CHAPTER 7

THE EFFECTS OF EXPOSURE TO LIGHT AND HABITUATION
LEARNING ON LATERALIZED RESPONSES TO ODORANTS

INTRODUCTION

The aim of the research in th s chapter was to examine some of the factors that
might affect lateralized responses to odorants and to establish whether there is a
relationship between visual processing and lateralized responses to odorants. While it
has been established that stimulatioa of the visual system alters responses to auditory
stimuli (Lickliter, 1990), no such scnsory interaction between the visual and olfactory
systems of birds has been described. Moreover, exposing chick embryos to a relatively
low level of light, around 100 lux, on day 19-20 of incubation (day E19-E20), induces
neurochemical and structural asymm etries within the thalamofugal visual system (Zappia
and Rogers, 1983; Rogers and Boldzn, 1991; Johnston, 1995; sce Chapter 1, pages 21-
22). Tt is possible that light exposi re may influence lateralized responses to odorants.
Intersensory functioning was examned in the present experiment by exposing chick
embryos (o light before hatching a1id presenting an odorant together with a bead to

chicks with either the left or right nostril occluded.

The results reported in the previous chapter demonstrated that chicks incubated in
the light show lateralized response; to eugenol and allyl sulfide. For both of these
odorants there was a right nostril biis for responding. These odorants were used in the
present experiment to investigate whether asymmetrical stimulation of the visual system
influenced olfactory lateralization. The scores obtained from the first trial of the
experiment reported in this chapter wvere compared with the results reported in Chapter

6.
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The experiments reported in Chapter 4 indicated that chicks presented repeatedly
with an unscented, red bead show marked habituation of pecking, whereas head shaking
was unaffected by the repeated pres:ntations of the unscented stimulus. Although there
was no habituation for pecking or h:ad shaking when an odorant (iso-amyl acetate) was
presented repeatedly with differently coloured beads, it is not clear whether chicks would
habituate to an odorant presented together with a bead of the same colour. This was
addressed in this experiment by exposing chicks to the same concentration of odorant in

four consecutive trials.

The experiment also examine«d whether chicks show dishabituation of responding
when the odorant but not the colou: of the bead was altered. Eugenol and allyl sulfide
were again used, as the second odorant, as the results from Chapter 5 indicated that
chicks tested with either of these cdorants show markedly different responses. Thus,
chicks tested with eugenol during r2peated trials were presented with allyl sulfide in a
fifth testing trial, whereas those testzd repeatedly with allyl sulfide were presented with

eugenol during the fifth trial.

METHODS

This experiment used 225 chicks from 10 separate batches. Half of the eggs were
incubated in a completely darkened incubator (0 lux) held in a darkened room. The
remaining eggs were exposed to light (approximately 100-200 lux) between day E17 and
hatching. On the day of hatching the incubators were checked every hour and any chicks
that had hatched were removed frcm the incubator. Chicks that had hatched in~the
darkened incubator were detected by feeling them and thus 'dark-incubated’ chicks were
not exposed to light until after they t.ad hatched. All chicks were then placed into a light
(illuminated) incubator for a further 8 h. The chicks were housed until testing at 20-26

h post-hatching as in Chapter 2 (pag: 25).

Initially, each chick received two training trials with a white, unscented bead
presented for 20 s. Ten minutes after the second training trial one or other of the chicks'

nostrils was occluded with an unscer ted wax preparation, as detailed in Chapter 2 (pages
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39-41). Chicks were then returned .o their home cage for 10 min before the first testing
trial. In this trial, they were tested with either unscented stimuli or stimuli that were
scented with 10 pl of either eugenol or allyl sulfide. They were returned to their home
cage for 10 min and then retested. In total, each chick received five testing trials. The
odorant used during each trial is surr marised in Table 7.1. Chicks in the first group were
presented with unscented stimuli on each trial. Chicks in the second group were
presented with eugenol scented stinwli for the first four trials. During a fifth trial they
were presented with allyl sulfide scented stimuli. Chicks in the third group were
presented with stimuli scented witht allyl sulfide for the first four trials and they were
presented with eugenol scented stimuli during a fifth trial. The procedure used for

testing and the timings between trials were as described in Chapter 2 (see page 37).

Table 7.1 An outline of the odcrants used during each of five consecutive testing

trials
dorant used on each trial
Group 1 2 3 4 5
1 unscented unscente 1 unscented unscented unscented
23 eugenol eugenol eugenol eugenol allyl sulfide
38 allyl sulfide allyl sulfide allyl sulfide allyl sulfide eugenol

¥ The odorant was presented togeth :r with a red bead on each trial.
§ Note that a different odorant was ‘1sed on trial 5 for groups 2 and 3.

Chicks incubated in the light o- in a darkened incubator were randomly allocated to
each testing condition. Thus, there were a total of 24 groups that differed according to
the following conditions; incubation (light or dark), nostril in use (LN or RN), sex (male
or female) and odour (presented rzpeatedly with unscented, eugenol or allyl sulfide
scented beads). Enough chicks were tested such that there was a minimum of 7 chicks in

each of the 24 groups.
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The pecking and head shacing scores were analysed using non-parametric
statistical procedures outlined in Caapter 2 (see page 41). The data obtained for the
testing trials were analysed in three different ways. First, the pecking and head shaking
responses during the first training trial were analysed for comparison with the results of
Experiment 6.3. Thus, lateralized r2sponses were determined for chicks not previously
exposed to the odorant. The data was first separated by sex and incubation condition
and the head shaking and pecking scores from these groupings were analysed using the
Kruskal-Wallis test. The left-right ¢ ymparisons were of particular interest in this analysis
and separate Wilcoxon-Mann-Whitney tests were used to compare the head shaking and

pecking responses of LN and RN birds for each odorant.

The second type of analysis v/as used to determine whether chicks habituated to
beads presented in the first four testing trials. The Friedman test was used for the scores
obtained from each of the 24 groups of chicks. The results reported in Experiment 4.1
indicated that habituation of pecking, but not head shaking, occurs by the fifth
consecutive presentation of a red bead. Therefore, the scores from the first and fifth trial
were analysed using Wilcoxon sigred ranks tests to determine whether this predicted
pattern of habituation (for pecking but not head shaking) was affected by the various

testing conditions.

RESULTS

Responses during the training trizls

The pecking and head shaking scores during the training trials for each group of
chicks are presented in Table 7.2. There were no significant differences between any of
these groups for pecking or head shaking responses during the training trials (P>0.10).
This indicates that there was no bias in group allocation. The sample size of each group

is also presented in the table (n=7-12.).
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Table 7.2 Mean x SEM pecking ar d head shaking responses from the different groups
of chicks during the two training trials

Number of hezd shaking bouts Number of pecks
Group codef n Training trial 1 Training trial 2 Training trial 1 Training trial 2
DaMULN 11 0.18+0.12 0.27+£0.14 2.27 £ 0.69 391+£0.72
DaMURN 10 0.20+0.13 0.30+0.15 1.80 + 0.53 2.20+0.89
DaMELN 7 0.14+0.14 0.30 £ 0.00 2.00+1.07 1.43+0.92
DaMERN 13 0.08 = 0.08 0.08 £ 0.08 492+ 1.05 2.23+0.48
DaMALN 11 0.18 £0.18 0.09 £ 0.09 3.27+1.29 145+ 0.72
DaMARN 10 0.40+0.16 0.30+0.21 5.00+0.95 3.60x+1.17
DaFULN 8 0.13+0.13 0.00+0.00 2.50+1.02 138+ 0.46
DaFURN 9 033 +0.17 0.33+£0.17 3.11+1.27 2.89+0.84
DaFELN 11 0.09 £ 0.09 0.9 £ 0.09 2.36 £ 0.93 1.82 + 0.60
DaFERN 7 0.00 £ 0.00 0.43+0.43 2.86 + 0.86 2.57+0.81
DaFALN 8 0.13+£0.13 0.20 £ 0.00 325+1.24 1.75 £ 0.56
DaFARN 8 0.00 £ 0.00 0.13x0.13 3.38+1.13 2.88 +0.48
LiMULN 7 0.00 £ 0.00 0.14+0.14 5.14+1.74 371+ 1.36
LiMURN 12 0.08 + 0.08 0.17+0.11 1.75+ 048 2.67 £0.79
LiMELN 10 0.20+0.13 0.10+0.10 3.60 £ 0.92 270+ 0.73
LiMERN 9 0.33+0.17 0.22+0.22 2.67+£0.75 1.78 £ 0.83
LiMALN 12 0.17+0.11 0.08 £ 0.08 3.17+0.75 3.50+0.75
LiMARN 7 0.14+0.14 0.14+£0.14 329+1.11 1.86 + 0.88
LiFULN 11 0.09 + 0.09 0.00+0.00 3.82+1.29 291+1.00
LiFURN 7 0.00 £ 0.00 0.00 £ 0.00 1.14 + 0.51 0.71+£0.29
LiFELN 9 0.22+0.22 0.11+0.11 2,78 + 0.98 1.89 £ 0.45
LiFERN 10 0.00 £ 0.00 0.00 £ 0.00 3.00+0.98 2.60 + 0.81
LiFALN 7 0.00 £ 0.00 0.14+0.14 2.00 £ 0.69 0.29 £ 0.29
LiFARN 11 0.00 £ 0.00 0.00 £ 0.00 2.36+0.86 3.18+0.74
Kw 23.97 20.16 21.92 31.25
P 041 0.63 0.52 0.12

§ The group code indicates the inc 1bation condition (dark, Da; light, Li), sex (male, M;
female, F), odorant used during trials 1-4 (unscented, U; eugenol. E; allyl sulfide; A) and
the nostril in use (LN; RN). In particular, note that there were no significant differences
in the responses between each of th: groups. Analysis was performed using the Kruskal-
Wallis test.
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Responses to visual and volatile stimuli during the first testing trial

Analysis with the Kruskal-V/allis test indicated that male chicks displayed
differential head shaking and pecking responses during the first testing trial depending on
the odorant used and on the incutation condition (Light: head shaking: KW=20.62,
n=57, df=5, P=0.001; pecking: KW=12.91, P=0.02; Dark: head shaking: KW=23.47,
n=62, df=5, P=0.0003; pecking: KW=23.45, P=0.0003). A similar result was found for
the head shaking scores obtained fiom female chicks (Light: KW=29.11, n=57, df=5,
P<0.0001; Dark: KW=28.63, n=51. df=5, P<0.0001) but females pecked equally at
unscented or scented beads when uting the LN or RN, irrespective of their incubation

condition (Light: KW=7.46, P=0.19; Dark: KW=5.28, P=0.38).

Following the presentation of an unscented stimulus there were no significant
lateralizations in chicks incubated in the light (for males, pecking: z=0.17, P=0.86; head
shaking: z=0.60, P=0.55; and for fcmales head shaking: z=0.21, P=0.83; Figure 7.1).
There was a tendency for LN male:; incubated in the dark to peck more at unscented
beads than RN males (z=1.71, P=0.)9). However, there were no significant effects of
occluding either nostril and presen:ing chicks incubated in the dark with unscented
stimuli (males: head shaking: z=0.6(,, P=0.55; females: head shaking: z=0.09, P=0.93).
Thus, occluding either the left or rigat nostril did not greatly affect the chicks' behaviour

in response to the presentation of unscented stimuli.

The mean (+ SEM) number of head shaking bouts and pecks following the
presentation of eugenol is also preseited in Figure 7.1. Males incubated in the dark and
presented with eugenol shook their heads significantly more when tested using the RN
than using the LN (z=2.33, P=0.02). No such lateralization was found for males
incubated in the light (z=0.00, P=1.00; see Figure 7.1.A). There was also a significant
difference between the number of head shaking bouts between the two incubation
conditions for chicks tested with the LN (z=2.26, P=0.02) but not the RN (z=0.07,
P=0.94). There appeared to be a laieralized pecking response by males incubated in the

light towards beads scented with eugenol (see Figure 7.1.C) although the comparison
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Figure 7.1 Effects of exposure fo light on the lateralized responses to unscented
stimuli or stimuli scented with eujjenol. This figure presents the mean (+ SEM) head
shaking (A and B) and pecking (C a1d D) responses of male (A and C) and female (B and
D) chicks tested in one trial with the left (O) or right (M) nostril in use. The chicks were
incubated in the light or in a ccmpletely darkened incubator and were tested with
unscented stimuli, or stimuli that cntained 10 pl of eugenol. Comparisons were made
between chicks tested with the LN or RN for each odorant with the Wilcoxon-Mann-
Whitney test, t 0.10>P>0.05, * P<0 05, n=7-13 per group.
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between the scores from chicks tecsted as LN and RN was not significant (z=1.52,
P=0.13). However, there was a significant difference between the two incubation
conditions for the number of pecks 1nade by RN chicks (z=2.59, P=0.01) but not for LN
chicks (z=0.00, P=1.00). Thus, it appears that incubation in the light suppressed pecking
when chicks were tested using the FN but the incubation condition had no effect on the
responses of chicks tested using the LN. There were no significant LN-RN differences,
by males incubated in the dark, for he number of pecks at a bead scented with eugenol

(z=0.44, P=0.40).

Females incubated in the light and tested using the RN tended to shake their heads
more when presented with eugenol than LN females (z=1.76, P=0.08; Figure 7.1.B).
Females incubated in the dark did not show any lateralization for head shaking to
eugenol (z=1.05, P=0.29). There were no significant LN-RN differences for the number
of pecks at a bead scented with eugenol by females (dark: z=0.83, P=0.41; light: z=0.62,
P=0.53).

Males incubated in the light ar d tested using their left nostril tended to peck more
at stimuli scented with allyl sulfide tt an RN males (z=1.76, P=0.08; Figure 7.2.C). There
was a tendency for RN males incub: ted in the dark to peck more at a bead scented with
allyl sulfide than LN males incubated in the dark (z=1.81, P=0.07), despite similar bouts
of head shaking for RN and LN (dark: z=0.95, P=0.34; light: z=0.18, P=0.86; Figure
7.2.A). As shown in Figure 7.2.C, L. N males that had been incubated in the light pecked
more at a bead scented with allyl sulfide than LN males that had been incubated in the
dark (z=2.31, P=0.02). There was no effect of incubation condition on the number of
pecks by RN males (z=1.36, P=0.17). Thus, exposure to light during incubation elicited

pecking in males presented with ally. sulfide and tested with the LN but not the RN.

Female chicks did not demor strate head shaking responses to allyl sulfide that
were significantly lateralized (dark: z=0.98, P=0.33; light: z=0.11, P=0.91; see Figure
7.2.B). Furthermore, females preser ted with allyl sulfide showed no LN-RN differences
for pecking (dark: z=0.28, P=0.78; light: z=0.28, P=0.78; Figure 7.2.D).
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Figure 7.2 Effects of exposure 1o light on the lateralized responses to unscented
stimuli or stimuli scented with allyl sulfide. This figure presents the mean (x SEM)
head shaking (A and B) and peckinz (C and D) responses of male (A and C) and female
(B and D) chicks tested in one trial with the left () or right (M) nostril in use. The data
are presented as in Figure 7.1. Note that the data for chicks presented with unscented
stimuli are the same as those presenied in Figure 7.1.
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Habituation of responding to visual and volatile stimuli

Analysis of the data accordin;; to the odorant used revealed the expected pattern
(cf. Chapter 6) of response to the r:peated presentation of a red, unscented bead. The
chicks showed, overall, marked hab tuation for pecking (Friedman test: F,=66.91, n=75,
df=3, P<0.0001) but not head shaking (F,=2.27, P=0.52). Wherecas males showed a
greater amount of habituation for pecking (dark: F,=33.76, n=21, df=3, P<0.0001; light:
F=26.81, n=19, df=3, P<0.0001), fc males incubated in the light showed less pronounced
habituation for pecking (F,=11.25, n=18, df=3, P=0.01) and females incubated in
darkness did not demonstrate any significant habituation for pecking (F,=4.82, n=17,
df=3, P=0.19). Also, LN females incubated in the light showed habituation for pecking
whereas RN females incubated in the light did not (see Figure 7.3). There were no
significant effects of occluding the lc ft or right nostril on the pecking responses of males,

incubated in the light or in the dark, nor on females incubated in the dark.

When eugenol was presented .ogether with a red bead over four trials there was a
similar pattern of habituation, overall, for pecking (F,=36.49, n=76, df=3, P<0.0001).
This was not so for head shaking (F,=1.52, P=0.68). However, habituation for pecking
depended on the chick's sex, on the 10stril used at test and on incubation condition. RN
males showed habituation for peckir g (dark: F=16.22, P=0.001; light: F,=6.93, P=0.07,
see Figures 7.4.E and F), whereas LN males pecked at a similar level over the four
consecutive trials (dark: F,=0.77, P=0.86; light: F,=4.83, P=0.18). Females showed a
tendency for habituation of pecking if they were incubated in darkness and tested using
the RN (F,=6.64, P=0.08), but not tie LN (F,=2.10, P=0.55), whereas the opposite was
found for females incubated in the light (LN: F,=8.83, P=0.03; RN: F,=5.07, P=0.17; see
Figures 7.4.G and H). Thus, malcs irrespective of incubation condition and females
incubated in the dark showed habituation of pecking to eugenol scented stimuli when
tested using the RN but not the LN, whereas females incubated in the light, and
presented with eugenol, showed hab tuation of pecking when tested using the LN buf not

the RN.
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Figure 7.3 Habituation curves to unscented stimuli. This figure presents the mean (x
SEM) head shaking (A, B, C and D; and pecking (E, F, G and H) responses of male (A, B,
E and F) and female (C, D, G and ) chicks tested in four consecutive trials with the left
(O) or right (®) nostril in use. The chicks were incubated in the light or in a completely
darkened incubator as indicated by light or dark, respectively. Significant habituation of
responding over the four trials is indicated by *, P<0.05; NS indicates that there was no
significant habituation, P>0.05, Friedman test. Note that there was no significant
habituation for the head shaking response obtained from any of the groups and thus the
lack of significance is not indicated in the upper panels (A, B, C and D).



