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Summary

Clock-shifting (altering the phase of the internal clock) deflected than expected, but these effects were not
in homing pigeons leads to a deflection in the vanishing significantly different at familiar and unfamiliar sites. The
bearing of the clock-shifted group relative to controls. possible causes of the effects are discussed and evaluated
However, two unexplained phenomena are common in with reference to this analysis and other experiments. The
clock-shift experiments: the vanishing bearings of the most likely causes appear to be conflict between the
clock-shifted group are often more scattered (with a directions indicated by the sun compass and either
shorter vector length) than those of the control group, and unshifted familiar visual landmarks (at familiar sites only)
the deflection of the mean bearing of the clock-shifted or the unshifted magnetic compass (possible at both
group from that of the controls is often smaller than familiar and unfamiliar sites).
expected theoretically. Here, an analysis of 55 clock-shift
experiments performed in four countries over 21 years is
reported. The bearings of the clock-shifted groups were Key words: pigeons,Columba livia clock-shifting, navigation,
significantly more scattered than those of controls and less scatter, deflection, homing.

Introduction

The process of clock-shifting (altering the phase of a bird'effects are widespread and, if so, to determine their cause.
internal clock) has been a vital tool in investigating thelndeed, the only experiment specifically designed to examine
mechanisms involved in pigeon navigation. At a release sit¢hese clock-shift effects found no evidence of them, even
clock-shifted pigeonsQolumba liviaL.) use their internal though they are common in the literature (Neuss and Wallraff,
clock to compensate for the sun’s movement and to take upl®88). The only other systematic examination of these effects
bearing appropriate to their subjective time of day. Since theiwas by Wiltschkeet al. (1994), in an analysis of 103 releases
internal clock is shifted, they ‘mis-read’ the azimuth of the sunperformed over 17 years. However, since all the releases used
and their mean vanishing bearing from a site is deflected fropigeons bred at the Frankfurt loft at release sites around
that of controls by approximately 15 ° for each hour that theiFrankfurt, the analysis may suffer from the problem of pseudo-
clocks are shifted (Schmidt-Koengg al. 1991). The existence replication: it only showed that the effects were significant for
of this deflection allows the experimenter to conclude that thErankfurt-bred pigeons released around Frankfurt, and not that
pigeons must have been using their sun compass to determthey were general effects of clock-shifting.
the home direction. Despite their long use, clock-shift The present study reports an analysis of the results of a
experiments have two common and largely unexplainedumber of experiments involving 6 h clock-shifts, performed
effects: the clock-shifted group usually shows greater scattém a number of different countries, that were available from the
(a shorter vector length) than the control group and a smalléterature. Ideally, one release from each loft would have been
deflection than would be expected theoretically (for discussiomused as a data point, but this would have resulted in an
see Neuss and Wallraff, 1988; Wiltschi&bal. 1994). These insufficient sample size. Nevertheless, the data represent
effects occur both during release experiments (Schmidteleases from a wide range of geographical areas, diverse
Koenig, 1979; Schmidt-Koenigt al. 1991) and in some experimental techniques and training regimes, and by a number
experiments directionally testing pigeons in outdoor open-fieldf different authors.

arenas (Chappell and Guilford, 1995; Gagliaedcal. 1996; My aims were as follows: (1) to establish whether there is a
Hagmanret al. 1994). These two clock-shift phenomena will significant decrease in vector length relative to controls, and a
be collectively referred to as ‘clock-shift effects’. deflection significantly smaller than theoretically expected in

