the go-nogo training described here, birds chose to either activate a sensor (go) or to refrain
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from activating a sensor (nogo) on each trial. To determine if birds showed response biases
to activate the sensor or to refrain from activating the sensor regardless of the stimulus
presented, we measured the degree to which birds showed a bias toward either the go or
nogo behaviour, and how their responses changed over the course of learning.

Across both cohorts, all but one bird had a bias to activate the sensor during both go and
nogo trials, resulting in a greater percent correct performance for go stimuli than for nogo
stimuli. Throughout baseline learning for both go and nogo stimuli, birds activated the
sensor (go) on 70 % of trials (N = 8), which is substantially greater than would be predicted
with no response bias (50 %). The overall percent correct increased over the course of
training because the response bias attenuated. For example, go responses in 8 out of 9 birds
decreased from 74 % during trial blocks 2 through 4 to 59 % during the last 2 blocks before
reaching criterion performance. Figure 4A shows the learning curves for two birds that were
baseline trained on songs. The bird in the left panel showed a tendency for activating the
sensor which emerged after approximately 500 trials and maintained, but decreased this
tendency until percent correct performance reached nearly 100 percent. The bird in the right
panel began training with a strong response bias to activate the sensor and maintained the
strength of this bias until the last trial block.

Of the birds that were baseline trained on calls, some maintained the strength of their
response biases after transfer to songs whereas in others their response biases attenuated.
The top of Figure 4B shows the learning curve for a bird that had a response bias to activate
the sensor during baseline training on calls, but displaced the bias and learned the go and
nogo stimuli simultaneously after being transferred to training with songs. The bottom panel
of Figure 4B shows the learning curve for a bird that maintained its response bias after being
transferred to training with songs.

DISCUSSION

Auditory recognition training and testing using both calls and songs show that all birds
successfully learned the go-nogo operant task using the behavioural training system and
procedures described here. Learning occurred in a number of trials that was comparable to
the number of trials required to learn auditory recognition tasks in other studies (Cynx &
Nottebohm 1992; Cynx 1993; Cynx 1995; Benney & Braaten 2000; Braaten et al. 2006).
The mean number of trials required for birds to learn the go-nogo task was not statistically
different between cohorts, regardless of stimulus type. Therefore, learning the task appears
to be consistent for stimuli that differ in length, complexity and salience. Additionally, birds
were able to generalise the task to new stimuli in fewer trials than on baseline training, and
their cumulative performance (percent correct) was less variable across trial blocks during
transfer training compared to baseline training (Figs. 2 & 3). This indicates that, once the
go-nogo task was learned using one class of sounds, the skill can be applied to
discriminating among sounds of different classes. These findings demonstrate that, although
it may not be possible to completely separate task learning from recognition learning,
training birds to recognize and correctly classify sounds that differ in acoustics and salience
from the sounds that are of primary interest aids in the dissociation of the two types of
learning

Our training results are consistent with studies that trained zebra finches to discriminate
among natural songs using a go-nogo task (Cynx & Nottebohm 1992; Cynx 1993; Cynx
1995; Benney & Braaten 2000; Braaten et al. 2006), but training with synthetic vocalizations
may take up to 2,000 more trials (Sturdy & Weismann 2006; Verzijden et al. 2007). This is
not surprising considering that recognizing natural vocalizations is behaviourally and
ecologically relevant for songbirds. However, we also observed differences between the
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behaviour of subjects trained with long calls and songs; birds trained on both calls and songs
performed significantly more trials per day during song learning than during call learning
and we observed a trend for birds to perform more trials per day during baseline song
training than during baseline call training (Table 1). Correspondingly, learning curves
showed a trend for birds trained on songs to reach criterion in fewer days and in fewer trials
than birds trained on calls (Table 1). These results suggest that songs are more rewarding to
hear and/or easier to discriminate among and recognize than are calls, potentially because
they are longer in duration, more acoustically distinct and/or more socially relevant than
calls. To the best of our knowledge, this is the first demonstration that zebra finches
recognize and correctly classify natural female long calls in a learning paradigm. This may
be relevant for future studies when choosing stimuli in order to reduce the overall time that
is required to train and test birds on stimulus sets containing multiple go and nogo stimuli.

We found that nearly all birds (8 of 9) showed a strong response bias to activate the sensor
(go) during both go and nogo trials. This suggests consistent differences in the effectiveness
of the reward and punishment, residual effects from shaping, and/or motivational influences
(e.g. hunger). For example, preceding go-nogo training, birds were trained to “go” for food,
possibly creating or increasing a go response bias by rewarding the pecking behaviour. A
simple way to counteract response biases is to alter the reward or punishment duration. For
example, increasing the duration of the lights-out after a false alarm response could
attenuate the bias for birds to “go” by making the punishment more effective. The software
allows the user to change the duration of the reward and punishment to optimize learning as
training progresses.

In both cohorts, we observed individual differences in learning acquisition rates, response
profiles (Figs. 2; 3B; 4) and activity levels (trials/day) (Table 1). With the exception of
response biases to peck the sensor, we did not find systematic trends in response behaviour
during training that accounted for performance changes. Some birds showed abrupt
transitions in performance by dramatically decreasing misses and/or false alarms over few
training trials (Fig. 4A), while other birds showed gradual increases in performance for both
go and nogo stimuli (Fig. 4B). The variability in the learning curves was likely due to
individual differences in learning strategies, decision thresholds and/or the number of trials
completed per unit time (e.g. how many trials a bird initiated each day), all of which can
affect the individual rate of performance improvement (Gallistel et al. 2004).