CHAPTER 7: EFFECTS OF LIGHT AND HAI ITUATION CN LATERALIZED RESPONSES TO ODORANTS

182

Number of head shaking bouts

Number of pecks

Eugenol
Males Females
A B C D
8
3 - - § 3 -
[=T]
L | é = L
2 - - 8 2+ -
g
i L 2 L L
et
(=]
T B % g1 -
A R E i
0 1l { 1 I | 0 1 1 i
Males Females
g E F 8 G H
6 - — »n 6 F —
3
L - 3 L
s 4
4 — u = -
NS 2
a - NS g ( ( /I/INS
* Z
2 - — 2 o
NS
. 5 H t - L
oLt 1 1 1 O N 0 ! [ [
Tral: 1 2 3 4 1 2 3 4 1 2 3 4 2 3 4
Dark Light Dark Light

Incubation condition

Figure 7.4 Habituation curves to stimuli scented with eugenol. This figure presents the
mean (x SEM) head shaking (A, B, '~ and D) and pecking (E, F, G and H) responses of
male (A, B, E and F) and female (C, D, G and H) chicks tested in four consecutive trials
with the left (O) or right (®) nostril i1 use. The data are presented as in Figure 7.3. Note
that there was no significant habituat on for the head shaking response obtained from any

of the groups and is not indicated on the graphs (A, B, C and D).
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In contrast to the responses to unscented stimuli or stimuli that were scented with
eugenol, an overall analysis indicaied that presenting allyl sulfide did not result in
significant habituation of pecking F=4.56, n=74, df=3, P=0.21) or head shaking
(F=5.61, P=0.13). From Figure 7.5 it can be seen that the head shaking and pecking

responses were relatively invariant over the four trials for most of the groups of chicks.

Despite the lack of habituation to allyl sultide there appeared to be a tendency for
differences between the responses of LN and RN females. In particular chicks incubated
in the light showed a tendency to chake their heads more using the LN than the RN
(Wilcoxon-Mann-Whitney test: z=1.69, F=0.09; comparing the total number of
responses of LN and RN over the fo ir trials; Figure 7.5.D) and RN females incubated in
the dark showed an overall tendency to peck more than LN females incubated in the dark
(z=1.80, P=0.07; Figure 7.5.G). Thus, there is a suggestion that incubation in the light,
for females only, induced a lateralization for head shaking in response to allyl sulfide
(LN>RN), whereas incubation in ‘he dark induced a lateralization for pecking in

response to allyl sulfide (RN>LN).

Although LN males incubated n the light and presented with allyl sulfide appeared
to peck more than RN males, this difference was not significant (z=1.48, P=0.13;
comparing the total number of responses of LN and RN over the four trials, Figure
7.5.F). There were no overall signiicant LN-RN differences between the number head
shaking bouts of males that had bee1 incubated in the light or between the responses of

males that had been incubated in the dark (Figures 7.5.A and E).

Dishabituation: Comparison of responses during the first and fifth testing trial
Chicks tested with unscented stimuli for the first four trials were also presented

with unscented stimuli during the fifth trial (see Figure 7.6). A comparison of the

responses during the first and fifth t1ial gave similar results to those presented in Figure

7.1. That is, there was habituation for pecking but not head shaking. There was a
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Figure 7.5 Habituation curves o stimuli scented with allyl sulfide. This figure

presents the mean (+ SEM) head sl aking (A, B, C and D) and pecking (E, F, G and H)
responses of male (A, B, E and F' and female (C, D, G and H) chicks tested in four
consecutive trials with the left (O) cr right (®) nostril in use. The data are presented as in
Figure 7.3. Note that there was n» significant habituation for the head shaking or the
pecking responses obtained from an:’ of the groups.
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Figure 7.6 Habituation of respoises to unscented stimuli. This figure presents the
mean (x SEM) head shaking (A anJd B) and pecking (C and D) responses of male (A and
C) and female (B and D) chicks tested with the left (O) or right (®) nostril in use. The
data are presented for trial 1 and 5 only, in which unscented stimuli were presented.
Significant habituation for responding between trials 1 and 5 is indicated by *, P<0.05; NS
indicates that there was no significant habituation, P>0.05, Wilcoxon signed ranks test.
Note that there was no significant h:bituation for the head shaking response obtained from
any of the groups and thus the lack of significance is not indicated in the upper panels (A
and B).
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significant decrease in pecking betw :en trials 1 and 5 for almost all of the groups. RN
females incubated in the light showed a similar decrease in pecking between trials 1 and 5

although this was not significant (Wilcoxon signed ranks test: z=1.47, P=0.14).

The results for chicks tested with eugenol in the first trial and with allyl sulfide in a
fifth testing trial are shown in Figure 7.7. Overall, there was an increase in head shaking,
and a suppression of pecking betwe:n the first and fifth trial. The head shaking results
for males incubated in the dark (Figure 7.7.A) were similar to those for females
incubated in the light (Figure 7.7.B). For these groups there was a significant difference
between the number of bouts of heac. shaking following the presentation of eugenol (trial
1) and allyl sulfide (trial 5) for LN chicks (males: z=2.20, P=0.03; females: z=2.02,
P=0.04) but not the RN (males: z=0.98, P=0.33; females: z=1.26, P=0.21). The
lateralization for head shaking indicates that 'dark-incubated' males and 'light-incubated'
females do not discriminate between eugenol and allyl sulfide if they are tested using the
RN, whereas differential responses ¢ re found to eugenol and allyl sulfide if these chicks
are tested using the LN. Also, tiey showed a significant suppression of pecking,
between trials 1 and 5, if they were tested with the RN (males: z=3.18, P=0.002; females:
z=2.37, P=0.02) and a tendency to suppress pecking when tested with the LN (males:
z=1.77, P=0.08; females: z=1.75, P=).08).

Females that had been incubat:d in darkness and tested with eugenol followed by
allyl sulfide showed a significant increase in the number of head shaking bouts between
trials 1 and 5, irrespective of which nostril was used (LN: z=2.52, P=0.01; RN: z=2.20,
P=0.03; Figure 7.7.B). Males incubated in the light also showed a similar increase in
head shaking, between trials 1 and 5, although this was significant only for those tested

using the RN (z=2.20, P=0.03) and rot the LN (z=1.42, P=0.16).

Females incubated in the dark: pecked at the same level to beads scented with
eugenol or allyl sulfide (LN: z=1.42, P=0.16; RN: z=1.18, P=0.24; Figure 7.7.D). By
contrast, LN and RN males incubat:d in the light showed a significant suppression of

pecking between trials 1 and 5 (LN: z=2.55, P=0.01; RN: z=2.20, P=0.03). This pattern



CHAPTER 7: EFFECTS OF LIGHT AND HA BITUATION ON LATERALIZED RESPONSES TO ODORANTS

187

Eu;zenol then allyl sulfide

Males Females
A B

I 2
£ st £
[=1] o0
g L g L
é NS q 2 *
9 2+ K 2
g | a8 | NS
S S * *
5 NS 8 L
2 2
E | E |
Z * Z

oL l I | oL 1 |

Males Females
C D

8 — 8 —

6 |- 6

4 4
& &
[} . [} -
; N
E 2 f § 2 NS *
z i * x Z |} NS T

oL _ I 1 * oL _1 ! ! |

Trial; 1 5 1 5 5 1 5
Dark Light Dark Light

Incubation condition

Figure 7.7 Effects of repeated presentations of eugenol-scented stimuli on the
response to allyl sulfide. This figu:e presenis the mean (+ SEM) head shaking (A and B)
and pecking (C and D) responses of male (A and C) and female (B and D) chicks tested
with the left (O) or right (@) nostr 1 in use. The data are presented for trial 1, in which
eugenol-scented stimuli were preseited and trial 5, in which allyl sulfide-scented stimuli
were presented. The data are presented as in Figure 7.6. The symbols * and NS are as in
Figure 7.6.
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Figure 7.8 Effects of repeated presentations of allyl sulfide-scented stimuli on the
response to eugenol. This figure pr:sents the mean (+ SEM) head shaking (A and B) and
pecking (C and D) responses of male (A and C) and female (B and D) chicks tested with
the left (O) or right (®) nostril in use. The data are presented for trial 1, in which allyl
sulfide-scented stimuli were present:d and trial 5, in which eugenol-scented stimuli were
presented. The data are presented as in Figure 7.6. Note that there was no significant
habituation for pecking and thus the lack of significance is not indicated in the lower
panels (C and D). The symbols * ard NS are as in Figure 7.6.
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of pecking was the same as that found for males incubated in the light and presented with
unscented stimuli (Figures 7.6.C ani D). Thus, males presented with stimuli scented
with eugenol in four consecutive trials demonstrated an increase in head shaking and a

decrease in pecking when they were resented with allyl sulfide in a fifth trial.

The chicks tested in the reverse condition, presented with allyl sulfide and then
eugenol, showed that there was a significant suppression of head shaking by females
between trials 1 and 5 (Figure 7.8 3), whereas males (Figure 7.8.A), overall, did not
show this. Therefore, females showad differential responses to allyl sulfide and eugenol
irrespective of the order wiih which they were presented. By contrast, males shook their
heads equally to these two odorants only if allyl sulfide was presented during the first
four trials and eugenol presented in . fifth trial. There were no significant differences in
the amount of pecking between trial; 1 and 5 for any of the groups (Figures 7.8.C and

D).

DISCUSSION

The lateralization for head shiking found in females presented with eugenol is
consistent with the results reported in Chapter 6. RN females incubated in the light
shook their heads more than LN females. It appears that such laterality was induced by
exposure to light during the latter past of incubation, as RN and LN females incubated in
the dark demonstrated non-lateralized, low levels of head shaking. Males incubated in
the light did not show a nostril bius for head shaking following the presentation of
eugenol. For males, it appears that ight may have removed the lateralization, as males
incubated in the dark show a right rostril bias for head shaking to eugenol. Thus, the
lateralizations reported for females in Chapter 6 are confirmed, and they do not appear to
have been influenced by prior binarial exposure to the odorant. However, the tendency
for a right nostril bias of males to eugenol shown in Chapter 6 was not evident for chicks

incubated in the light and naive to the odorant.
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The effect of exposure to light on the lateralized responses to odorants reported
here differs from the effect of exposure to light on the structural (Boxer and Stanford,
1985; Rogers and Sink, 1988) and functional (Rogers, 1982) asymmetries within the
visual system (see Chapter 1, pages 21-22). Males and females that have been exposed
to light have lateralized thalamofigal projections but there is a greater degree of
asymmetry found in males than femiles (Rogers and Sink, 1988; Rajendra and Rogers,
1993). There is also a differental effect of light exposure on functional, visual
asymmetries, as females have less asmmetry than males for monocular performance on a
food discrimination task (pebble-floor test; Rogers, 1982). A similar differential pattern
of asymmetry was revealed in the pr:sent experiment, that is males were lateralized to a

greater degree than females but this was found for chicks incubated in darkness.

The differential "olfactory" asymmetry between males and females may have been
due to differential levels of circulating hormones before hatching. Injecting the embryo
with either of the sex steroid hcrmones, testosterone or oestrogen, prevents the
development of asymmetries within the thalamofugal visual system (Schwarz and
Rogers, 1992; Rajendra and Rogers. 1993). Although both sexes have similar levels of
testosterone during the last three days of incubation, female embryos have higher levels
of oestrogen than male embryos (Taiabe et al., 1979). Therefore, the asymmetry found
for dark incubated males, but not fernales, may have been due to lower overall hormone

levels in males.

It is possible that testosterone acts on non-visual regions to affect lateralization.
For example, an intramuscular injecton of testosterone on day 2 post-hatching induces a
structural asymmetry of the medial habenular nucleus in male but not female chicks
(Gurusinghe et al., 1986). Although the role of the habenular nucleus in the chick is
uncertain, it is associated with sexua. behaviour in the rat (Sutherland, 1982) and Reiner
and Karten (1985) have suggesied that the habenular nucleus is involved in
interhemispheric transfer of olfactory information in the pigeon. Thus, the asymmetry for
head shaking to eugenol shown in dark-incubated males may be influenced by circulating

steroid hormone levels.
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There was an additional effec. of exposing males to light during the latter part of
incubation. They showed a suppression of pecking when presented with eugenol and
tested using the RN but not the LIN. Thus, exposing chicks to light and testing them
with eugenol increases the level of I ead shaking in LN males but not in RN males. The
same condition suppresses the level of pecking in RN males but not LN males. As
mentioned earlier, there is a greater degree of laterality in the structural projections
within the thalamofugal visual system of male compared to female chicks. Given that
pecking is evoked by visual cues (cf. Chapter 3), this may explain why there was a
greater effect of light on males and not females. The absence of asymmetry for head
shaking, but the presence of asymm:try for pecking, in light-incubated male chicks must
be the result of an interaction be ween the visual and olfactory systems. That is,
stimulation by light prior to hatch ng and the circulating hormone levels interact to
produce an asymmetry for pecking, but nor. for head shaking. Moreover, these results
may indicate that, for males, brain rzgion(s) within the right hemisphere are responsible

for the suppression of pecking.

There was also an effect of ex yosure to light on the pecking response of males but
not females tested with allyl sulfide. For these chicks, light exposure stimulated pecking
in LN males but had no effect on the amount of pecking by RN males. Taken together
with the results obtained from mal>s presented with eugenol, it could be argued that
stimulation of the right nostril (and mainly the right hemisphere) suppresses pecking,
whereas stimulation of the left nostril (left hemisphere) stimulates pecking. This
hypothesis is consistent with previcus studies (Parsons and Rogers, 1993) which have
indicated that a region(s) within the right but not the left hemisphere is (are) responsible
for the suppression of pecking in response to the repeated presentation of a small bead

(see Discussion in Chapter 6).

Presenting a bead of the sam: colour together with an odorant (eugenol or allyl
sulfide) over four consecutive trials did not result in habituation for head shaking.
Habituation for pecking was found following the repeated presentations of eugenol but

not allyl sulfide. Moreover, this effect did not depend on the sex of the chicks,
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suggesting that chicks continue to peck at a bead which is scented, albeit at lower levels
than to unscented stimuli. Presenting an odorant suppresses pecking but the chicks still
direct one or two pecks at the beal even by the fourth presentation. One might have
expected a chick to avoid a scent:d bead after repeated exposures as, for example,
chicks show avoidance to a bitter tasting bead, such as that used in passive avoidance
learning (Cherkin and Lee-Teng, ' 965; Cherkin, 1969; Andrew et al., 1981; Gibbs,
1991; Rose 1991).

However, these results show that chicks do learn about specific odorants as they
did not generalise across odorant.. That is, chicks presented repeatedly with one
odorant, such as eugenol, show mar<edly different responses when they are subsequently
presented with a different odorant, such as allyl sulfide. This did not appear to depend
on the nostril used at test or the conditions in which the chick was incubated. The only
result which does not fit this pattein was that of males presented repeatedly with allyl
sulfide. They appeared to generalise, for head shaking only, from allyl sulfide to eugenol.
This generalisation of responding miy be related to the transfer between the RN and LN
described in Chapter 6 which was tound only for males presented with allyl sulfide. It
would be interesting to investigate v/hether this generalisation is due to the way in which
the memory of allyl sulfide is proce;sed and stored or whether this represents a form of

cross-adaptation to specific odorants by male chicks.
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CONCLUSIONS

This experiment demonstrates that lateralized responses to odorants are affected by
exposure to light during incubation. This intersensory effect is also influenced by
circulating hormone levels as dark-incubated males showed greater lateralization to
eugenol (right nostril bias) than dar<-incubated females, whereas incubation in the light
reversed this pattern of asymmetry The light-induced asymmetries involved both the
visual and olfactory systems as pec<ing, predominantly evoked by the visual cues, was

lateralized in males but not females to beads scented with allyl sulfide.

There was no habituation for 1ead shaking following repeated presentations of the
same concentration of odorant pres¢nted together with a red bead. Moreover, there was
no habituation for pecking at beads scented with allyl sulfide, although chicks pecked at a
low level in each trial. It would 10w be of interest to determine whether the chick

associates an odorant with a specifi: visual stimulus and whether it can form a memory

of the odorant.



CHAPTER 8

RELATIVE IMPORTANCE OF ODOUR AND TASTE IN THE
PASSIVE AVOIDANCE LEARNING BEAD TASK

INTRODUCTION

The experiments reported in this chapter tested whether chicks can form an
association between bead colour anc. the odour of an aversant. The approach taken was
a modification of the passive avoidaace learning (PAL) task, which is used frequently to
study memory formation in day-old chicks (Cherkin and Lee-Teng, 1965; Cherkin, 1969;
Gibbs et al., 1977; Andrew et al., 1¢81; Gibbs, 1991; Rose 1991).

The PAL task involves presenting a chick with a small coloured bead (either red or
chrome) which has been coated with the bitter-tasting aversant, methyl anthranilate
(MeA). Chicks that peck at the bead show a typical disgust response, including
increased vocalisation, opening and :losing of the bill, eye closure, beak wiping and head
shaking and they avoid pecking at 1 similarly coloured bead presented 10 min to 48 h
later (Cherkin, 1972), although they will peck at a bead of a different colour (Gibbs et

al., 1977). The chicks associate aversive taste with bead colour.

The results reported in Chaptzr 7 demonstrated that there was no habituation of
responding following repeated presentations of allyl sulfide together with a red bead.
This result suggests that although chicks suppress pecking to an unpleasant odour they
may not learn to associate that odour with the bead colour. The question to be
addressed here is whether they might associate the aversive odour of MeA with bead

colour or whether taste is the only s¢nsation used in learning such an association.