There have been few attempts to determine whether theskck-shifted pigeons, (2) to determine whether releases at
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familiar and unfamiliar sites differ in these effects, and (3) tahe pigeons had been released previously at least once, and
use the results of the analysis together with the results of othen unfamiliar site as one at which a pigeon had never been
experiments to try to determine a possible cause (or causes)refeased previously. Clearly, some pigeons may also have
the effects. been familiar with the general area of the release site from
previous fights. However, since it is almost impossible to
quantify the size and extent of familiarity with this area, |
used the more stringent criterion stated above to classify the
Data set releases. In eight releases (marked with an asterisk in
The data were collected from the literature by aTablesl and 2), three different clock-shift groups were
computerized on-line search of published papers usingeleased with one control group. Since these groups were all
appropriate key words and from unpublished experimentseleased on the same day, and there waa poori reason
performed by researchers in Oxford University. In order to béo suppose that the bearings of the clock-shifted groups
considered, each study needed to include certain specifihould differ substantially from those of the controls (the
information, such as the mean bearing and vector length of tlggoups were merely housed in different conditions), a second-
clock-shifted and control groups, the place and approximaterder mean (Batschelet, 1981) was used to calculate a mean
date of release and whether the pigeons had been released fneuotor for all the clock-shifted groups. The number of
the site previously. After rejecting studies which did notvanishing bearings per group for each release ranged from
provide this information, 60 releases involvingtadock-shift ~ five to 23. Normal quartile plots of a selection of the data
(22 from familiar sites, 38 from unfamiliar sites) from 13 established that the vector lengths were normally distributed,
experiments remained. These releases are therefore not lat the prediction differences (see section below on
exhaustive sample of all clock-shift experiments evedeflection) were not. Thus, parametric tests were performed
performed, but they do represent all the experiments thatdn the vector-length data and non-parametric tests on the
could fnd that included the necessary information and whiclprediction-difference data.
did not involve other sensory manipulations (e.g. anosmia or
deprivation of vision). They cover releases in four countries Data analysis and statistics
(USA, Germany, Italy, UK) and were performed over 21 yearsyector lengths
Thus, it can be reasonably assumed that any statistical effectSince the vector lengths of the control and clock-shifted
is a general and widespread effect of clock-shiftinggroups were not strictly independent, the difference in vector
independent of other extraneous factors. length between the two groups was calculated for each release,
After further investigation, four unfamiliar-site releases andand a one-samptetest was performed on these differences for
one familiar-site release from this data set of 60 releases wefamiliar and unfamiliar sites separately. The vector length of
omitted from the analysis: these were from Neuss and Wallrathe clock-shifted group was subtracted from that of the control
(1988), Schmidt-Koeniget al. (1991), Wallraffet al. (1994)  group, so that a positive difference would indicate that the
and Wiltschko and Wiltschko (1980). This was because thelock-shifted group was more scattered than the control group.
results they reported were for several releases pooled fromhe vector-length differences for familiar and unfamiliar sites
different sites. Pooled data might obscure differences betweavere then compared using a two-santgiest.
the control and clock-shifted groups that were speddia
particular release site. Since orientation behaviour varie@eflection
greatly according to the release site (Wiltsclekal. 1994), The mean dediction for each release was determined by the
the present analysis was designed to compare the behaviouranigular difference between the mean bearings of the control
control and clock-shifted pigeons at each particular release sit@d clock-shifted groups. The sign of the eletibn indicates
It was also difficult to determine an accurate estimate for thevhether the clock-shifted group was counter-clockwise (a fast
expected defiction for pooled releases performed over ashift) or clockwise (a slow shift) relative to the control group.
period of time. However, data from theseefstudies are given However, the sign was ignored in the analysis as fast and slow
in Tablesl and 2 for comparison, and it can be seen that theshifts do not appear to result in systematically different degrees
follow the general trend of the data set. The studies includeaf deflection (Wiltschkoet al. 1994). The angular difference
in the analysis were: Alexander and Keeton (1974), Edrich antoetween the control and clock-shifted groups (and not between
Keeton (1978), Foa and Albonetti (1980), Fuberl. (1983), the home direction and the clock-shifted group) is the correct
Wiltschko et al. (1976), Wiltschko and Wiltschko (1981), A. method of determining dedttion, as at many sites release site
Ferry (unpublished data) and R. Holland, F. Bonnadonna, Biases or preferred compass directions result in control pigeons
Benvenuti, L. Dall’Antonia and T. Guilford (unpublished being oriented in a direction other than that of home
data). (Wiltschko et al. 1994).
In some cases, the expectedeltfbn was given in the same
Release-site classftion paper (see Tables 2), but for the majority, the expected
The releases were categorized into those from familiar andeflection had to be calculated. To accomplish this, a set of
unfamiliar sites. A familiar site was deéid as one at which equations that defe the sun’s position (Linacre, 1992) was

Materials and methods
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incorporated into a Pascal computer program which calculatdfdom the expected defttion for the release to give the
the sun’s altitude and azimuth at any time and site on Eartprediction differencep). Positive values gb indicate that the
once the sun’s declinatiowl)(in degrees and the equation of observed dediction was smaller than expected, and negative
time (E) in minutes were known (see FB1 in Linacre, values that it was greater than expected. A one-sample