The go-nogo method described here is designed to test hypotheses regarding perceptual
invariance and signal detection in songbirds. For example, what spectrotemporal features of
vocalizations serve as acoustic hallmarks for individual recognition? How good are
songbirds at detecting target signals in background scenes? Once subjects learn training
stimuli, probe stimuli that differ from training stimuli in the acoustic characteristics of
interest can be introduced. Hypotheses can be tested with this system by altering aspects of a
stimulus that are predicted to be essential for its recognition, with the expectation that the
manipulation of behaviourally-salient features will result in performance differences in
learned discrimination tasks. If a stimulus is modified beyond recognition or
discriminability, criterion performance should not recover on the probe discrimination task.
We include two training phases (baseline and transfer) in our go-nogo method so that we can
compare the latency to criterion between the probe and training phases because, after
baseline training, subjects are similarly proficient on the go-nogo task. A finer measure of
task difficulty that is currently absent in our system is reaction time. Although we did not
measure reaction time here, it can be measured using ARTSy (see Appendix).

Although we specifically demonstrated the success of ARTSy for training zebra finches to
classify vocalizations, ARTSYy is designed for use with any amenable species and stimuli
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that investigate sensory perception in any modality. The detectors, actuators, stimulus
presentation, reward and punishment can be modified independently to optimize the system
for a wide range of behavioural experiments. For example, the infrared detectors can be
replaced with physical detectors such as switches, buttons, levers, or lickometers. The digital
control of the feeder and booth light can be used to control other rewards and punishments
such as liquid reward or air puff punishment. The stimulus control and presentation can be
modified for use in olfactory or visual experiments, and the sound card used here (see
Appendix) could be substituted with a video card to display complex visual stimuli.

ARTSYy is designed to conduct multiple, simultaneous behavioural experiments and/or
simultaneous behaviour and electrophysiology experiments. The open-source code is written
in Matlab, which is broadly used in animal behaviour and neuroscience research. Currently,
four training and testing booths can be independently controlled using one computer, but
this number could be increased with straightforward modifications to the system.
Minimizing the number of computers needed to control multiple training booths allows for
high-throughput training and testing, and minimizes the physical space needed to operate a
training and testing system.

All of the features in our programs (e.g. timing parameters, training protocols) are
standardized for ease of use. The Appendix provides comprehensive descriptions of the
other automated training protocols and programs including classical conditioning, two-
alternative forced choice training and auditory preference tests.

A central goal of neuroethology is to elucidate the neural and behavioural mechanisms that
enable organisms to recognize and discriminate among communication signals that are
essential to survival and reproduction. Our auditory recognition training and testing system
produces high-throughput, dependable data and provides reliable results among multiple
subjects trained on different stimulus types that are consistent with the results of studies
using similar methods (Cynx & Nottebohm 1992; Cynx 1993; Cynx 1995; Benney &
Braaten 2000; Braaten et al. 2006). The software and hardware components can be easily
modified by the user to meet the demands of different behavioural paradigms and analyses.
General support for these modifications and instructions for building and running our system
are provided in the Appendix. Use of this system will facilitate laboratory studies that
contribute to understanding sensory perception in animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Oscillogram (top) and spectrogram (bottom) of example training sounds. A) Two example
long calls, each recorded from a different female. B) Three example songs. The top two are
exemplars of the same bird's song and the bottom is a song from a different bird. The gray
lines above the top and bottom song spectrograms highlight motifs which are repeated
within the 2 s stimulus.
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Figure 2.

Performance of all birds on baseline training. Cumulative performance of birds trained on
long calls (solid lines) and songs (dashed lines) over 100-trial blocks to criterion. Each line
shows the performance for an individual bird. All birds performed similarly during baseline
training, regardless of the stimulus type (N = 9). The black curve is the performance of an
individual bird representative of the median (Mdn + IQR =21 £ 15, N = 9) number of trial
blocks to criterion for cohorts 1 and 2 combined. The dashed gray line represents 50%
correct responses or chance performance; the solid gray line represents criterion (80%)
correct performance.
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A Trials to criterion with songs B Performance on transfer trials with songs
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Figure 3.

Trial blocks

Performance of cohort 2 on baseline training with calls and transfer training with songs. A)
Mean number of trial blocks to criterion on baseline (calls) and transfer (songs). Birds
reached criterion in fewer trial blocks during the transfer training compared to the baseline
training, P = 0.0093, N = 5. Error bars represent one SD. B) Cumulative performance of

birds on transfer training over trials to criterion, N = 5.
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A Performance on go and nogo trials with songs
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Figure 4.

Performance on go and nogo trials. A) Mean performance on go (black) and nogo (gray)
100-trial blocks for birds that were baseline trained with songs. The left and right panels
show data from two different birds. Most birds showed a consistent response bias to activate
the sensor, resulting in a larger percent correct for go than for nogo trials. B) Mean
performance on go and nogo trials for birds that were baseline trained on calls and
transferred to songs. Data to the left of the vertical dashed line show discrimination
performance for calls. Data to the right of the vertical dashed line show discrimination
performance after transfer to songs.
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