The involvement of odours in the PAL task has not been investigated even though
MeA has a distinctive odour. The results from Chapter 5 indicate that chicks detect a

range of odours, including MeA, when they are paired with a coloured bead. To
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examine the relative importance of colour, taste and odour in PAL it was first important
to see if the apparatus used for the experiments in this thesis was suitable for testing
chicks in the standard PAL task. This was considered to be important because the
stimulus used was somewhat more visually complex than a simple bead, consisting of a
white sample cup and glass rod, usec. in all of the trials, as well as a coloured bead. If the
standard apparatus used in the experiments reported in this thesis was suitable for testing
PAL in chicks, the aim was to prescnt different combinations of the odour and taste of

MeA to investigate their relative importance in PAL.

EXPERIMENT 8.1: TESTING CHICKS IN A MODIFIED ONE-TRIAL PASSIVE
AVOIDANCE L ZARNING TASK

Methods

A total of 16 chicks (5 males ¢nd 11 females), incubated in the light and housed as
described in Chapter 2 (see pages 2¢-25), were used in this experiment. The procedures
used for training and testing were similar, although not identical, to those used in the
PAL task. Several of the frequenty used procedures for PAL are indicated in Table
8.1.1. The test used in this experiraent, therefore, used a modified PAL task and was
designed to be comparable with the timings reported in this thesis, rather than to
compare directly with previous studies using PAL. The procedure for training and

testing in this experiment is also summarised in Table 8.1.1.

Chicks received three pre-trairing trials, each lasting 10 s and separated by 10 min,
in which the coloured bead was attached to an unscented sample cup. A white bead was.
used in the first pre-training trial, a red bead for the second and a dark blue bead was
used in the third pre-training trial (examples of the bead colours used are shown in
Figure 2.3, page 29). Ten minutes ¢ fter the third pre-training trial chicks were presented
with a red bead that had been dipped in MeA. During this "training" trial the bead was

presented for 20 s. A new bead was used during each of the testing trials.
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Table 8.1.1 Summary of the proccdures frequently used in the PAL task

Pre-training Triining Testing
W-5-W-10-R-5-B- 120-RR-x R-5-B Andrew et al. (1981)
C-20-R-3-B- 30-Ru-x R-3-B Gibbs et al. (1977)
W-5-W-5-W-C- 10-Cr-x Cc Rose and Jork (1987)
W-10-R-10-B- 1J-Rxx-10 R-10-B this study

This table presents several of the procedures frequently used in the PAL task (cited in
Andrew 1991, p.29). Each of the jrocedures uses different combinations of white (W),
chrome (C), red (R) or blue (B) beads. The interval between each presentation varies;
some are fixed (at an interval of 3-1.20 minutes), whereas the period after training (x) with
a bead coated in the bitter tasting M eA (denoted by 1) is usually varied to study the time-
course of memory consolidation. Tl us, a modified PAL task was used in the present study
for comparison with the timings (10 min inter-trial interval) used throughout this thesis.
Note that in this chapter 'training’ 1s used to denote the trial on which the MeA coated
bead was presented, and not for the presentation of unscented, white beads as described in
Chapter 2, and used in the preceding chapters.

Chicks were then tested 10 min after the training trial in a further two trials each
lasting 10 s. A red bead, attached to an unscented sample cup, was presented in the first
of these trials. A blue bead attached to an unscented sample cup was used in the second
trial. In each trial the number of pccks made at the bead and the number of bouts of
head shaking were scored according to the methods described in Chapter 2 (pages 37-
39).

Chicks that failed to peck at lei.st once at either the red or the blue bead during the
pre-training or testing trials were excluded from the experiment and thus not included in
the analysis. Also, those which failed to peck at the red bead during training were
excluded. The head shaking and pecking scores were analysed according to the non-
parametric statistical procedures outlined in Chapter 2 (page 41). In addition, a
discrimination ratio was calculated as the number of pecks at the blue bead divided by
the total number of pecks at the red aad blue beads during testing (Gibbs, 1991). Thus, a

discrimination ratio of 0.5 indicated r o avoidance of the red bead, whereas a ratio of 1.0
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demonstrated avoidance of the red tead. Calculation of the discrimination ratio differed
from that of Gibbs (1991) as the results from chicks that did not peck at the blue bead
during testing were included in the analysis. In addition, a discrimination fatio was
calculated, as described above, for the number of pecks at red and blue beads during pre-
training. Each of the mean discrimination ratios was compared to a ratio of 0.5 (pecked

equally at red and blue beads) using 'he Wilcoxon signed ranks test.

Results

Four chicks were excluded fro n the analysis as they failed to peck at either the red
or blue bead during the pre-training trials. Thus, the sample size was reduced to n=12.
The mean (+ SEM) pecking and heac. shaking responses during the first pre-training trial
(white bead) were 1.25 + 0.37 and 1).17 + 0.17, respectively. As this trial was used to
familiarise each chick with the testing apparatus, these results were not included in the

analysis.

There was a significant differe 1ce between the remaining five trials (when either a
red or a blue bead was presented) for the pecking (Friedman test: F=31.82, df=4,
P<0.001) and the head shaking responses (F,=24.52, P=0.001; see Figure 8.1.1). There
were no significant differences in the chicks' responses to either a red or a blue bead
during the pre-training trials (Wilcoxon signed ranks test: pecking: z=1.14, P=0.26; head
shaking: z=0.67, P=0.50). All of thc chicks pecked at the bead after it had been dipped
in MeA, although they pecked signif cantly fewer times than during pre-training (z=2.80,
P=0.005). All chicks shook their heads significantly more following the presentation of
the red bead dipped in MeA than following the presentation of a clean, unscented red
bead during pre-training (z=3.06, P=0.002). These results are presented in Figure 8.1.1.
They also closed their eyes and madc swallowing and bill clapping movements that were
not observed during pre-training. Thus, they showed the typical disgust responses that

are associated with the PAL task.
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Figure 8.1.1 Mean (+ SEM) number of bouts of head shaking (A) and pecks (B) by
chicks trained on the PAL task. Chicks were presented with a red (O) and then a blue
bead (&) attached to an unscented sample cup during pre-training. This was followed by
a single training trial, in which a 1ed bead that had been dipped in MeA was presented
(). Chicks then received two testing trials with a red (O) and then a blue bead (82), both
of which were dry and unscented. 1:ach test was separated by 10 min, The mean number
of head shaking bouts during training (A) was significantly higher (* P<(.05) than the
responses during pre-training or testing. Means annotated with different scripts (B)
differed significantly, P<0.05, post 10c Wilcoxon signed ranks test, n=12,
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At test, they pecked significantly more at the blue bead than at the red bead
(z=3.06, P=0.002). Despite this, cticks showed a tendency to peck less at a blue bead
during testing than in pre-training (z=1.73, P=0.08). There were no significant
differences between the amount of head shaking to the red or blue beads (z=1.60,

P=0.11) and the amount of head shaliing was the same as in the pre-training trials.

There was a significant differcnce between the discrimination ratio calculated for
pecking during pre-training and testing (z=2.82, P=0.005; see Figure 8.1.2). Chicks did
not discriminate between red and blue beads during pre-training (the discrimination ratio
was not significantly different from ).5; z=1.06, P=0.29). They did discriminate during
testing, the discrimination ratio being significantly higher than 0.5 (z=3.06, P=0.002).
They pecked more at a blue than a red bead during testing. Calculation of a
discrimination ratio for head shaking, using the same criteria for pecking, was not

possible as only four chicks (33%) shook their heads during the testing trials.
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Figure 8.1.2 Discrimination ratio for pecking during the PAL task. Mean and SEM
are presented during pre-training ar d testing. The dashed line represents a ratio of 0.5 or
equal responses to red and blue beids. Note that chicks pecked significantly more at a
blue bead during testing, indicated by a discrimination ratio significantly higher than 0.5,
P<0.05 (one-sample Wilcoxon singc d ranks tzst).
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Discussion

This experiment indicates that chicks can be trained to avoid pecking at a red bead
that has previously been coated wit1 the bitter-tasting methyl anthranilate (MeA) using
the apparatus designed for use in prcvious chapters and with the bead coated with MeA.
Thus, when chicks are presented w th an unscented stimulus they respond primarily to
the bead, and not to the other visua aspects of the stimulus, such as the glass tubing or

to the white sample cup.

On average chicks directed slightly fewer pecks to the blue bead during testing
than during pre-training. This may be explained by some generalisation of inhibition of
pecking to the blue bead as a result ¢ { the aversive training with a red bead. There was a
marked suppression of pecking towards the red bead, compared to the blue bead, during
testing. The discrimination ratio obiained in this experiment (0.89) was similar to those
reported previously at 10 or 20 min following training with the bitter-tasting bead (0.93;

Gibbs, 1991).

In summary, this experiment ¢emonstrated that chicks will learn to avoid pecking
at a bead, which had been previously coated with MeA, within 10 min of training. Thus,

the apparatus used throughout this thesis was suitable for testing PAL in chicks.

EXPERIMENT 8.2: RELATIVE IMFORTANCE OF ODOUR AND TASTE IN PAL

The aim of this experiment was to examine the relative importance of taste and
odour cues in PAL by presenting 1-day-old chicks with different combinations of visual,

olfactory and gustatory stimuli.

Methods

Seventy-eight chicks (n=42 males and 36 females) from 4 separate batches were
used in this experiment. Incubation in the light and housing conditions were as described
in Chapter 2 (see pages 24-25). Treatments were randomised across all batches and the

time of testing was the same as that illustrated in Figure 2.1 (see page 26).
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Chicks received three pre-training trials, each lasting 10 s and separated by 10 min
as in Experiment 8.1. Training began 10 min after the third pre-training trial, with a red
bead for 20 s in one of four possible :onditions. Chicks in the first group were presented
with an unscented stimulus. A secoid group was presented with the odour of MeA by
applying 10 pl of odorant to cotton ‘vool contained in a sample cup to which a clean red
bead had been attached. For the third and fourth groups, the bead was dipped in MeA
immediately before presentation, suca that they were able to taste the MeA after pecking
the bead. A new bead was used on each trial. Half of the chicks (group 3) presented
with a bead that had been dipped i1 MeA had had both nostrils temporarily occluded
with a wax preparation approximately 120 s before training according to the procedure
outlined on pages 39-41. For this group, the wax was removed approximately 120 s
before testing (see below). The four h group were able to taste and smell the MeA when
they pecked at the bead during training. Thus, this experiment consisted of chicks that
were bresented with either the red bead (‘unscented' group), the red bead and odour
(‘odour' group), the red bead and taste but not odour ('taste’ group with nostrils

occluded), or the red bead plus taste and odour ('taste and odour' group).

Chicks were tested 10 min aftcr training in two further trials, each lasting 10 s, in

which clean, unscented beads were p :esented as in Experiment 8.1.

Results

The number of chicks included in the data analysis is given in Table 8.2.1. Two
chicks were not included in the analysis as they failed to peck at either the red or the blue
bead during pre-training. A further s x chicks were excluded as they failed to peck at the
red bead during training and 2 chicks were excluded as they did not peck at the red or
blue bead during testing. Thus, the final data set consisted of scores obtained from 70

chicks with n=15-19 in each group.

The mean (+ SEM) head shaking and pecking scores obtained from each group of

chicks during the three pre-training trials are presented in Table 8.2.2. There were no
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Table 8.2.1 Number of chicks included in the analysis and those which failed to reach
the criteria for inclusion in the analysis

Number of chicks not included in analysis &

Number of chicks
Group included in analysis Pre-training Training Testing
Unscented 19 0 2 0
Odour 18 0 1 0
Taste 15 2 1 0
Taste and Odour 16 0 2 2

1 These values indicate the number of chicks that were excluded from the analysis as they
failed to peck at either the red or blue bead during pre-training, did not peck at the red
bead during training or did not peck at either the red or blue bead during testing.

Table 8.2.2 Mean = SEM number of head shaking bouts and pecks to beads of
different colours used during the | re-training trials

Behaviour Group White Red Blue
Head shaking Unscented 0.11 £0.07 0 0.05 £ 0.05
Odour 0.06 £ 0.06 0.11+0.11 0.06 £ 0.06

Taste 0.40 £ 0.16 0.07 £ 0.07 0

Taste and Odour 025+£0.14 0.19+0.14 0.13+£0.09

KW ¢ 5.34 242 2.19

P 0.15 0.49 0.53
Pecking Unscented 2.79£0.78 6.05+0.64 5.37+0.67
Odour 2.94:+£0.52 6.28 + 0.44 5.61+0.57
Taste 4.00 £ 0.68 6.27+1.01 5.93x0.67
Taste and Odour 331095 5.88+0.48 5.50+0.47

KW 3 3.15 0.44 0.47

P 0.37 0.93 093

{ The data tabulated above were ana ysed with the Kruskal-Wallis test, df=3, n=70.
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significant differences (Kruskal-Wallis test: P>0.05) between the responses of chicks
allocated to each of the four groups during any of the pre-training trials. Thus, there was

no bias in allocating the chicks to each group.

Although the aim of this experiment was not to look at sex differences, there was a
significant difference between the discrimination ratio for males and females during pre-
training (Wilcoxon-Mann-Whitney “est: z=3.20, P=0.001). The discrimination ratio for
females (0.42 + 0.02) was significintly lower than a ratio of (.5, indicating that they
pecked more at a red than at a blue bead (z=3.06, P=0.002). By contrast, the
discrimination ratio for males (0.51 = 0.02) did not differ significantly from 0.5,
indicating that they pecked equally it the red and blue beads (z=0.75, P=0.45). Despite
this, there were no sex differences in the discrimination ratio calculated from the pecking
scores obtained in testing (z=0.05, #=0.96). Both females and males pecked significantly
more at a blue compared to a red bead (males: z=4.15, P<0.001; females: z=2.81,
P=0.005). There was no overall significant difference between the discrimination ratio
for chicks in the various groups duing pre-training (KW=0.67, P=0.88), when the data

for males and females were pooled.

The mean (+ SEM) head shaking and pecking scores displayed by each group of
chicks during training and testing are presented in Table 8.2.3. Also included in this
table are the results from sepa-ate statistical analyses (Kruskal-Wallis test) for
heterogeneity of data for each trial. There was a significant effect of the training
condition on the number of bouts of head shaking displayed by chicks during training and
testing. As predicted, chicks in tke 'taste’ or the 'taste and odour' group shook their
heads significantly more than those in the 'unscented' or 'odour’ group during training.
However, chicks in the odour group shook: their heads significantly more than those in

the unscented group, indicating that they had detected the MeA odour.
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Table 8.2.3 Mean + SEM peck.ng and head shaking responses to the different
coloured beads used during training and testing
Training Testing
Behaviour Group Redx Red Blue
Head shaking Unscented 0.114:0.07¢ 0.05+0.054 0.05+0.054
Odour 0.56 4 0.17 b 0.17+0.12¢ 0.06 £ 0.06
Taste 8331:102¢ 0.40 + 0.16 o 0 ¢
Taste and Odour 9.751:0.71¢ 0.88+0.20°% 0.50+0.18 %
Kwi 54.44 17.57 13.77
P «<0.0001 * 0.0005 * 0.003 *
Pecking Unscented 6.001:0.77 @ 374+ 0.63 ¢ 4.05 +0.61
Odour 5000824 222+052° 3.83+0.46
Taste 22740510 1.07+048¢ 3.93+0.71
Taste and Odour 2.194037° 094+021°¢ 3.50+0.47
KW # 19.81 16.94 0.57
P 0.0002 * 0.0007 * 0.90

% The responses obtained from each group of chicks were analysed with the Kruskal-
Wallis test, df=3, n=70, *P<0.05. eans annotated with different scripts within a single
column for each behaviour were sig ificantly different from each other (P<0.05, post hoc
Wilcoxon-Mann-Whitney test)

There was also a significant ¢ffect of the training condition on the chicks' head
shaking responses during testing (sec: Table 8.2.3). Chicks in the taste and odour group
shook their heads significantly more than those in either the unscented or odour group
during both of the testing trials. An intermediate level of head shaking was displayed by
chicks in the taste group when they vere presented with the red bead during testing, but

none of these chicks shook their heacs when they were presented with a blue bead.

Chicks in the taste or taste and odour group pecked significantly fewer times at the
red bead during training than chicks in the unscented or odour groups (see Table 8.2.3).
During the first testing trial, when a clean red bead was used, chicks in the odour group
pecked significantly less than chicks trained on an unscented bead. Although chicks in
the taste group and in the taste and ddour group pecked equally at the red bead during

testing, this was significantly lower than the number of pecks made by chicks in either the
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unscented or odour group. There were no significant differences between the four
groups for the amount of pecking fo lowing the presentation of a blue bead in the second

testing trial.

A discrimination ratio based on head shaking during the testing trials revealed no
significant differences between grouvps (KW=3.78, P=0.29). However, the number of
chicks shaking their heads (in parer thesis) and the mean (+ SEM) discrimination ratios
were 0.5 + 0.5 (n=2) for the unscer.ted group, 0.33 + 0.33 (n=3) for the odour group,
0.00 %= 0.00 (n=5) for the taste group and 0.32 + 0.10 (n=11) for the 'taste and odour’
group. The discrimination ratio obtained for chicks in the taste group differed
significantly from a ratio of 0.5 (z=2.02, P=0.04), indicating that they shook their heads
more to a red than a blue bead. The discrimination ratio for chicks in the 'taste and
odour' group although in the same cirection as for the taste group did not differ from a
ratio of 0.5 (z=1.54, P=0.12). Morcover, chicks in the 'taste and odour' group appeared
to generalise for head shaking to the red and blue beads presented in the testing trials,
which were unscented, as they shcok their heads significantly more to both of these

beads than chicks in the unscented g ‘oup.