1992). Wilcoxon signed-ranks test was performedpofor familiar-
The equations were as follows: and unfamiliar-site releases separately to determine whether
the median was signifantly different from zero (that is,
Tt=Tu- L + E , 1) whether pigeons show a sigoéntly different deéiction from
15 60 that expected). | also used a Mann—Whitblketest to compare

&P in familiar- and unfamiliar-site releases to determine whether
the defcit was different at the two site types. Finally, |
suspected that the familiar-site releases might be somewhat
heterogeneous: pigeons in releases close to heri®kn)
might be very familiar with the area as well as the release site,
H=15(Tt - 12), (2)  while those released at a greater distance might only be
whereH is the hour angle (the difference of time from solarf""mi”"’1r with thg relea§e site itself. Therefore, th? familiar
noon, expressed as 16 of difference). releases were divided into shoriéIOkm) and long-distance
(>10km) releases, and a Mann-Whitneytest was used to
sinsa= (sind x sinA) + [(cosd x cosA)coH] 3) comparein the short and long releases. Since one observation
rHom a pigeon carrying a route recorder has suggested that
pigeons may spontaneously range up tkr8drom the loft (R.
Holland, F. Bonnadonna, S. Benvenuti, L. Dall’Antonia and T.
Guilford, unpublished data), it seems reasonable to assume that
pigeons may be very familiar with the area within a radius of

whereTt is true solar time in hours (time on a sundial set t
true solar noon)Tuis universal time or Greenwich Mean Time
in hours,L is the longitude of the site in degrees &id the
equation of time in minutes.

wheresais the sun’s altitude in degrees above the southe
horizon,d is the sun’s declination amilis the latitude of the
site in degrees.

sinaz=- cogl x SinH (4a 10km from the loft. A regression qf on the distance of the
cosa release site (for familiar sites) was also performed to determine
or whether the variance @f could be explained by the distance
sinH of the site.
180°-az=-cod x . (4b)
cosa
Other analyses
The percentage of the expected shift that was observed was
sind — (SinA x sinsa) . calculated [(observed shift/expected shit]100%], and this
Cosaz= COA X CoSa (5a]  was compared with the absolute value of the expected shift
using a Spearman rank correlation to determine whether the
or ) ) ) percentage of the expected shift that was observed was
360°— az= sind - (sinA x sinsa) (5b) proportional to the expected shift.
COSA x cossa ' Since scatter and defition can vary independently, a

Spearman rank correlation was used to determine whether the
where az is the sun’s azimuth in degrees (clockwise fromvector length of the clock-shifted group was correlated with
north). Since the azimuth angle satisfequations 4 and 5, and for both the site types separately. y&-test was used to
both equations have two solutions (a and b), the angle commdetermine whether the pattern of reducededgfin and/or
to equations 4 and 5 is the true azimuth angle. increased scatter was sigaitly different from that expected

To calculate a mean expected deflon for each release, at each site type. Each release was categorised according to
the sun’s azimuth was calculated for two pairs of times, eaclwhether there was an increase in scatter only, a decrease in
representing a B interval that gave approximately the deflection only or both. An increase in scatter was classds
minimum and maximum angular differences in azimutha 10% or greater difference between the control and clock-
(09:00-15:000 and 12:00-18:00). The angular difference shifted vector length, and a decrease in edtiin was
was calculated for each pair, then the mean of both pairs wakassifed as a 1@ or greater difference between observed and
calculated to give the mean expected eldibn (range expected dediction.
80-150C°). The date of the release (used to calcuthéand
E), and the longitude and latitude of the release site were

needed for these calculations. Where only the month of Results
release was given, | calculatdéndE for the middle of that All the analyses reported below were performed on the
month. subset of data suitable for the analysis (releases 1-21 at

The observed mean dedtion (the angular difference familiar sites and releases 1-34 at unfamiliar sites, see
between the control and clock-shifted group) was subtractebablesl, 2).
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Table 1.Summary of the data from familiar site releases