There was no significant differznce between the discrimination ratios calculated for
each group of chicks during pre-training (KW=0.67, P=0.88, see Figure 8.2.1). Chicks
in each of these groups pecked to tie same extent at red and blue beads. There was a
significant effect of the training condition on the chicks' response to red and blue beads
during testing (KW=13.23, P=0.004 . Post hoc analysis revealed that chicks in the odour
group had a discrimination ratio that was significantly higher than those in the unscented
group (z=2.13, P=0.03) but which cid not differ from chicks in either the taste (z=0.97,
P=0.33) or taste and odour (z=1.65, P=0.10) groups. Those trained with unscented
stimuli pecked equally at red and tlue beads (z=0.33, P=0.74), whereas chicks in the
remaining groups had discrimination ratios that were significantly higher than 0.5 (odour:
z=2.97, P=0.003; taste: z=2.35, P=0.02; taste and odour: z=3.30, P=0.001) and thus the

chicks in these groups pecked more it a blue compared to a red bead.
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Figure 8.2.1 Mean (x SEM) dis:rimination ratio for chicks trained with different
combinations of the taste and odcur of Me¢A. The chicks were trained in the following
groups; unscented (L), odour (2), taste (B) or taste and odour (M). The discrimination
ratio was calculated separately for pre-traimng and testing. The dotted line represents a
ratio of 0.5, or equal responses to 1ed and blue beads. Means annotated with an asterisk
were significantly (P<0.05) differer t to a ratio of 0.5. There was no significant difference
(P>0.05) between the discrimination ratios during testing for chicks trained with different
combinations of odour and taste.
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Discussion

This experiment demonstrates that chicks associate odour as well as gustatory cues
with the colour of the bead in the PAL task. Chicks that were trained on odour alone
directed fewer pecks at the red bead compared to those trained with a bead which was
unscented, and trained with the taste or taste and odour of MeA also showed a

suppression of pecking to the red but not a blue bead.

There were no significant dif ‘erences between the discrimination ratios of chicks
trained on different combinations of odour and taste, although there was a trend for the
discrimination ratio to be higher in tae taste and odour group (0.81). For this group, the
discrimination ratio was slightly lower than that reported in Experiment 8.1 (0.89) but
this difference was not significant (:=1.19, P=0.23). However, it may be that the white
sample cup, which was used on each trial, contributed to the slightly lower ratios found

here compared to other studies (Gibbs, 1991).

Chicks that could taste and smell the MeA shook .their heads more than those
trained with unscented stimuli during both of the testing trials. However, based on a
discrimination ratio for head shaking, chicks which had had their nostrils occluded during
training (taste group) shook their heads significantly more to red than blue beads. This
result suggests that there was an interaction between taste and odour, as chicks trained
with odour alone did not demonstrite high levels of head shaking to red or blue beads
during testing. The explanation for this result may be due to different memories being
formed for taste and odour. For example, chicks that taste, but do not smell, the MeA
may learn specific aspects of the stiinulus, such as the colour of the bead, whereas those
which can taste and smell the MeA 12arn mere general aspects of the stimulus, such as its
size or shape. Alternatively, it may be that stronger learning occurs in the taste and
odour group and this increases the probability of generalisation. This may explain why
those that taste and smell MeA shale their heads to unscented, clean beads, irrespective
of their colour, whereas those whicl. taste but do not smell MeA shake their heads when

presented with a red but not a blue tead.
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The occurrence of head shaling in PAL is used as one criterion to determine
whether the chick shows the "disgust response” to the MeA coated bead (Introduction).
However, head shaking responses during testing for PAL have not been reported
previously. The present results indicate that head shaking, together with avoidance of
the bead, is an important behaviou- which should be considered as it may indicate the
level of generalisation associated with the taste and odour of MeA. Furthermore, the
modified PAL task reported here cculd be used to study the effects of odour or taste in
memory consolidation. It is feasible that a memory for the taste and odour of a bead are
stored in different brain regions ind that they may show different time scales of
consolidation and/or recall. Furthermore, by using odour alone and not the taste and
odour of MeA it may be possible 1) investigate memory consolidation within 5 min of
training. This may prove particularly important as the taste of MeA persists in the mouth
for up to 5 min (Gibbs, 1991). Although the consolidation of memory within 10 min
after training has been studied by using a much lower concentration of MeA (diluted in
400 parts of water, Gibbs, 1991), tais would also alter the concentration of odour that

the chick is exposed to and thus may affect memory formation.

A previous study (Marples et al., 1994) indicated that adult Japanese quail
(Coturnix coturnix japonica) show differential avoidance of seven-spot ladybirds
(Coccinella septempunctata) when lifferent combinations of the insect's colour, taste or
odour cues are presented. They showed that although the birds could detect the insects'
odour, odour was not the primary cue used for future avoidance of the insects. The
colour and taste of the insects were the primary cues used in avoidance. Despite this, the
birds demonstrated a higher level of avoidance to the presentation of whole insects
indicating that the highest avoidancz occurred when the visual, gustatory and olfactory
cues were presented together. As shown here, such a combination of taste, odour and

visual aspects of the stimulus is important in PAL.
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CONCLUSIONS

These results demonstrate that chicks use visual, taste and odour cues in the PAL
task. Furthermore, chicks can detect the odour of MeA and associate this odour alone
with the colour of the bead. They are able to form a memory for an odorant within 10
min of training. The importance of odour in the PAL task needs to be investigated
further in order to understand whether separate memories are formed for taste and odour
and whether a different time course of memory consolidation is revealed by pairing

odour, but not taste, with the bead.



CHAPTER 9

OLFACTORY LEARNING BY THE CHICK EMBRYO
AND THE NEWLY HATCHED CHICK

INTRODUCTION

The aim of the experiments reported in this chapter was to examine whether
exposing chicks to a moist food odcur during the latter part of incubation affected their
behaviour when tested using the bead task at 20-24 h post-hatching. It was shown in the
previous chapter that on the day after hatching chicks can associate an odour with bead
colour but whether the chick embryc and newly hatched chick can form a memory for an

odour is not known.

It was decided to expose chick embryos to odour only during the last day of
incubation as it is unlikely that the click embryo responds to odours before the 20th day
of incubation (day E20). Although it is possible that the olfactory system becomes
functional before the beak has penetrated the surrounding membranes, the external nares
are covered with tissue for the greater part of incubation (Romanoff, 1960) and the
embryo may taste chemicals in the fluid. The chick embryo demonstrates physiological
and behavioural responses to a range of different single odorants on day E20-21
(Tolhurst and Vince, 1976; see Chipter 1, pages 2-3). Although chick embryos are
unlikely to be exposed to single odorants, such as those listed in Table 2.1 (page 32),
under natural conditions, Tolhurst and Vince (1976) suggested that embryos might be
sensitive to odours from the nest or the hen. To my knowledge the effect of exposing
chick embryos to odorants and then observing their behaviour post-hatching has not yet
been examined directly. This was tested in the experiments reported in this chapter by
exposing chicks to a moist food odour during the latter part of incubation. Thus, the aim

of this experiment was also to exam ne whether they could form a memory for a mixed

210



CHAPTER 9: OLFAC TORY LEARNING BY THE CHICK EMBRYO 211

odour that was not presented togetier with a visual stimulus, such as a coloured bead

(cf. Chapter 8).

This chapter reports two separate experiments. The first experiment examined
whether chicks exposed to a moist fy0d odour were able to learn about that odour. The
second experiment examined wlether chicks were able to learn the specific
characteristics of food odour presented during the latter part of incubation and this was
tested by presenting them with a namber of mixed odours including those from food,
feathers, faeces, and wood. In each >f these experiments, the chicks were tested with the
odour together with a coloured beid as in the experiments reported in the preceding

chapters.

EXPERIMENT 9.1: EFFECTS OF PRIOR EXPOSURE TO FOOD ODOUR ON
RESPONSES TC FOOD ODOUR

Methods

Twenty-four chicks from two batches of eggs were used for this experiment.
Incubation in the light and housing conditions were as described in Chapter 2 (pages 24-
25). In addition, late on day E19, around the time that the chick begins to pip the shell
(Romanoff, 1960), half of the eggs were exposed to a moist food odour (referred to as
‘exposed to odour’) and half of the e 3gs were exposed only to the odours usually present
within the incubator (referred to as controls). The moist food odour was obtained from
50 g of chick starter mash (Fielders, Tamworth) mixed with 100 ml of warm tap water in
a 250 ml glass beaker and placed in the incubator. This food and water mixture was
replaced every 6 h. The chicks werc exposed to the odour from pipping (mean=20 days

and 4 h, SEM=2 h) until 18 h post-ha ching.

Each chick was then housed ndividually according to the procedure outlined in
Chapter 2 (page 25). The chicks were encouraged to peck by sprinkling 5 g of chick
starter mash into the home-cage. Thus all chicks were exposed to a dry food odour from

18 h post-hatching until testing at 20-26 h post-hatching.
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The odours used for testing w:re prepared from dry and moist food. The dry food
odour consisted of 5 g of chick starter mash. The moist food odour was provided by
mixing 5 g of chick starter mash wit1 10 ml of warm tap water. The odoriferous material
was prepared on the day of testing. The odour substrates were contained in 500 ml
round glass flasks and maintained at 26-29°C. The odours were delivered using dynamic
olfactometry as outlined in Chapter 2 (pages 35-37). The flow rate to the sample cup

was always maintained at 250 ml min-! and & 1:1 dilution of odour was used at test.

The chicks received two training trials with beads as described in Chapter 2 (page
37). Ten minutes after the second training trial, each chick was presented with a red
bead together with odour for 10 s. This was followed, 10 min later, by a second and
final testing trial in which a blue be: d together with odour was presented for 10 s. The

order in which chicks received the two odours (dry or moist food) was randomised.

The pecking and head shaking scores from this experiment were not normally
distributed and thus were analysel using the non-parametric statistics described in
Chapter 2 (page 41). Differences between the two incubation conditions were compared
using a Wilcoxon-Mann-Whitney te:t for each trial. The effect of repeated testing on the

pecking and head shaking scores were analysed with the Wilcoxon signed ranks test.

Results
The pecking and head shaking scores during the training trials are presented in
Table 9.1.1. There were no significant differences between chicks from the two

incubation conditions in either the pccking or head shaking responses (P>0.05).

The data for the head shaking and pecking during the testing trials are presented in
Figure 9.1.1. Significant differences were found between the chicks from the two
incubation conditions for the amount of pecking. Compared to chicks exposed to the
moist food odour during incubation, control chicks pecked more at beads scented with

the odours of moist (Wilcoxon-Mann-Whitney test: z=2.65, P<0.01) and of dry food



CHAPTER 9: OLFAC ‘ORY LEARNING BY THE CHICK EMBRYO 213

Table 9.1.1 The effect of prior exposure to a moist food odour during the latter part
of incubation on pecking and head shaking responses during the training trials

Number of head shzking bouts Number of pecks

Incubation condition Training tial 1  Training trial 2  Training trial 1 ~ Training trial 2

Not exposed to food odour 0.00£ 000 0.25+£0.18 2.58+0.54 3.17+0.85
(controls)
Exposed to food odour 0.25+0.18 0.17+0.11 242 +0.62 2.17 £ 0.61
z f 1.44 0.09 0.23 0.79
P 0.15 0.93 0.81 0.43

¥ Analysis was performed using separate Wilcoxon-Mann-Whitney tests for each measure
during the two training trials, n=12 controls and n=12 exposed to odour. There were no
significant differences between the groups.

(z=2.64, P<0.01). There was no significant difference between the two groups (control
and exposed to odour) in the amourt of head shaking to the moist food odour (z=0.00,
P=1.00) but there was a tendency for chicks that had previously been exposed to the
moist food odour to shake their heads more than control chicks following the

presentation of the dry food odour (z=1.81, ~=0.07).

The responses obtained from chicks lested in each of the incubation conditions
were also analysed using a within group comparison. Chicks in the control group pecked
more at a stimulus scented with the moist food odour than at a stimulus with the dry
food odour (Wilcoxon signed ranks test: z=2.09, P=0.04). The mean number of pecks at
beads scented with the moist and dri' food odours were the same for the group exposed
to the moist food odour during incubation (z=0.89, P=(0.37). There was no significant
difference between the number of touts of head shaking to the presentation of either
food odour (dry or moist) by chicks n each zroup (controls: z=1.34, P=0.18; exposed to

odour: z=0.94, P=0.35).
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Figure 9.1.1 Effect of prior exposure to a moist food odour on the response to moist
and dry food odours. Mean (+ SE.M) head shaking (A) and pecking (B) responses from
control chicks ((J) and those exposed to a moist food odour during incubation (M), The
order with which the odours were presented was randomised (n=12 chicks per group).
Means annotated with a symbol indicate a significant difference between incubation
conditions. T 0.10>P>0.05, * P< 0 05, Wilcoxon-Mann-Whitney test.
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The colour of the bead used c¢n each of the testing trials did not affect the chicks
pecking responses as chicks from both incubation conditions pecked at the same level
irrespective of the colour of the b:ad (controls: z=0.36, P=0.72; exposed to odour:
z=1.13, P=0.26). In fact, control chicks pecked more than chicks exposed to food
during incubation following the presentation of the food odour (dry or moist) presented

together with a red (z=2.33, P=0.02) or a blue (z=2.70, P=0.007) bead.

Discussion

Chicks that had been exposed .0 moist food odour during incubation pecked less at
a coloured bead scented with the odour of ¢ither moist or dry food than did chicks that
had not been exposed to moist food odour during incubation. Given that both groups of
chicks had been exposed to a dry food odour in the home cage before and up until
testing, this indicates that chicks exjposed to a moist food odour between E20 and 18 h
post-hatching form a memory of thz moist food odour. Since they peck less at both

moist and dry food odours, this memory may not be specific to the odour of moist food.

There are several possible reasons for the differing amounts of pecking
demonstrated by groups with differe 1t experience of odour during incubation. The head
shaking and pecking responses of chicks incubated without the moist food odour
(controls) were similar to that repor ed in Chapter 5 (see Figure 5.3.1), in which it was
found that chicks did not respond by’ head shaking to the odour of food. However, the
control chicks pecked significantly more at a bead presented together with the moist
compared to the dry food odour. Given the relationship between vapour pressure of the
single odorants and the chicks' respc nses reported in Chapter 5, this suggests that there
is more odour vapour in the air surounding the bead for the moist than the dry food.
Alternatively, the moist food odour may ccntain particular odorants that evoke higher

levels of pecking, whereas these are 10t present for the dry food.

The chicks which were exposed to the moist food odour during incubation pecked
equally at beads presented together wvith the moist or dry food odours and, in both cases

at lower levels than controls. Ths did not appear to be due to a lower level of
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responding in these chicks as chicks from both incubation conditions pecked equally at a
white bead during the training trials. It may be that the lower levels of pecking to the
scented beads by this group of chicks was due to habituation of respbnding to the odour
of food (dry or moist). Nevertheless, if this is the case, it suggests that they have formed

a memory for food odour.

There were no significant difierences in the head shaking responses of chicks in
either of the incubation conditions. " his was consistent across all trials. Indeed, the lack
of head shaking by chicks to either the moist or dry food odours suggests that they did
not find these odours aversive. The endency for chicks exposed to the moist food odour
during incubation to shake their he:ds slightly more when presented with the odour of
dry food than moist food may be due to airborne dust particles from the dry food.
However, this seems unlikely as the “hicks in the control group did not shake their heads

when they were presented with either of the food odours.

There was no effect of the bead colour used in testing. That is, control chicks
pecked significantly more at red and blue beads presented together with the dry or moist
food odours than the chicks exposcd to odour during incubation. Furthermore, there
was no significant effect of present ng chicks with a red and then a blue bead, which
prevented any habituation of peéking that may have occurred had a bead of the same

colour been used on each trial.

As the chicks were exposed to the odour of moist food during the latter part of
incubation as well as during the firs. 18 h post-hatching, it is not possible to be certain
that it is the embryo which learns a>out the food odour. However, the chick breathes
throughout this period both stages cf exposure, i.e. before and after hatching, are likely

to be associated with learning about his odour.
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EXPERIMENT 9.2: EFFECTS OF FRIOR EXPOSURE TO FOOD ODOUR ON
RESPONSES TC(' VARIOUS MIXED ODORANTS

To test whether chicks learnt about a specific odour, another batch of chicks was
incubated under the same conditions as those in the previous experiment and, after
hatching, they were tested with a number of mixed odorants. The mixed odours used in
this experiment were chosen on the basis that they might have biologically relevance to
the chick. They included the odours of feathers, faeces and wood litter, as well as a dry

food odour.

Methods

Fifty-one chicks from three baiches of eggs were incubated and the hatched chicks
were housed and handled exactly as reported for Experiment 1. Half of the chicks were
not exposed to the moist food odour (controls) and the other half were exposed to the
moist food odour (exposed to odoir) from pipping to 18 h post-hatching. The chicks
were tested between 20-26 h post-hatching. The mixed odours used in these tests
included those of dry food, wood li.ter, feathers, or faeces. The odours were delivered
at a 1:1 dilution using dynamic olfac tometry as described in Chapter 5 (pages 131-132).
In all cases the flow rate was maintained at 250 ml min-!. Each chick received a total of
four testing trials (compared with tw 0 testing trials in the previous experiment) and each
trial was separated by 10 min. Chicks were tested with the combination of either a red,
dark blue, light green or light blue head and the odour of either faeces, feathers, wood
litter or the dry food. The odour aid bead colour used during each trial was allocated
randomly. The data were analysel using the non-parametric procedures outlined in

Chapter 2 (page 41).

Results
The pecking and head shaking responses of chicks during the training trials are
presented in Table 9.2.1. There was no effect of incubation condition on the pecking

response during either the first or the second training trial. However, there was a
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Table 9.2.1 Mean (+ SEM) pecking and head shaking responses during the training
trials by chicks with and without prior exposure to the moist food odour

Number of head shaking bouts Number of pecks

Incubation condition Training rial 1  Training trial 2 Training trial 1  Training trial 2

Not exposed to food odour 0.04 £ 0.04 0.08 £ 0.06 2.64 £ 0.61 3.20£ 0.61
(controls)
Exposed to food odour 0.31+£0.12 0.23+0.14 2.00+0.45 2.65+0.53
z % 1.96 0.49 0.96 0.95
P 0.047 * 0.62 0.34 0.34

¥ Analysis was performed using se yarate Wilcoxon-Mann-Whitney tests for each measure
during the two training trials, n=25 controls and 26 exposed to odour, * P<(.05.
significant difference in the head shaking response between the two groups during the
first, but not the second, training tr al. Chicks exposed to the moist food odour during

incubation shook their heads more tian controls.

The mean (+ SEM) pecking ard head shaking scores for chicks presented with the
mixed odours are presented in Figire 9.2.1. There were significant differences in the
number of bouts of head shaking ygiiven in response to the presentation of the various
mixed odours for chicks exposed to odour during incubation (Friedman test: F,=8.25,
P=0.04) but not for controls (F=¢.2, P=0.10). However, Figure 9.2.1.A shows that
there were no significant difference: between the amount of head shaking to each of the
mixed odours by chicks in the two incubation conditions (Wilcoxon-Mann-Whitney test:
food: z=0.99, P=0.32; wood: z=1.4), P=().14; feathers: z=0.36, P=0.72; faeces: z=(.53,
P=0.60). Faeces elicited the highes' levels of head shaking but there were no differences

between the odour-exposed and control groups.

There were significant differe 1ces in the number of pecks made by control chicks
to beads presented together with the various mixed odours (F,=12.28, P=0.007) but not
for those exposed to the moist food odour during incubation (F,=5.02, P=0.17; see

Figure 9.2.1.B). Post hoc comparisons indicated that the controls pecked less at a bead
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Figure 9.2.1 Effect of prior expos ire to a moist food odour on the response to various
mixed odours. Mean (x SEM) head shaking (A) and pecking (B) responses of chicks
presented with the odours of dry foo 1, wood, feathers or faeces. The data are presented for
control chicks (O) or chicks which were exposed to a moist food odour during incubation
(W). Means annotated with a symbol indicate a significant difference between incubation
conditions, * P<0.05, Wilcoxon-Mznn-Whitney test, (n=26 controls and n=25 exposed to
odour).
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scented with the faecal odour, comnared to beads scented with the other three mixed
odours (z>2.28, P<0.03, for each comparison). There was a tendency for control chicks
to peck more when the odour of dry “ood wus presented than when the odour of feathers

was presented (z=1.79, P=0.07).

There were also significant difierences between the pecking scores of chicks in the
two incubation conditions when pairad comparisons were made. Controls pecked more
than those exposed to the moist focd odour during incubation when the odours of dry
food (z=2.01, P=0.04) or wood (z=_..25, P=0.03) were presented, whereas both groups
pecked to the same amount at beids scented with the odours of feathers (z=1.33,

P=0.18) and faeces (z=0.56, P=0.58).

Discussion

The present findings suggest tt at chicks exposed to a moist food odour during the
latter part of incubation generalise he learning to the odour of wood, as well as dry
food. Confirming the findings of E <periment 9.1, chicks that had been exposed to the
moist food odour during incubation pecked less at a bead presented together with the
odour of dry food than did controls. A similar result was also found for the presentation
of a wood odour. The chicks exposcd to the moist food odour during incubation pecked
less at the odour of wood than did controls. In contrast, chicks in both of the incubation
conditions pecked to the same amo int at beads scented with the odours of feathers or

faeces.

As demonstrated by the pecking scorzs, chicks exposed to the moist food odour
during incubation pecked at the sane level at beads scented with each of the mixed
odours, including faeces. That is, they did not appear to discriminate between the
odours. This contrasts with control ¢ hicks which displayed higher amounts of pecking to
beads presented together with the odours of dry food, wood and feathers than to a bead
scented with the faecal odour. Therefore, it may be that the control chicks responded

with exploratory pecks to food, woo1 or feathers and that faeces suppressed pecking.
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Despite the lack of a different al level of pecking to the presentation of all of the
odours, chicks exposed to the moist food odour shook their heads more to the faecal
odour than to the other mixed odours. One might have predicted that chicks would have
shown increased levels of pecking :n the presence of a familiar odour. However, the
results from this and the previous exeriment indicate that pecking at beads scented with
the food odour was less likely to be :licited in chicks that had been exposed to the moist
food odour during the latter part >f incubation. If increased levels of pecking are
interpreted as an indication of a reduced level of fear, controls were less fearful of the
food odour than those which had bcen previously exposed to the moist food odour. It
seems more likely that chicks with prior exposure to the moist food odour may have
habituated to that odour and thus pr:sentation of the food odour together with the bead
elicited fewer pecks. Alternatively, it may be that controls showed increased pecking,
compared to odour-exposed chicks, in response to the novelty of the odours. It is
possible that the reverse condition ‘vould be found if the chick was able to ingest the

object at which it pecked.

CONCLUSIONS

It has been shown that chick embryos and/or newly hatched chicks can learn about
an odour to which they are exposed from day E20 of incubation to 18 h post-hatching.
However, the results from the second experiment reported in this chapter (9.2) indicate
that chicks may not have learnt the specific characteristics of the odour to which they had
been exposed as they generalised to the odours of wood litter. Some specificity is learnt,

however, as they do not generalise t¢ the odours of {eathers or faeces.



(CHAPTER 10

GENERAL DISCUSSION

The experiments reported in Chapters 3, 4 and 5 of this thesis show that chicks can
detect and respond to a range of odorants on the first day after hatching. The chicks
showed consistent concentration-def endent responses to a number of odorants and were
capable of discriminating between unscented and scented stimuli. These results support
the hypothesis that olfaction plays an important role in regulating the behaviour of the
newly hatched chick. In this chapter the ways the chick's behaviour can be influenced by
olfactory cues is discussed, along with some of the more general aspects of olfaction in
the chick. The results of specific experimenis have been discussed in detail previously in

the relevant chapters.

Head shaking was the most consistent measure of the chicks' responsiveness to
odorants. This behaviour was elici:d predcminantly by the odorants themselves, rather
than by the visual cues of the bead, as shown by the low level of head shaking to beads
which were unscented. The level of head shaking increased with increasing
concentration of odorant (iso-amyl acetate, allyl sulfide, cineole, geraniol, limonene,
ammonia, methyl anthranilate, eugenol). These results have confirmed and extended
previous reports (Tolhurst and Vincz, 1976; Vallortigara and Andrew, 1994) that head
shaking is elicited by olfactory stimuli. Tolhurst and Vince (1976) showed that in day
E20-21 embryos head shaking is elicited by a number of different odorants (see Chapter
1, pages 2-3). Thus, head shaking cin be used as an index of olfactory responsiveness in
the embryo and in chicks on the fir;t day after hatching. Head shaking is also elicited
when odorants are presented on da’ 3 post-hatching (Vallortigara and Andrew, 1994)

but it is not known whether odorant; evoke head shaking in chicks beyond 3 days post-
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hatching. If this were possible, hcad shaking might be used to investigate ongoing

developmental changes in olfactory risponsiveness.

It is still not clear why the chick shakes its head to the presentation of an odorant.
Head shaking may simply be due to :he novelty of the odorant (as suggested in Chapter
3). Although chicks that are naive 10 an odorant shake their heads when they are first
exposed to it, they continue to shale their heads at a similar level following repeated
presentations of odorant (iso-amyl acetate, Chapter 4; eugenol and allyl sulfide, Chapter
7), suggesting that head shaking docs not occur in response to novelty alone. Rather,
head shaking may be interpreted as a response to an aversive stimulus. Kruijt (1964)
argues that head shaking is a relevart movement if it occurs during feeding or preening,
whereas it is irrelevant if it has nc¢ clear function, as during conflict situations (see
Chapter 1, page 3). If the odorant is aversive, as suggested by the present study, the
chick may shake its head to clear odorant from the nasal cavities. Perhaps this response
provides a mechanism which prevents adaptation to odorants, by removing odorant
molecules from the nasal cavities, thereby minimising carry over effects (Sieck and

Wenzel, 1969). If so, it would be a r:levant response.

Another reason why it seens unlikely that head shaking is elicited by the
presentation of a novel odorant only is that the level of head shaking was the same to
unscented stimuli and the mixed odours of conspecific blood, food, wood-litter and
feathers from layer hens (Chapter 5), even though the chicks used in these experiments
are unlikely to have previous experie 1ce of these odours. The level of head shaking was
low to all of these mixed odorants. The mixed odorants (apart from the odour of faeces)
may have fewer aversive properties ‘han the single odorants. The lack of head shaking
to the mixed odorants was not simfly the result of inability to detect these odours, as
chicks exposed to a moist food odour during the latter part of incubation and early post-
hatching demonstrated lower amounts of pecking, compared to controls, to the odours
of dry food, moist food, or wood-litter (Chapter 9). However, chicks in the odour-
exposed and control groups tended t) shake their heads more when they were presented

with the odour of facces than when they were presented with the other mixed odours.
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This may be because the chicks' responded to the faecal odour as aversive. Therefore, it
is concluded that the properties (avcrsive) of the odorants rather than the novel aspects

of the stimulus evoked head shaking responses.

Jones (1977a) found, at least for some strains of chicken, that repeated exposure to
an open field results in a decrease ir. the frequency of head shaking. He concluded that
there may be a positive relationship between fear and head shaking. Head shaking is also
associated with sustained visual interest in a stimulus (Andrew, 1975a; 1975b; 1976;
Clifton and Andrew, 1981) and occurs frequently at the end of a period of binocular
fixation. For example, chicks often shake their heads when an object, such as a white
sphere, is withdrawn from view (Clfton and Andrew, 1981). In all of the experiments
reported in this thesis there was a low level of head shaking during the training trials, in
which an unscented white bead was presented. These results confirm that head shaking
can be elicited by a visual stimulus. However, presenting the bead together with odorant
resulted in a marked increase in the level of head shaking. Furthermore, head shaking
occurred predominantly after the chick pecked at the bead (Chapter 3) and not solely
following periods of visual fixation. It seeras that the chick may not have detected the
odorant until after it had pecked the bead. It is possible that the odorant molecules may
not diffuse to the nasal epithelium and thus the chick may not be exposed to a high

enough concentration of odorant to ¢ voke a response until after it has pecked the bead.

It is unlikely that receptors ou side the nasal cavity mediated the chicks' responses
to odorants, because occluding bo h of the chick's nostrils prevented concentration-
dependent responses. These findings confirm the studies of Tolhurst and Vince (1976)
and Jones and Gentle (1985). In toth of these studies, chicks with occluded nostrils
(wax and dental acrylic, respectively) also did not respond to the presentation of single

odorants, indicating that nasal chemoreception mediates the responses to odorants.

The single odorants used in the present study are likely to be at higher
concentrations than the chick would experience under natural conditions. However,

many of the single odorants, such as allyl sulfide, geraniol and cineole are components of
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the complex mixtures of volatiles found in plants (e.g. monoterpenes; Rasmussen, 1972).
Therefore, the chick is likely to encounter these odorants in the environment, albeit at
lower concentrations, and these experiments may be used as indicators of how a chick

might respond to such odorants unde - natural conditions.

It is possible that olfaction is less likely to be highly developed in domesticated
compared to wild species, as domest cation minimises the need to search for food, avoid
predators and reduces an animal's ability to regulate reproductive strategies (Price,
1984). Indeed, Kruska and Stephin (1973) made a volumetric comparison of brain
regions of wild and domesticated pig;s and found that there was a 30% reduction in the
olfactory structures of domestic pig:. Despite this, although domesticated birds (ducks
[Ebinger, 1995}, geese [Ebinger and Lohmer, 1987} and pigeons [Ebinger and LLohmer,
1984}) demonstrate reductions in the relative volume of visual regions of the brain, such
as the optic tecta and Wulst, comparzd to wild birds, there is no reduction in the relative
size of olfactory structures, such as the olfactory bulbs. Although this result could be
interpreted to mean that birds do not rely on odours to any great extent under natural
conditions, the findings may also suzgest that the domestic chick relies on olfaction to
the same extent as does Gallus gallus under natural conditions. While, the domestic
chicken may rely on visual cues to a esser extent than wild chickens, both use visual cues

to direct pecking at potential food ot jects.

The pecking behaviour of newly hatched chicks has been referred to as exploratory
pecking. Turner (1964) argues that pecking is elicited by visual objects that contrast
with the background regardless of whether they are edible or not. Although newly
hatched chicks peck at small objects, thev do not recognise them innately as food.
Rather, they have to learn which substances are food (Hale and Green, 1988) and to
associate the act of pecking with swallowing (Hogan-Warburg and Hogan, 1981).
Possibly, they also associate peckin z with an odour. Indeed a number of studies have
shown that a novel odorant (orange oil) suppresses pecking and, in particular, increases
the latency to initiate bouts of feeding (Jones, 1987a; Turro et al., 1994), even though

this odorant may not have biological relevance to the chick. In the present study, there
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was no effect of presenting a bead p esented together with an odorant on the latency to
peck. The latency was the same when unscented and scented beads were presented.
This difference in results may be due to the chick's age and/or experience with odorants,
as those tested in the present study were 1 day old, whereas the previous studies have
used 2 to 3 day old (Turro et al., 1994) and 7-day old chicks (Jones, 1987a). As
mentioned above, it may be that the chick was not exposed to a high enough
concentration of odorant until after i: had pecked the bead. Alternatively, it may be that
the newly hatched chick attends sequentially to the visual cues and then to olfactory
cues. Chicks may develop more appropriate strategies with which to sample an odorant
from a distance, or at least before pecking a: the odoriferous material, as they get older.
That is, the ability to withhold peck ng while an odorant is being sampled may develop

over the first week post-hatching.

The development of aversions to potential food items changes over the first three
days post-hatching. Hale and Green (1979) compared the ability of 0.5- and 2.5-day-old
chicks to learn from positive (saline) or negative (lithium chloride; LiCl) consequences of
feeding. They found that when the ¢ >nsequences were positive, only the older (2.5 days)
chicks learnt, whereas negative consequences were learnt by chicks of both ages. This
was confirmed by Turro et al. (199:-) who showed that 2 to 3-day-old chicks can form
an association between LiCl, an odorant and the ingestion of grains of food. It would be
interesting to establish whether chic<s form an association between an odorant and the
food if the LiCl injection is paired v-ith the odorant only (i.e. in the absence of specific

visual cues).

The chick's yolk sac provides it with nutrients during the first three days after
hatching (Romanoft, 1960) and as thz yolk sac is depleted the chick responds to both the
positive and the negative consequen es of ingested food (Hale and Green, 1979; 1988).
Thus, the day-old chick may learn about highly aversive odorants only, and not mild or
non-aversive odorants. This may explain why pecking was suppressed only by the
highest concentrations of odorant jresented. However, the experiments reported in

Chapter 9 demonstrated that chicks form & memory of a non-aversive odorant (moist
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food) during the latter part of inciubation and early post-hatching. It may be that
qualitatively different memories of an odorant are formed depending on the context in
which the chick is exposed to the odorant. That is, the chick may show differential
memories depending on whether the >dorant is associated with the general surroundings,
such as the nest or hen, or a potent al food item, such as a grain of food or an insect.
However, over the first few days »ost-hatching, it may be that the development of
aversions to food occurs when the visual and olfactory cues are both present. In the
natural environment the hen pecks at edible objects and the newly hatched chicks soon
learn to direct their pecks towards these objects. This mother-young interaction is
observed after day 2 post-hatching (Workman and Andrew, 1989). At the same time,

the chick may learn about the odour of the fcod items at which the hen pecks.

The chick is able to detect anc respond to potentially aversive odorants (Tolhurst
and Vince, 1976) or tastants (Vince, 1977) from a short time before hatching.
Therefore, by the time the chick haxches its chemosensory systems are well-developed
and has the basis for learning about chemical stimuli. The chick has only a short time
with which to learn to feed and be atle to select suitable items of food and to avoid those
which may be toxic. Thus, if the ch ck is to survive it must form long-lasting memories
of aversive experiences with potentic I food items during the first few days post-hatching.
In fact, chicks will learn to avoid pecking at a bead coated with a bitter-tasting substance
after a single exposure (i.e. Cherkin and Lee-Teng, 1965; see Chapter 8). The chick
pecks at a bead coated with the bi ter-tasting MeA and avoids it subsequently. Until
now it has been assumed that the association is between taste and bead colour but the
investigations reported in Chapter 8 in this thesis showed that the chick can also form an
association between an odour and bead colour. Thus, the chick uses odorants, as well as
visual cues, to avoid pecking at a b:ad. The chick may also rely on memory of odour

alone to select appropriate food or tc prevent ingestion of harmful substances.
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However, the cellular mechanisms and brain regions involved in the consolidation
and recall of a memory for an odorint are not known. It was shown in Chapter 8 that
the chick associates an odorant with bead colour within 10 min of training. It would be
revealing to examine the time-coursc of memory formation to odorants, to compare with

the time-course of memory associated with an aversive taste.