Clock-shift Control i
Quiff s

No. r n r n (degrees) (degrees) Reference Comments
1 095 11 095 11 -28 81 Foa and Albonetti (1980) .
2 089 11 090 10  -31 81 Foa and Albonetti (1980) So deﬁanssﬁ#fwed'ght
3 090 11 0.90 10 -66 81 Foa and Albonetti (1980)
4 089 12 098 11 -34 81 Foa and Albonetti (1980) 2-4 years old
5 071 11 0.96 8 -73 81 Foa and Albonetti (1980) 6h fast
6 094 20 098 19 +18 80 Foa and Albonetti (1980) 6h slow
7 099 19 099 16 +16 80 Foa and Albonetti (1980) 6h slow
8* 0.36 9.3 092 12 -74.6 119 Edrich and Keeton (1978) Young birds
9* 0.47 123 0.88 13 -121.8 119 Edrich and Keeton (1978) 6h fast
10* 048 14 0.76 13 -59 119 Edrich and Keeton (1978) 6h fast
11* 0.75 10.3 092 10 -93 119 Edrich and Keeton (1978) 6h fast
12 0.60 12 096 12 +91 92 Filleret al (1983) Very experienced birds
13 091 11 0.96 16 +93 87 Flller et al (1983) 6h slow
14 0.74 8 0.52 10 -105 132 Alexander and Keeton (1974) 6h fast
15 0.84 9 072 11 -88 132 Alexander and Keeton (1974) 6h fast
16 0.53 11 082 11 -139 129 Alexander and Keeton (1974) 6h fast
17 0.71 7 095 11 -48 129 Alexander and Keeton (1974) 6h fast
18 0.76 13 098 13 +38.3 121 A. Ferry (unpublished data) Very close to home
19 0.75 13 0.81 10 -94 120 R. Holland, F. Bonnadonna, S. .
20 077 9 094 11  -3582 94 Benvenuti, L. Dall’Antonia and Aﬂfgﬁ'&?ﬂy 1km
21 0.82 7 0.65 7 —64.36 929 T. Guilford (unpublished data)
22 0.52 65 0.76 60 -99 125¢f Wallraff et al.(1994) Experienced birds 1-2 years
Mean 0.75 0.88 67.1°  103.6° old
N 21 21 21 21
S.D. +0.17 +0.12 +34.61°  +20.75°

The vector lengthr) and number of vanishing bearingg ére shown for the clock-shifted (CS) and control (C) groups.
Each line of data represents one release, except those marked by an asterisk: in these, more than one CS group wasacieaggduipr

so a second-order mean was calculated for the CS group (Batschelet, 1981).

@iff = Pcs—@c, whereg is the mean bearing of the group amgr is the mean dedttion for each release.

s, expected theoretical deéition; N, number of releases.
TExpected shift given in the source paper (see text).

Release 22 (in italics) was excluded from the analysis because the data were pooled from several releases.
Experimental birds were shifted either counter-clockwise (fast) or clockwise (slow) relative to the control group.

Vector lengths
Tablesl and 2 show the vector lengths) for clock-

Deflection
Fig. 1 shows the prediction differengs) for each release at

shifted and control groups at both familiar and unfamiliafamiliar and unfamiliar sites. In most of the releagesias
sites. Vector lengths varied greatly (range 0.36—0.99), but ipositive, indicating that the observed deflon was smaller
most cases the vector length was shorter for the clock-shiftan expected (18 out of 21 for familiar sites, 27 out of 34 for

group than the corresponding control group, indicatingunfamiliar sites).

greater scatter in the former (24 out of 34 releases at Interestingly, the releases where the pattern okeddin

unfamiliar sites, 18 out of 21 at familiar sites). The mearwent against the trend did not correspond to the releases where

difference ¢s.e.m.) in vector length between clock-shifted
and control groups was 0#43.04 at familiar sites and
0.11+0.03 at unfamiliar sites. A one-samphest revealed

that the mean was sigraéintly different from zero at both
familiar-site releases t£3.01, N=21, P=0.007) and

unfamiliar-site release$<3.55,N=34,P=0.0012). However,

a two-sample t-test comparing the vector length
differences between familiar and unfamiliar
revealed no signifiant difference t€0.26, N=55, d.f.=53,
P=0.79).

the pattern of vector lengths went against the trend. The mean
value of p (xsE.M.) was 36.426.09 for familiar sites and
38.24t7.95 for unfamiliar sites. A one-sample Wilcoxon
signed-ranks test on the valuegpaibtained for each site type
revealed that the median was sigrdfitly different from zero

in both familiar-site releases (Wilcoxon statistic 22N821,
P<0.0001) and unfamiliar-site releases (Wilcoxon statistic

sites527.5,N=34, P<0.0001). Thus, the observed @efions were

significantly different from the expected deftions.
There was no signdant difference ip between familiar
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Table 2.Summary of data from unfamiliar site releases