The chick may need to learn about odours during the latter part of incubation or in
early post-hatching life. Thus, it may establish whether the odour is associated with the
general surroundings or is a potentia. food item. The effect of aposematic colouration as
a deterrent from predation, in particular for insects, has been studied using birds (Sillén-
Tullberg, 1985; Guilford, 1986; Guilford et al., 1987; Ingalls, 1993; Marples et al.,
1994). Chicks will learn to avoid conspicuously coloured beetles, such as yellow and
black (Schuler and Hesse, 1985), if they taste aversive or if they have odorant which is
aversant (Guilford et al., 1987). The odorants from insects and plants may serve as
chemical defences, preventing ingestion by avian predators. Four-day-old chicks will
learn to avoid conspicuous prey moie readily than non-conspicuous prey, demonstrating
that conspicuous colouration may te important in aversion learning (Gittleman et al.,
1980). There is also evidence that >articular odorants, such as pyrazine odours, act as

warning odours (Guilford et al., 1987), reducing the ingestion of toxic insects.

It is possible that the odour, rather than the taste and odour, of a substance may
also provide information about its palatability. Thus, the chick may associate the visual
and odour cues of an unpalatable insect to prevent the risk of ingestion and then
poisoning. However, the experiments reported in Chapter 7 demonstrated that, in the
absence of a bitter taste such as Me/. (see Chapter 9), chicks continued to peck, albeit at
low levels, at a bead presented toge her with odorant even after repeated presentations.
They also shook their heads at a sin ilar level during each of the repeated trials. It may
be that a long-term memory of the aversive experience may occur only after the chick has
been exposed to the visual, odour ani taste cues. For example, it has been demonstrated
that adult rats associate taste but not odour if it is paired with an aversive experience. By

contrast, if both the taste and odour are paired with an aversive experience, rats are able
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to use the odour cue alone to show subscquent avoidance (Palmerino et al., 1980).
Thus, the memory of an odorant may be altered if it is coupled with the memory of an

aversive taste.

The level of head shaking evoked by visual, and possibly olfactory, stimuli is
affected by the chick's age and al:o by the circulating levels of hormones, such as
testosterone (Archer, 1974; Andrev’ 1975a; 1975b; 1976; Clifton and Andrew, 1981;
1983). For example, males injected with testosterone on day 3 show markedly higher
levels of head shaking, compared to controls, after, but not during, the presentation of a
white sphere (Clifton and Andrew, 1981). Head shaking peaks on day 9 post-hatching.
The increased levels of head shaking by chicks injected with testosterone may be
associated with increased levels of aggression, as Kruijt (1964) has shown that male
junglefowl frequently shake their heads whilst fighting. The peak in head shaking shown
by Clifton and Andrew (1981) coincides with a peak in the level of pecking at the sphere.
Although this effect may be due to the action of testosterone and timing of injection, the
time-course matches the sudden traasition in the behaviour of the chick which occurs
between days 8-10 (Workman and Andrew, 1989; Dharmaretnam and Andrew, 1994).
This transition is linked to changes in hemispheric dominance (Workman and Andrew,
1989; Rogers, 1995). It would ‘now be interesting to investigate age-dependent shifts in

response to a novel odorant, as wel as possible changes in the lateralized responses to

odorants.

The lateralization found for eugenol confirms the right nostril bias for the
perception of odours reported by Va lortigara and Andrew (1994). Thus, the same result
has been found in two different tasks. In the experiments of this thesis, lateralized
responses were found for eugenol ¢nd allyl sulfide but not methyl anthranilate, cineol,
geraniol, limonene, ammonia, iso-anyl acetate or faeces. Therefore, it appears that
lateralization may be limited to cert:in odorants. It must be remembered that only one
age of chicks was tested. Perhaps olfactory lateralization develops over the first few
days post-hatching. Moreover, this nay be linked with the development of attachments.

For example, Vallortigara and Andr:w (1994) have shown that chicks show lateralized
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responses to n-amyl acetate when presented together with a familiar visual stimulus (red
cylinder, see Chapter 1), whereas in he present study no lateralization was found for iso-

amyl acetate presented together with a bead.

The results reported in Chapt:r 7 demonstrated that olfactory asymmetry in the
chick depends, in part, on previous exposure to stimulation by light. Dark-incubated
chicks showed quite different patteris of lateralization than did chicks incubated in the
light. Dark-incubated females demonstrated no laterality for head shaking to eugenol but
exposure to light induced lateralization: RN, but not LN, females displayed head shaking.
This is particularly interesting, as pecking, rather than head shaking, is given in response
to the visual aspects of the stimulus and yet head shaking responses are altered in a
lateralized way by stimulation by light. This result suggests that there may be an

intersensory effect between the visua  and olfactory systems.

In addition, there appears to b an effect of relative levels of steroid hormones on
the laterality for head shaking. Males incubated in the dark show lateralization for head
shaking in response to eugenol, whe -eas females incubated in the dark do not show this
asymmetry. As discussed in Chaptzr 7, the higher levels of circulating oestrogen in

female embryos may have prevented the lateralization for head shaking to eugenol.

Light exposure of the embryo affected pecking as well as head shaking. Incubation
in the light induced lateralized pec<ing responses in males but not females. Males
incubated in the light displayed lower levels of pecking when they were presented with
eugenol and were tested using the BN but not the LN. The opposite effect occurred
with allyl sulfide. Light incubation stimulated pecking in males presented with allyl
sulfide and tested using the LN, not the RN. As light incubation induces lateralization
for pecking in males but not femalzs, this asymmetry may reflect the structural and
functional asymmetries found in the visual system. That is, males exposed to light during
the latter part of incubation show reater laterality than females in the thalamofugal
visual system (Boxer and Stanford. 1985; Rogers and Sink, 1988) and on a visual

discrimination task (pebble-floor; Ro jers, 1982; see Chapter 1, pages 21-22).
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The pattern of intersensory interaction between light and odorants was not
dissimilar to that between light and iudition (Lickliter, 1990). Previous experience with
an odorant (the odour of moist food; Chapter 9) suppressed pecking responses to that
odour compared to chicks that were naive to the odorant. Similarly, previous experience
with light suppresses visual imprinti1g responses (Lickliter, 1990; see Chapter 1). Quail
chicks that have been exposed to t:mporarily patterned light during incubation do not
show a preference for a visual stimulus. However, they demonstrate a preference for the
visual stimulus when it is presented together with an auditory stimulus (Lickliter, 1990).
It would now be interesting to look it the effect of early olfactory stimulation on visually

evoked behaviours and, in particular. on visual lateralization.

The roles of the left and right ‘orebrain hemispheres appear to differ for processing
of visual and olfactory cues. Vallor igara and Andrew (1994) demonstrated that RN but
not LN chicks approach a cylinder that contains the same odorant as that with which
they were reared (see Chapter 1, pa;es 8-10). As the visual properties of the stimulus at
either end of the laneway were the same (red cylinder) the presence or absence of odour
could be seen as a transformation (olfactory) of the familiar stimulus. In their study, 3-
day-old male chicks were used anc thus a direct comparison is possible with another
study by these authors (Vallortigara and Andrew, 1991) in which lateralization for visual
processing was demonstrated in 3-cay-old male chicks. The latter study also examined
the responses of chicks to trans'ormations of an imprinting stimulus, monitoring
approach-avoidance responses in a laneway. However, this study manipulated visual,
rather than olfactory elements of the stimulus. Male and female chicks were reared with
a red, table tennis ball (unscented) o 1to which a horizontal white stripe was attached. At
3 days of age they were tested in a Janeway with the familiar, red table tennis ball at one
end, and a similar, but not identical, red, table tennis ball at the other end (unfamiliar
stimulus). The unfamiliar stimulus was varied in different tests by changing the
orientation or size of the white stipe to represent small or moderate (vertical white
stripe) to large (vertical white stripe which was 60% larger) transformations of the

familiar stimulus. Different groups of chicks were tested binocularly or using their left or
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right eye only by temporarily occluding one cf the chick's eyes with a paper patch. Males
using the left (right hemisphere) or right (left hemisphere) eye avoid a stimulus which has
a large transformation of the familiai stimulus (e.g. from a horizontal, white stripe to a
60% larger, vertical, white stripe). Males using the left eye approach the unfamiliar
stimulus if the visual transformation is small (e.g. from a horizontal, white stripe to a
similarly sized, vertical, white stripe) whereas males using the right eye approach either
stimulus at random. This is the reve:se pattern to that of olfactory lateralization shown
by Vallortigara and Andrew (1994). It may be that the right nostril (right hemisphere)
responds to odour as a large transformation of the familiar stimulus, whereas the left
nostril (left hemisphere) responds to ddour as a small to moderate transformation of the
familiar stimulus. These differenczs suggest that there is differential hemispheric
specialisation for visual and olfactor; asymmetry. This hypothesis is supported by the

differential effects of light on olfactory lateralization reported in Chapter 7.

While there may be differential hemispheric specialisation for vision and olfaction,
the experiments reported in this thesis demonstrate that there is a clear link between
vision and olfaction. Attempts to d:>monstrate olfactory responses to diffuse olfactory
cues, that is olfactory stimuli which were not associated with a localised visual cue such
as a bead, were unsuccessful. Chicks did not appear to alter their behaviour when they
were held in a glass chamber and odjur was delivered into the chamber (see Chapter 2,
page 28). It is possible that the concentraticn of odorant delivered to the glass chamber
was below the chicks' threshold fo- responding. Alternatively, the apparent lack of
response may have been due to the experimenter's inability to detect subtle changes in
behaviour when the odorant was introduced into the chamber. However, given that clear
responses were obtained from chicks when the odorant was presented together with the
bead, it scems more likely that the'e is a specific relationship between odorants and
visual cues for the day-old chick. Without a specific visual cue to associate with an
odorant, odorants may not play a large role in the modification of behaviour by the chick.
Perhaps an odorant must have a upecific significance for the chick, such as being

associated with an edible or noxious tem to be a pertinent stimulus.
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Certainly the success of the tead task developed in this thesis suggests that the
chick requires the interaction of vicual and olfactory cues in order to alter responses.
Given that the chick is a precocial animal and, as mentioned previously, must learn to
feed on appropriate items very soon after hatching, a high level of coordination between

the senses might be expected and even required.

As might be expected in a precocial animal, the sensory systems of the chick
become functional during incubation (Gottlieb, 1968). Although the onset of function
for olfaction and gustation is not known, these senses are functional by day E20
(Tolhurst and Vince, 1976; Vince, 1977; see also Chapter 1, pages 2-3). The other
sensory systems become functional in the following order; tactile, vestibular,
proprioceptive, auditory and visual ‘Gottlieb, 1968; Freeman and Vince, 1974; Rogers,
1995). A similar pattern of onset of sensory function occurs in altricial birds as well as in
mammals (Balsam and Silver, 1994) although it is known that olfactory sensitivity
develops before auditory sensitivity in mammals (Rosenblatt, 1983). The visual system
of altricial mammals, such as kittens (Rosenblatt, 1971) and rat pups (Rosenblatt, 1983),
does not develop until after birth, w.aereas the visual system of precocial mammals, such
as sheep, is well developed at partur tion (Alexander and Williams, 1966; Nowak, 1991).
Such differences in the onset of sensory function may begin to explain the relative use of
such cues during the early periods of development post-hatching or after birth. For
example, lambs use predominantly visual cues to approach the mother soon after birth
(Alexander and Williams, 1966; Nowak, 1991) even though the ewe leamns the lamb's
characteristic odour during a very brief sensitive period after parturition (Hersher et al.,
1963; Levy et al., 1983; 1990; Kendrick et ¢l., 1992). While the lamb is also responsive
to auditory and olfactory cues assoc ated with the ewe, these are used to a lesser extent
than visual cues during approach (INowak, 1991). The chick also uses predominantly
visual cues to learn about and approach the hen after hatching. However, in both of
these cases auditory and olfactory cues are associated with the visual stimulus (the
mother). In other words, the young of these species (sheep and chickens) attend to the

visual cues before using olfactory cu:s for approach.
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By contrast, altricial mammals, such as rats, use tactile, thermal and olfactory cues
for nipple attachment and huddling after pariurition. Only later, some 18 days after birth,
are visual and auditory cues used to locate the mother (Blass et al., 1977; Rosenblatt,
1983; Porter et al., 1988). Thus, the rzclative importance of visual, auditory and
olfactory cues would seem to depend on the stage of development of each system at
birth/hatching. When potential sensory input is limited by the delayed onset of sensory
function, such as that which occurs n altricial species, stimulation by olfactory or tactile
cues is sufficient for directing behaviour and the survival of the animal. However, in
precocial animals more coordinatior. between differing forms of sensory input, such as
olfaction and vision, can be expectec.. Indeed, as shown in the experiments in this thesis,
intersensory functioning is well developed in precocial species such as the chick and
behavioural patterns are likely to be modified by exposure to cues detected by a number

of modalities simultaneously, rather than by input from a single sensory system.

Given that the chick embryo has functioning visual and olfactory systems by day
E20 and that these systems interact even at this early stage of development, the chick
must use a wide range of sensory «timuli in order to develop appropriate behavioural
patterns. Indeed, the results repor.ed in this thesis suggest that the chick is able to
respond to, even requires, combinatins of sensory input in order to learn and to survive
in its environment. Although olfaction is only one of a number of sensory systems that
the chick uses in early post-hatching life, the evidence reported in this thesis
demonstrates that odorants play an i nportant role in the chick's behaviour and may even

have hitherto unknown effects on the development of the other sensory modalities.



REFERENCES

Akutsu, S., Takada, M., Ohki-Ham: zaki, H., Murakami, S. and Arai, Y. (1992). Origin
of luteinizing hormone-re easing hormone (LHRH) neurons in the chick
embryo: Effect of the olfactory placode ablation. Neuroscience Letters, 142,
241-244.

Alexander, G. and Williams, D. (1966). Teat-seeking activity in lambs during the first
hours of life. Animal Behaviour, 14, 166-176.

Andrew, R. J. (1974). Changes in visual responsiveness following intercollicular lesions
and their effects on avoidarce and attack. Brain, Behavior and Evolution, 10,
400-424.

Andrew, R. J. (1975a). Effects of tcstosterone on the behaviour of the domstic chick. I.
Effects present in males but not in females. Animal Behaviour, 23, 139-155.

Andrew, R. J. (1975b). Effects of tzstosterone on the behaviour of the domestic chick.
II. Effects present in both scxes. Animal Behaviour, 23, 156-168.

Andrew, R. J. (1976). Attentional frocesses and animal behaviour. In: Growing Points
in Ethology, P. P. G. Bateson and R. A. Hinde (editors) Cambridge University
Press, Cambridge, pp. 95-1.33.

Andrew, R. J. (1988). The development of visual lateralization in the domestic chick.
Behavioural Brain Researc?, 29, 201-209.

Andrew, R. J. (1991). Cyclicity ir memory formation. In: Neural and Behavioural
Plasticity: The use of the domestic chick as a model, R. J. Andrew (editor)
Oxford University Press, O:ford, pp. 476-502.

Andrew, R. J. and Brennan, A. (19¢3). The lateralization of fear behaviour in the male
domestic chick: A developniental study. Animal Behaviour, 31, 1166-1176.

Andrew, R. J. and Brennan, A. (19¢4). Sex differences in lateralization in the domestic
chick. Neuropsychologia, 22, 503-509.

Andrew, R. J. and Brennan, A. (19%5). Sharply timed and lateralised events at time of
establishment of long term 11emory. Physiology and Behavior, 34, 547-556.

235



REFERENCES 236

Andrew, R. J., Clifton, P. G. and Gitbs, M. E. (1981). Enhancement of effectiveness of
learning by testosterone in domestic chicks. Journal of Comparative and
Physiological Psychology, 95, 406-417.

Archer, J. (1974). Testosterone ard behaviour during extinction in chicks. Animal
Behaviour, 22, 650-655.

Audubon, J. J. (1826). Account cf the habits of the turkey buzzard, Vultur aura,
particularly with the view of exploding the opinion generally entertained of its
extraordinary power of smelling. Edinburgh New Philosophical Journal, 2,
172-184.

Ayer-Le Lievre, C., Lapointe, F. and Leibovici, M. (1995). Avian olfactory
neurogenesis. Biology of th: Cell, 84, 25-34.

Balsam, P. D. and Silver, R. (199:). Behavioral change as a result of experience:
Toward principles of learning and development. In: Causal Mechanisms of
Behavioural Development, I1. A. Hogan and J. J. Bolhuis (editors) Cambridge
University Press, Cambridge, pp. 327-357.

Bang, B. G. (1961). The surface pattern of the nasal mucosa and its relation to mucus
flow: A study of chicken and herring gull nasal mucosae. Journal of
Morphology, 109, 57-72.

Bang, B. G. (1971). Functional ana:omy of the olfactory system in 23 orders of birds.
Acta Anatomica Supplemenium, 58, 1-76.

Bang, B. G. and Wenzel, B. M. (1985). Nasal cavity and olfactory system. In: Form
and Function in Birds, Volume 3, A. S. King and J. McLelland (editors)
Academic Press, London, pp. 195-225.

Bellairs, A. D'A. and Jenkin, C. R. (1960). The skeleton of birds. In: Form and Function
in Birds, Volume 1, A. J. Marshall (editor) Academic Press, London, pp. 241-
300.

Bellas, D. N., Novelly, R. A. and Eskenazi, B. (1989). Olfactory lateralization and
identificaion in  right hemisphere lesion and control patients.
Neuropsychologia, 27, 1187-1191.

Berglund, B., Berglund, U., Ekman, (3. and Engen, T. (1971). Individual psychophysical
functions for 28 odorants. Ferception and Psychophysics, 9, 379-384.

Berglund, B., Berglund, U. and Lindvall, T. (1986). Theory and methods for odor
evaluation. Experientia, 42, 280-287.



REFERENCES 237

Berkhoudt, H., Klein, B. G. and Zeigler, H. P. (1982). Afferents to the trigeminal and
facial motor nuclei in pigeon (Columba livia L.): Central connections of jaw
motoneurons. Journal of Comparative Neurology, 209, 301-312.

Blass, E. M., Teicher, C. P., Cramer, C. P. and Bruno, J. P. (1977). Olfactory, thermal,
and tactile controls of suckling in preauditory and previsual rats. Journal of
Comparative and Physiological Psychology, 91, 1248.

Bojsen-Mgller, F. (1975). Demonstraticn of terminalis, olfactory, trigeminal and
perivascular nerves in the rat nasal septum. Journal of Comparative Neurology,
159, 245-256.

Bojsen-Mgiller, F. and Fahrenkrug, 1. (1971). Nasal swell-bodies and cyclic changes in
the air passage of the rat and rabbit nose. Journal of Anatomy, 110, 25-37.

Boxer, M. L. and Stanford, D. (1985). Projections to the posterior visual hyperstriatal
region in the chick: An HRP study. Experimental Brain Research, 57, 494-
498.

Breazile, J. E. and Yasuda, M. (1679). Systema nervosum peripheriale. In: Nomina
Anatomica Avium, J. J. Baumel, A. S. King, A. M. Lucas, J. E. Breazile and H.
E. Evans (editors) Academic Press, London, pp. 473-503.

Burne, T. H. J. and Rogers, L. J. (1995). Odors, volatiles and approach-avoidance
behavior of the domestic chick (Gallus gallus domesticus). International
Journal of Comparative Ps chology, 8, 99-114.

Cherkin, A. (1969). Kinetics of memory consolidation: Role of amnesic treatment
parameters. Proceedings ofthe National Academy of Sciences, USA, 63, 1094-
1101.

Cherkin, A. (1972). Retrograde amnaesia in the chick: Resistance to the reminder effect.
Physiology and Behavior, ¢, 948-955.

Cherkin, A. and Lee-Teng, E. (1965). Interruption by halothane of memory
consolidation in chicks. Felderal Proceedings, 24, 328.

Clifton, P. G. and Andrew, R. J. (1981). A comparison of the effects of testosterone on
aggressive responses by the domestic chick to the human hand and to a large
sphere. Animal Behaviour, 29, 610-620.

Clifton, P. G. and Andrew, R. J. ( .983). The role of stimulus size and colour in the
elicitation of testosterone facilitated aggressive and sexual responses in the
domestic chick. Animal BeYaviour, 31, 878-886.



REFERENCES 238

Cobb, S. (1960). Observations on the comparative anatomy of the avian brain.
Perspectives in Biology and' Medicine, 3, 383-408.

Cometto-Muiiiz, J. E. and Cain, W. S. (1991). Nasal pungency, odor, and eye irritation
thresholds for homologous acetates.  Pharmacology, Biochemistry and
Behavior, 39, 983-989.

Cometto-Muiiiz, J. E. and Cain, W. S. (1995a). Olfactory adaptation. In: Handbook of
Olfaction and Gustation, .. L. Doty (editor) Marcel Dekker, New York, pp.
257-281.

Cometto-Muiiiz, J. E. and Cain, W. S. (1995b). Relative sensitivity of the ocular

trigeminal, nasal trigeminil and olfactory systems to airborne chemicals.
Chemical Senses, 20, 191-198.

Craig, C. R. and Stitzel, R. E. (1986). Modern Pharmacology. Little and Brown,
Boston.

Croucher, S. J. and Tickle, C. (1989). Characterization of epithelial domains in the nasal
passages of chick embrycs: Spatial and temporal mapping of a range of
extracellular matrix and cel surface molecules during development of the nasal
placode. Development, 10€, 493-509.

Darwin, C. (1834). Naturalist's Voyage Round the World. Appleton and Company,
New York.

Davis, R. G. (1973). Olfactory psychophysical parameters in man, rat, dog, and pigeon.
Journal of Comparative and Physiological Psychology, 85, 221-232.

De Boer, J. N. (1977). The age of olfactory cues functioning in chemocommunication
among male domestic cats. Behavioural Processes, 2, 209-225.

Delius, J. D. and Bennetto, K. (1¢72). Cutaneous sensory projections to the avian
forebrain. Brain Research, 37, 205-21.

Dharmaretnam, M. and Andrew, R. J. (1994). Age- and stimulus-specific effects on the
use of right and left eyes b’ the domestic chick. Animal Behaviour, 48, 1395-
1406.

Doty, R. L. (1995). Intranasal trigeminal chemoreception. In: Handbook of Olfaction
and Gustation, R. L. Doty (editor) Marcel Dekker, New York, pp. 821-833.



REFERENCES 239

Doty, R. L. and Kobal, G. (1995) Current trends in the measurement of olfactory
function. In: Handbook of Olfaction and Gustation, R. L. Doty (editor) Marcel
Dekker, New York, pp. 191-225.

Doty, R. L., Brugger, W. E., Jurs, I'. C., Omdorff, M. A., Snyder, P. J. and Lowry, L.
D. (1978). Intranasal trigeminal stimulation from odorous volatiles:
Psychometric responses from anosmic and normal humans. Physiology and
Behavior, 20, 175-185.

Doty, R. L., Shaman, P. and Dani, M. (1984). Development of the University of
Pennsylvannia smell identif cation test: A standardized microencapsulated test of
olfactory function. Physiology and Behavior, 32, 489-502.

Dravnieks, A. (1975). Instrumental aspects of olfactometry. In: Methods in Olfactory
Research, D. G. Moulton, A. Turk and J. W. Johnston Jr. (editors) Academic
Press, New York, pp. 1-61.

Dubbeldam, J. L., Brauch, C. S. M. and Don, A. (1981). Studies on the somatotopy of
the trigeminal system in the mallard, Anas platyrhynchos L. 111. Afferents and

organization of the nucleus basalis. Journal of Comparative Neurology, 196,
391-405.

Duncan, I. J. H. and Wood-Gush, D. G. M. (1972). An analysis of displacement
preening in the domestic fowl. Animal Behaviour, 20, 68-71.

Ebinger, P. (1995). Domestication ¢ nd plasticity of brain organization in Mallards (Anas
platyrhynchos). Brain, Behavior and Evolution, 45, 286-300.

Ebinger, P. and Lohmer, R. (1984). Comparative quantitative investigations on brains of
rock doves, domestic and urban pigeons (Columba l. livia). Zeitschrift fur
Zoologische Systematik unc Evolutionsforschung, 22, 136-145.

Ebinger, P. and Lohmer, R. (1987). A volumetric comparison of brains between greylag
geese (Anser anser L.) anc domestic geese. Journal fur Hirnforschung, 28,
291-299.

Engen, T. (1965). Psychophysical analysis of the odor intensity of homologous alcohols.
Journal of Experimental Psychology, 70, 611-616.

Eslinger, P. J., Damasio, A. R. and Van Hoesen, G. W. (1982). Olfactory dysfunction in
man: Anatomical and behavioral aspects. Brain and Cognition, 1, 259-285.

Farbman, A. 1. (1992). Cell Biology of Olfaction. Cambridge University Press,
Cambridge.



REFERENES 240

Finger, T. E. and Bottger, B. (1993). Peripheral peptidergic fibers of the trigeminal
nerve in the olfactory bulb (f the rat. Journal of Comparative Neurology, 334,
117-124.

Fluck, E., Hogg, S., Mabbutt, P S. and File, S. E. (1996). Behavioural and
neurochemical responses of male and female chicks to cat odour.
Pharmacology, Biochemistty and Behavior, 54, 85-91.

Foa, A., Bagnoli, P. and Giongo, F. 1 1986). Homing pigeons subjected to section of the
anterior commissure can biild up two olfactory maps in the deflector lofts.
Journal of Comparative Ph isiology A, 159, 465-472.

Freeman, B. M. and Vince, M. A. (1774). Development of the Avian Embryo. Chapman
and Hall, London.

Frye, R. E. (1995). Nasal airway dynamics and olfactory function. In: Handbook of
Olfaction and Gustation, R. L. Doty (editor) Marcel Dekker, New York, pp.
471-491.

Gabassi, P. G. and Zanuttini, L. (1932). Self-monitoring and identification of olfactory
dimensions. Perceptual and' Motor Skills, 75, 787-795.

Gagliardo, A. and Teyssedre, A. (1988). Interhemispheric transfer of olfactory
information in homing pige«n. Behavioural Brain Research, 27, 173-178.

Gallup, G. G. Jr. and Suarez, S. D. (1980). An ethological analysis of open-field
behaviour in chickens. Anirial Behaviour, 28, 368-378.

Geldard, F. A. (1972). The Human !'enses. John Wiley and Sons, New York.

Gentle, M. J. (1985). Sensory involvement in the control of food intake in poultry.
Proceedings of the Nutrition Society, 44, 313-321.

Giancoli, D. C. (1985).  Physics: Principles with applications.  Prentice-Hall
International, London.

Gibbs, M. E. (1991). Behavioral and pharmacological unravelling of memory formation.
Neurochemical Research, 15, 715-726.

Gibbs, M. E., Gibbs, C. L. and Ng, K. T. (1977). A possible physiological mechanism
for short-term memory. Phsiology and Behavior, 20, 619-627.



REFERENCES 241

Gilbert, A. N. and Rosenwasser, A. M. (1987). Biological rhythmicity of nasal airway
patency: A re-examination of the 'masal cycle'. Acta Otolaryngologica, 104,
180-186.

Gilbert, A. N., Greenberg, M. S. ard Beauchamp, G. K. (1989). Sex, handedness and
side of nose modulate hum:n odor perception. Neuropsychologia, 27, 505-511.

Gittleman, J. L., Harvey, P. H. ¢énd Greenwood, P. J. (1980). The evolution of
conspicuous coloration: So ne experiments in bad taste. Animal Behaviour, 28,
897-899 |

Gottlieb, G. (1968). Prenatal behav or of birds. Quarterly Reviews in Biology, 43, 148-
174.

Guilford, T. (1986). How do 'warning colours' work? Conspicuousness may reduce
recognition errors in experiznced predators. Animal Behaviour, 34, 286-288.

Guilford, T., Nicol, C., Rothschild, M. and Moore, B. P. (1987). The biological roles of
pyrazines: Evidence for a wvarning odour function. Biological Journal of the
Linnean Society, 31, 113-128.

Gurney, J. H. (1922). On the sense of smell possessed by birds. Ibis, 4, 225-253.

Gurusinghe, C. J., Zappia, J. V. and Ehrlich, D. (1986). The influence of testosterone on
the sex-dependent structuril asymmetry of the medial habenular nucleus in the
chicken. Journal of Compcrative Neurology, 253, 153-162.

Hale, C. and Green, L. (1979). E Tfect of initial pecking consequences on subsequent
pecking in young chick.. Journal of Comparative and Physiological
Psychology, 93, 730-735.

Hale, C. and Green, L. (1988). Effe:ts of early ingestional experiences on the acquisition
of appropriate food selecticn by young chicks. Animal Behaviour, 36, 211-224.

Hamburger, V. (1961). Experimcntal analysis of the dual origin of the trigeminal
ganglion in the chick embryo. Journal of Experimental Zoology, 148, 91-123.

Hamburger, V. and Hamilton, H L. (1951). A series of normal stages in the
development of the chick embryo. Journal of Morphology, 88, 49-92.

Heine, O. and Galaburda, A. M. (1986). Olfactory asymmetry in the rat brain.
Experimental Neurology, 91, 392-398.



REFERENCES 242

Henton, W. W. (1969). Conditione« suppression to odorous stimuli in pigeons. Journal
of Experimental Analysis o;" Behavior, 12, 175-185.

Henton, W. W., Smith, J. C. and Tucker, D. (1969). Odor discrimination in pigeons
following section of the olfactory nerves. Journal of Comparative and
Physiological Psychology, 39, 317-323.

Hersher, L., Richmond, J. B. and Moore, A. U. (1963). Modifiability of the critical
period for the development of maternal behavior in sheep and goats.
Behaviour, 20, 311-320.

Hogan, J. A. (1965). An experimenial study of conflict and fear: An analysis of behavior
of young chicks towards a mealworm. Part I. The behavior of chicks which do
not eat the mealworm. Behaviour, 26, 45-95.

Hogan, J. A. (1971). The development of a hunger system in young chicks. Behaviour,
39, 128-201.

Hogan-Warburg, A. J. and Hogan, .. A. (1981). Feeding strategies in the development
of food recognition in youn 2 chicks. Animal Behaviour, 29, 143-154.

Horn, G. (1985). Memory, Imprintiag and the Brain. Clarendon Press, Oxford.

Ingalls, V. (1993). Startle and habituation responses of blue jays (Cyanocitta-cristata) in
a laboratory simulation of anti-predator defenses of catocala moths
(Lepidoptera, Noctuidae). Behaviour, 126, 77-96.

Johnston, A. N. B. (1995). Behavioural and Neurochemical Lateralization Associated
with Imprinting in the Chict. Ph.D. Thesis, University of New England.

Jones, A. W. and Levi-Montalcini, R. (1958). Patterns of differentiation of the nerve

centers and fiber tracts of the avian cerebral hemispheres. Archives Italiennes
de Biologie, 96, 231-284.

Jones, R. B. (1977a). Repeated exposure of the domestic chick to a novel environment:
Effects on behavioural resp ynses. Behavioural Processes, 2, 163-173.

Jones, R. B. (1977b). Sex and strain differences in the open field responses of the
domestic chick. Applied Arimal Ethology, 3, 255-261.

Jones, R. B. (1982). Tonic immobility in the domestic fowl: Effects of social rank and
the presence of other birds. IRCS Journal of Medical Science, 10, 558-559.



REFERENCES 243

Jones, R. B. (1984). Open-field responses of domestic chicks in the presence of a
cagemate or a strange chick IRCS Journal of Medical Science, 12, 482-483.

Jones, R. B. (1985). Fearfulness of lens caged individually or in groups in different tiers
of a battery and the effec's of translocation between tiers. British Poultry
Science, 26, 399-408.

Jones, R. B. (1987a). Food necphobia and olfaction in domestic chicks. Bird
Behaviour, 7, 78-81.

Jones, R. B. (1987b). Fearfulness of caged laying hens: The effects of cage level and
type of roofing. Applied Animal Behaviour Science, 17, 171-175.

Jones, R. B. and Black, A. J. (1979). Behavioral responses of the domestic chick to
blood. Behavioral and Neural Biology, 27, 319-329.

Jones, R. B. and Faure, J. M. (1982). Domestic chicks prefer familiar soiled substrate in
an otherwise novel environment. IKCS Journal of Medical Science, 10, 847.

Jones, R. B. and Gentle, M. J. (1985. Olfaction and behavioral modification in domestic
chicks (Gallus domesticus). Physiology and Behavior, 34, 917-924.

Jones, R. B. and Waddington, D. (1992). Modification of fear in domestic chicks,
Gallus gallus domesticus. via regular handling and early environmental
enrichment. Animal Behaviour, 43, 1021-1033.

Kare, M. R. and Mason, J. R. ( 986). The chemical senses in birds. In: Avian
Physiology, P. D. Sturkie (editor) Springer-Verlag, New York, pp. 59-73.

Kendrick, K. M., Levy, F. and Keverne, E. B. (1992). Changes in the sensory
processing of olfactory signals induced by birth in sheep. Science, 256, 833-
836.

King, A. S. (1979). Systema respira orium. In: Nomina Anatomica Avium, J. J. Baumel,
A. S. King, A. M. Lucas, . E. Breazile and H. E. Evans (editors) Academic
Press, London, pp. 227-265.

Kobal, G., Van Toller, S. and Hummel, T. (1989). Is there directional smelling?
Experientia, 45, 130-132.

Kruijt, J. P. (1964). Ontogeny of social behaviour in Burmese red junglefowl (Gallus
gallus spadiceus) Bonnaterie. Behaviour, Supplement 12, 1-201.



REFERENCES 244

Kruska, D. and Stephan, H. (1973). Volumenvergleich allokortikaler hirnzentren bei
wild- und hausschweinen. s\cta anatomicum, 84, 387-415.

Kuenzel, E. J. (1983). Behavioural sequence of food and water intake: Its significance
for elucidating central neural mechanisms controlling feeding in birds. Bird
Behaviour, 5, 2-15.

Kuenzel, W. J. (1989). Neuroana omical substrates involved in the control of food
intake. Poultry Science, 68, 926-937.

Kuo, Z. Y. (1932). Ontogeny of embryonic behavior in aves. IV. The influence of
embryonic movements upon the behavior after hatching.  Journal of
Comparative Psychology, 14, 109-122.

Laska, M. and Hudson, R. (1993). Assessing olfactory performance in a new world
primate, Saimiri sciureus. .°hysiology and Behavior, 53, 89-95.

L2vy, F., Poindron, P. and Le Neindre, P. (1983). Attraction and repulsion by amniotic
fluids and their olfactory ccntrol in the ewe around parturition. Physiology and
Behavior, 31, 687-692.

L2vy, F., Gervais, R., Kindermann, J., Orgeur, P. and Piketty, V. (1990). Importance of
o-noradrenergic receptors in the olfactory bulb of sheep for recognition of
lambs. Behavioral Neuroscience, 104, 464-469.

Lickliter, R. (1990). Premature vistal stimulation accelerates intersensory functioning in
bobwhite quail neonates. L evelopmental Psychobiology, 23, 15-27.

Lickliter, R. and Virkar, P. (1989). Intersecnsory functioning in bobwhite quail chicks:
Early sensory dominance. Developmental Psychobiology, 22, 651-667.

Macader, A. W., Rausch, L. J.,, Wenzel, B. M. and Hutchinson, L. V. (1980).
Electrophysiology of the olfactory pathway in the pigeon. Journal of
Comparative Physiology, 137, 39-46.

Marples, N. M., van Veelen, W. and Brakefield, P. M. (1994). The relative importance
of colour, taste and smell in the protection of an aposematic insect Coccinella
septempunctata. Animal B:haviour, 48, 967-974.