Clock-shift Control
Quiff s

No. r n r n (degrees) (degrees) Reference Comments
1 0.86 10 0.86 10 -88 81 Foa and Albonetti (1980) See Table 1
2 0.69 10 0.74 6 -187 81 Foa and Albonetti (1980) 6h fast
3 094 23 099 283 +49 80 Foa and Albonetti (1980) 6h slow
4 0.69 15 094 16 +83 80 Foa and Albonetti (1980) 6h slow
5 0.83 10 0.66 11 +49 119 Edrich and Keeton (1978) See Table 1
6 0.58 9 0.83 9 +36 119 Edrich and Keeton (1978) 6h slow
T* 0.57 133 0.96 9 -73.8 95 Edrich and Keeton (1978) 6h fast
8* 054 113 0.99 11 -48.4 95 Edrich and Keeton (1978) 6h fast
9* 0.68 8.3 0.58 16 -42 84 Edrich and Keeton (1978) 6h fast
10* 0.50 20.3 0.83 19 -69.7 129 Edrich and Keeton (1978) 6h fast
11 0.81 8 0.91 9 +116 119 Wiltschkoet al (1976) 6h fast
12 0.77 6 0.62 7 +36 119 Wiltschkoet al (1976) 6h slow
13 0.72 10 0.85 10 -108 122 Wiltschko and Wiltschko (1981) Young birds
14 051 10 0.55 10 -45 122 Wiltschko and Wiltschko (1981) 6h fast
15 0.86 10 0.85 8 -109 125 Wiltschko and Wiltschko (1981) 6h fast
16 0.69 10 086 10 -28 125 Wiltschko and Wiltschko (1981) 6h fast
17 054 11 0.75 9 -132 125 Wiltschko and Wiltschko (1981) 6h fast
18 075 11 0.74 10 +11 125 Wiltschko and Wiltschko (1981) 6h fast
19 090 11 090 10 -133 125 Wiltschko and Wiltschko (1981) 6h fast
20 050 11 0.90 10 -16 125 Wiltschko and Wiltschko (1981) 6h fast
21 0.68 11 0.68 14 -110 125 Wiltschko and Wiltschko (1981) 6h fast
22 0.61 11 065 11 -58 125 Wiltschko and Wiltschko (1981) 6h fast
23 0.44 13 098 10 -62 125 Wiltschko and Wiltschko (1981) 6h fast
24 0.52 5 0.86 9 -60 125 Wiltschko and Wiltschko (1981) 6h fast
25 058 11 0.88 10 -151 118 Wiltschko and Wiltschko (1981) 6h fast
26 0.80 10 0.76 8 -64 118 Wiltschko and Wiltschko (1981) 6h fast
27 0.82 10 0.85 10 -100 118 Wiltschko and Wiltschko (1981) 6h fast
28 0.82 10 0.80 11 -40 118 Wiltschko and Wiltschko (1981) 6h fast
29 0.63 12 081 10 -124 118 Wiltschko and Wiltschko (1981) 6h fast
30 057 11 051 10 -83 110 Wiltschko and Wiltschko (1981) 6h fast
31 0.70 11 093 10 -85 110 Wiltschko and Wiltschko (1981) 6h fast
32 0.70 8 0.90 9 -49 132 Alexander and Keeton (1974) See Table 1
33 0.78 13 055 10 -33 129 Alexander and Keeton (1974) 6h fast
34 0.59 8 0.58 7 -116 129 Alexander and Keeton (1974) 6h fast
35 0.60 24 0.60 24 -119 119t Neuss and Wallraff (1988) 6h fast
36 0.47 383 0.71 344 -71° NA Schmidt-Koeniget al.(1991) 6h fast
37 0.35 334 0.68 348 +83° NA Schmidt-Koenigt al.(1991) 6h slow
38 0.71 56 0.66 67 +108° 126° Wiltschko and Wiltschko (1980) 6h slow
Mean 0.68 0.80 76.3° 114.6°
N 34 34 34 34
S.D. +0.13 +0.14 +41.38° +16.19°

The vector lengthr) and number of vanishing bearingg ére shown for the clock-shifted (CS) and control (C) groups.

Each line of data represents one release, except those marked by an asterisk: in these, more than one CS group wasachHeaggrddpr
so a second-order mean was calculated for the CS group (Batschelet, 1981).

@iff = Ocs—@c, where@ is the mean bearing of the group amer is the mean dedttion for each release.

@s, expected theoretical deéition; N, number of releases.

TExpected shift given in the source paper (see text).

NA, the expected shift could not be calculated because the time/place of the release was not available.

Releases 35-38 (in italics) were excluded from the analysis because the data were pooled from several releases.