Martin, P. and Bateson, P. (1994). Measuring Behaviour. Cambridge University Press,
Cambridge.

Mason, J. R. and Silver, W. L. '1983). Trigeminally mediated odor aversions in
starlings. Brain Research, 269, 196-199.



REFERENCES 245

Mendoza, A. S. (1980). The cell :oat of the developing olfactory epithelium in the
chick. Cell Tissue Research., 207, 227-232.

Merck Index, 9th edition (1976), Standish, Prideaux and Pye, Carlton, Victoria.

Meyer, D. L., von Bartheld, C. S. and Lindorter, H. W. (1987). Evidence for the
existence of a terminal nerv: in lampreys and in birds. Annals of the New York
Academy of Sciences, 519, 385-391.

Michelsen, W. J. (1959). Proceduie for studying olfactory discrimination in pigeons.
Science, 130, 630-631.

Miller, D. E. (1980). Temporal p:ttern of motor activity of chicks during the early
posthatching period. Behavioural Processes, S, 201-210.

Molnar, M., Casini, G., Davis, B. M., Bagnoli, P. and Brecha, N. C. (1994). Distribution
of preproenkephalin mRNA 1in the chicken and pigeon telencephalon. Journal
of Comparative Neurology, 348, 419-432.

Moncrief, R. W. (1955). A technique for comparing the threshold concentrations for
olfactory, trigeminal, and ocular irritations. Quarterly Journal of Experimental
Psychology, 7, 128-132.

Moskowitz, H.R., Dravnieks, A. ind Klarman, L.A. (1976). Odor intensity and
pleasantness for a diverse set of odorants. Perception and Psychophysics, 19,
122-128.

Moulton, D. G. (1960). Studies i1 olfactory acuity: III. Relative detectability of n-
aliphatic acetate by the rat. Quarterly Journal of Experimental Psychology, 8,
117-128.

Moulton, D.G. (1975). The sinmwultaneous measurements of neural response and
performance in rats and 1abbits .nvolved in an odour detection task. In:
Methods in Olfactory Resecrch, D. G. Moulton, A. Turk and J. W. Johnston Jr.
(editors) Academic Press, Mew York, pp. 407-429.

Myers, L. J. and Pugh, R. (1985). Thresholds of the dog for detection of inhaled
eugenol and benzaldehyle determined by electroencephalographic and

behavioral olfactometry. American Journal of Veterinary Research, 11, 24(09-
2412.



REFEREN CES 246

Nef, S., Allaman, 1., Fiumelli, H., Dz Castro, E. and Nef, P. (1996). Olfaction in birds:
Differential embryonic expr:ssion of nine putative odorant receptor genes in the
avian olfactory system. Me :hanism:s of Development, 55, 65-717.

Neuhaus, W. (1963). On the olfactory sense of birds. In: Olfaction and Taste, Volume
1, Y. Zotterman (editor) Pe -gamon Press, Oxford, pp. 111-124.

Ng, K. T. and Gibbs, M. E. (1991). Stages in memory formation: A review. In: Neural
and Behavioural Plasticity: The use of the domestic chick as a model, R. J.
Andrew (editor) Oxford University Press, Oxford, pp. 350-369.

Nielson, V. C., Voorburg, J. H. and L'Hermite, P. (1988). Volatile emissions from
livestock farming and sewa je operations. Elsevier Applied Science, London.

Nowak, R. F. (1991). Senses involved in discrimination of merino ewes at close contact
and from a distance by their newborn lambs. Animal Behaviour, 42, 357-366.

Palmerino, C. C., Rusiniak, K. W. ¢nd Garcia, J. (1980). Flavor-illness aversions: The
peculiar roles of odor and t: ste in memory for poison. Science, 208, 753-755.

Pangborn, R. M., Berg, H. W., Roessler, E. B. and Webb, A. D. (1964). Influence of
methodology on olfactory r:sponse. Perception and Motor Skills, 18, 91-103.

Papi, F. (1990). Olfactory navigation in birds. Experientia, 46, 352-363.

Parsons, C. H. and Rogers, L. J. (1593). Role of the tectal and posterior commisures in
lateralization of the avian biain. Behavioural Brain Research, 54, 153-164.

Patte, F., Etcheto, M. and Laffort. P. (1975). Selected and standardized values of
suprathreshold odor inten:ities for 110 substances. Chemical Senses and
Flavor, 1, 283-305.

Phillips, R. E. and Youngren, O. M. (1986). Unilateral kainic acid lesions reveal
dominance of right archistr atum in avian fear behavior. Brain Research, 377,
216-220.

Porter, R. H., Balogh, R. D., and Makin, J. W. (1988). Olfactory influences on mother-
infant interactions. In: Adances in Infancy Research, Volume §, C. Rovee-
Collier and L. P. Lipsitt (editors) Ablex, Norwoo, New Jersey, pp. 39-68.

Prah, J. D., Sears, S. B. and Walker, J. C. (1995). Modern approaches to air dilution
olfactometry. In: Handbook of Olfaction and Gustation, R. L. Doty (editor)
Marcel Dekker, New York, pp. 227-225.



REFERENCES 247

Price, E. O. (1984). Behavioral asjects of animal domestication. Quarterly Review of
Biology, 59, 1-32.

Principato, J. J. and Ozenberger, J M. (1970). Cyclical changes in nasal resistance.
Archives of Otolaryngology, 91, 71-717.

Pryor, G. T., Steinmetz, G. and Htone, H. (1970). Changes in absolute detection
threshold and in subjective intensity of suprathreshold stimuli during olfactory
adaptation and recovery. Pzrcepticn and Psychophysics, 8, 331-335.

Rajendra, S. and Rogers, L. J. (1993). Asymmetry is present in the thalamofugal visual
projections of female chick:. Experimental Brain Research, 92, 542-544.

Rasmussen, R. A. (1972). What do the hydrocarbons from trees contribute to air
pollution? Journal of Air Pollution Control Association, 22, 537-543.

Reiner, G. K. and Karten, H. J. (1785). Comparison of olfactory bulb projections in
pigeons and turtles. Brain, Behavior and Evolution, 27, 11-27.

Reymond, E. and Rogers, L. J. (1¢81). Diurnal variations in learning performance in
chickens. Animal Behaviour, 29, 241-248.

Rieke, G. K. and Wenzel, B. M. (1¢75). The ipsilateral olfactory projection field in the
pigeon. In: Olfaction ana Taste, Volume 5, D. Denton and J. P. Coghland
(editors) Academic Press, Mew York, pp. 361-368.

Rieke, G. K. and Wenzel, B. M. (1978). Forebrain projections of the pigeon olfactory
bulb. Journal of Morpholo.y, 158, 41-56.

Rogers, L. J. (1974). Persistence and search influenced by natural levels of androgens in
young and adult chickens. .’hysiology and Behavior, 12, 197-204.

Rogers, L. J. (1982). Light experience and asymmetry of brain function in chickens.
Nature, 297, 223-225.

Rogers, L. J. (1990). Light input and the reversal of functional lateralization in the
chicken brain. Behavioural Brain Research, 38, 211-221.

Rogers, L. J. (1995). The Development of Brain and Behaviour in the Chicken. CAB
International, Wallingford.

Rogers, L. J. and Bolden, S. W. (1991). Light-dependent development and asymmetry
of visual projections. Neuroscience Letters, 121, 63-67.



REFERENCES 248

Rogers, L. J. and Sink, H. S. (1988). Transient asymmetry in the projections of the
rostral thalamus to the vistal hyperstriatum of the chicken, and reversal of its
direction by light exposure. Experimental Brain Research, 70, 378-384.

Romanoff, A. L. (1960). The Avian Embryc. Macmillan, New York.

Rose, S. P. R. (1991). Biochemical mechanisms of memory formation in the chick. In:
Neural and Behavioural Piasticity. The use of the domestic chick as a model,
R. J. Andrew (editor) Oxfoid University Press, Oxford, pp. 277-304.

Rose, S. P. R. and Jork, R. (1987). Long-term memory formation in chicks is blocked
by 2-deoxygalactose, a fucose analog. Behavioral and Neural Biology, 48,
246-258.

Rosenblatt, J. S. (1971). Suckling and home orientation in the kitten: A comparative
developmental study. In: Tie Biopsychology of Development, E. Tobach, L. R.
Aronson and E. Shaw (editors) Academic Press, New York, pp. 345-410.

Rosenblatt, J. S. (1983). Olfaction mediates developmental transition in the altricial
newborn of selected species of mammals. Developmental Psychobiology, 16,
347-375.

Sauvageot, F. (1987). Differential tareshold and exponent of the power function in the
chemical senses. Chemical Senses, 12, 537-541.

Schneider, R. A. and Schmidt, C. E. (1967). Dependency of olfactory localization on
non-olfactory cues. Physio ogy and Behavior, 25, 305-309.

Schuler, W. and Hesse, E. (1985). On the function of warning coloration: A black and
yellow pattern inhibits prey-attack by naive domestic chicks. Behavioral
Ecology and Sociobiology, 16, 249-255.

Schwarz, I. M. and Rogers, L. J. (1992). Testosterone: A role in the development of
brain asymmetry in the chic. Neuroscience Letters, 146, 167-170.

Shimomura, J. and Motokizawa, F. (1995). Functional equivalence of the two sides of
the human nose in odor det::ction. Chemical Senses, 20, 585-587.

Shumake, S. A., Smith, J. C. and Tucker, D. (1969). Olfactory intensity difference
thresholds in the pigeon  Journal of Comparative and Physiological
Psychology, 67, 64-69.

Sieck, M. H. and Wenzel, B. M. (1969). Electrical activity of the olfactory bulb of the
pigeon. Electroencephalog -aphy and Clinical Neurophysiology, 26, 62-69.



REFERENCES 249

Siegel, S. (1956). Nonparametric Siatistics for the Behavioral Sciences. McGraw-Hill,
New York.

Siegel, S. and Castellan, N. J. (1938). Nonparametric Statistics for the Behavioral
Sciences, 2nd edition. McGraw-Hill, New York.

Sillén-Tullberg, B. (1985). Higher survival of an aposematic than of a cryptic form of a
distasteful bug. Oecologia, 67, 411-415.

Silver. W. L. (1987). The commo1 chem.al sense. In: Neurobiology of Taste and
Smell, T. E. Finger and W. L. Silver (editors) John Wiley and Sons, New York,
pp. 65-87.

Silver, W. L., Arzt, A. H. and Maso1, J. R. (1988). A comparison of the discriminatory
ability and sensitivity of the trigeminal and olfactory systems to chemical stimuli
in the tiger salamander. Jot rnal of Comparative Physiology A, 164, 55-66.

Slotnick, B. M. and Schoonover, F W. (1992). Olfactory pathways and the sense of

smell. Neuroscience and B.obehavioral Reviews, 16, 453-72.
Stager, K. E. (1967). Avian olfaction. American Zoologist, 7, 415-419.

Stattleman, A. J., Talbot, R. B. ard Coulter, D. B. (1975). Olfactory thresholds of
pigeons (Columba livia), quail (Colinus virginianus) and chickens (Gallus
gallus). Comparative Bioc wemistry and Physiology A, 50, 807-809.

Stevens, J. C., Cain, W. S. and Burke, R. J (1988). Variability of olfactory thresholds.
Chemical Senses, 13, 643-¢53.

Stevens, S. S. (1970). Neural even:s and the psychophysical law. Science, 170, 1043-
1050.

Stone, H. (1963). Determination of odor difference limens for three compounds.
Journal of Experimental Psychology, 66, 466-473.

Stone, H., Carregal, E. J. A. and Williams, B. (1966). The olfactory-trigeminal response
to odorants. Life Sciences, S, 2195-2201.

Stone, H., Williams, B. and Carrega ., E. J. A. (1968). The role of the trigeminal nerve in
olfaction. Experimental Neurology, 21, 11-19.

Strong, R. M. (1911). On the olfactory organs and the sense of smell in birds. Journal
of Morphology, 22, 619-661.



REFERENCES 250

Sutherland, R. J. (1982). The dors:1 diencephalic conduction system: A review of the
anatomy and functions cf the habenular complex.  Neuroscience and
Biobehavioral Reviews, 6, 1-13.

Tanabe, Y., Nakamura, T., Fujioka, <. and Doi, O. (1979). Production and secretion of
sex steroid hormones by he testes, the ovary, and the adrenal glands of
embryonic and young chickens (Gallus domesticus). General and Comparative
Endocrinology, 39, 26-33.

Tolhurst, B. E. and Vince, M. A. (1976). Sensitivity to odours in the embryo of the
domestic fowl. Animal Behaviour, 24, 772-779.

Tucker, D. (1963). Physical variables in the olfactory stimulation process. Journal of
General Physiology, 46, 453-459.

Tucker, D. (1965). Electrophysiclogical evidence for olfactory function in birds.
Nature, 207, 34-36.

Tucker, D. (1971). Nonolfactory responses from the nasal cavity: Jacobson's organ and
the trigeminal system. In: Handbook of Sensory Physiology, Volume 6,
Chemical Senses, Part I, L. M. Beicdler (editor) Springer-Verlag, New York, pp.
151-181.

Turner, E. R. A. (1964). Social feed ng in birds. Behaviour, 24, 1-46.

Turro, L., Porter, R. H. and Picard, M. (1994). Olfactory cues mediate food selection by
young chicks. Physiology and Behavior, §5, 761-767.

Vallortigara, G. and Andrew, R. J. (1991). Lateralization of response by chicks to
change in a model partner. Animal Behaviour, 41, 187-194.

Vallortigara, G. and Andrew, R. J. (1994). Olfactory lateralization in the chick.
Neuropsychologia, 32, 417-423.

Vallortigara, G. and Zanforlin, M. ( 988). Open field behavior of young chicks (Gallus
gallus): Antipredatory responses, social reinstatement motivation, and gender
effects. Animal Learning a.id Behavior, 16, 359-362.

Vallortigara, G., Cailotto, M. and Zanforlin, M. (1990). Differences in social
reinstatement motivation of the domestic chick (Gallus gallus) revealed by

runway tests with social and nonsocial reinforcement. Journal of Comparative
Psychology, 104, 361-367.



REFERENCES 251

van Tienhoven, A. and Juhasz, L. P (1961). The chicken telencephalon, diencephalon
and mesencephalon in stereotaxic coordinates. Journal of Comparative
Neurology, 115, 185-197.

Vince, M. A. (1976). Behaviour and aeration of the respiratory system in the domestic
fowl embryo. Journal of Ptysiology, 263, 465-474.

Vince, M. A. (1977). Taste sensitivity in the embryo of the domestic fowl. Animal
Behaviour, 25, 797-805.

von Békésy, G. (1964). Olfactory analogue to directional hearing. Journal of Applied
Physiology, 19, 369-373.

Waldvogel, J. A. (1989). Olfactory orientation by birds. Current Ornithology, 6, 269-
321.

Walker, J. C., Tucker, D. and Smith, J. C. (1979). Odor sensitivity mediated by the
trigeminal nerve in the pigeon. Chemical Senses and Flavour, 4, 107-116.

Walker, J. C., Walker, D. B., Tambiih, C. R. and Gilmore, K. S. (1986). Olfactory and
nonolfactory odor detection in pigeons: Elucidation by a cardiac acceleration
paradigm. Physiology and 3ehavior, 38, 575-580.

Watanabe, T. and Yasuda, M. (1963). Peripheral course of the olfactory nerve in the
fowl. Japanese Journal of /eterinary Science, 30, 275-279.

Watanabe, T. and Yasuda, M. (1970). Peripheral course of the trigeminal nerve.
Japanese Journal of Veterir ary Science, 32, 43-57.

Weast, R. C. (1986). Handbook of “hemistry and Physics, 67th edition. The Chemical
Rubber Company, Cleveland, Ohio.

Wenzel, B. M. (1967). Olfactory perception in birds. In: Olfaction and Taste, Volume
2. T. Hayashi (editor) Pergamon Press, New York, pp. 203-217.

Wenzel, B. M. (1987). The olfactoy and related systems in birds. Annals of the New
York Academy of Sciences, 519, 137-149.

Wenzel, B. M. and Sieck, M. H. (1972). Olfactory perception and bulbar electrical
activity in several avian species. Physiology and Behavior, 9, 287-293.

Wertz, P. W., Stover, P. M. and Downing, D. T. (1986). A survey of polar and
nonpolar lipids from epiderinis and epidermal appendages of the chicken (Gallus
domesticus). Comparative Biochemistry and Physiology B, 84, 203-206.



REFERENCES 252

Williams, A. A. and Rosser, P. R. (1981). Aroma enhancing effects of ethanol.
Chemical Senses, 6, 149-153.

Workman, L. and Andrew, R. J. (1989). Simultaneous changes in behaviour and in
lateralization during the dcvelopment of male and female domestic chicks.
Animal Behaviour, 38, 596-605.

Yasuda, M. (1983). Nerve regulaticn of the food and water intake in chicken. In: The
Brain and Behavior of the .“owl, T. Ookawa (editor) Japan Scientific Societies
Press, Tokyo, pp. 185-211.

Youngentob, S. L., Kurtz, D. B., L:opold, D. A., Mozell, M. M. and Hornung, D. E.
(1982). Olfactory sensitivit'’: Is there laterality? Chemical Senses, 7, 11-21.

Zappia, J. V. and Rogers, L. J. (1983). Light experience during development affects
asymmetry of forebrain fun:tion in chickens. Developmental Brain Research,
11, 93-106.

Zatorre, R. J. and Jones-Gotman M. (1990). Right nostril advantage for discrimination
of odors. Perception and Psychophysics, 47, 526-31.

Zeigler, H. P. and Karten, H. J. (1973). Brain mechanisms and feeding behavior in the
pigeon (Columba livia). 1. Quinto-frontal structures. Journal of Comparative
Neurology, 152, 59-82.