Experimental birds were shifted either counter-clockwise (fast) or clockwise (slow) relative to the control group.

and unfamiliar sites (Mann—Whitnay-test, W=564.5,N=55, difference inp between short-<10km) and long-distance
P=0.69). W is the test statistic (sum of the ranks of tstfi (>10km) familiar-site releasesWe144.5, N=21, P=0.105)
sample), sometimes calléds. There was also no sigméint  using a Mann—-Whitney-test. Furthermore, a regressionpof
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Fig. 2. Prediction differencey (expected shift minus observed shift)
versusthe distance of the release site for familiar-site releases. There
was no signifiant relationship betwegnand release-site distance.

_50_
it does not appear that using this method alters the general

-100 1 conclusions of this study. Furthermore, sincand the mean
bearing () can vary independently, and since there is no

Fig. 1. Prediction differencepf (the difference between the expected significant cprrglatlon betweernand p (see below), it would
and the observed shift, in degrees) for each release from a famili@f€m permissible (even desirable) to analysend @ or p
site (A) and an unfamiliar site (B). Positive values indicate that th&eparately.
observed shift was smaller than expected, negative values indicate that
the observed shift was greater than expected. Other analyses
A Spearman rank correlation showed that there was no

significant correlation between the percentage of the expected
on the distance of the release site revealed that the varianceshift observed and the absolute value of the expected shift for
p between releases could not be explained by distance of themiliar sites (=0.295,N=21, P>0.05), but that there was a
site F1,1=1.98,P=0.176). Fig.2 shows the value gfplotted  significant negative correlation for unfamiliar sites<0.355,
against the distance of the release site. N=34, P<0.05). There was also no sigodnt correlation

It could be argued that it is incorrect to analgseparately between the vector length of the clock-shifted groupafoa

without taking the vector length of the sample into account. Aither site type (familiar sitesr=0.304, N=21, P>0.05;
very scattered sample might generate clamfte intervals unfamiliar sitesy=-0.132,N=34, P>0.05) using a Spearman
which include the predicted deéition, even if the mean rank correlation. There was no sigodt difference between
deflection of the sample appears to be very different from théhe observed pattern of reduced detibn and/or increased
predicted defiction. The 986 confdence intervals were scatter and the pattern expected by chance at either site type
therefore calculated for each release, using the vector lengtising a x2-test (familiar sites,x?=3.707, d.f.=2,P>0.05;
and size of the sample (Batschelet, 1981), and then it wamfamiliar sitesx?=4.903, d.f.=2P>0.05).
determined whether the predicted defion was included in
the confience interval. Releases where the predicted
deflection did not fall within the cordence interval (those Discussion
where the observed deétion was signifiantly different from These results show that clock-shifting pigeons does result in
the expected defttion) were classéd as having an observed significantly increased scatter in vanishing bearing relative to
deflection either larger or smaller than predicted. Using-a controls and a signifantly smaller deéiction than expected,
test, |1 found that the frequency of deflion type was confirming the general riidings of Wiltschkoet al. (1994).
significantly different from that expected for both familiar andHowever, the magnitude of the prediction differepds not
unfamiliar sites (familiar, x2=12.0, d.f.=1, P<0.001; significantly different between familiar and unfamiliar sites.
unfamiliar, x2=14.22, d.f.=1, P<0.0005): smaller-than- Furthermore, the two-sampti¢est showed that the differences
predicted defictions were more frequent than expected. Thudyetween the vector lengths of clock-shifted and control groups
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between familiar and unfamiliar sites were not sigaift. (Papi and Luschi, 1990), transport in the dark and
These results have important implications. It is commonlymmobilisation (Del Seppi&t al. 1996) appear to increase
assumed that it is viewing familiar landmarks in debfivith  scatter by increasing stress in the pigeons. This hypothesis
the shifted sun compass that leads to clock-shift effects (seeuld be tested by clock-shifting and directionally testing
Foa and Albonetti, 1980), but the similarity of the effects apigeons indoors where the sun compass is unavailable. If the
both site types argues against this assumption (if the causeingrease in scatter is due to the process of shifting the internal
common to both site types). If the causes differ at familiar andlock itself, the clock-shifted pigeons should show a similar
unfamiliar sites, coniftt with familiar landmarks may occur at increase in scatter relative to controls to those tested outdoors.
familiar sites, but another process must be invoked to explai@ne such experiment (Chappell and Guilford, 1997) does not
the effects at unfamiliar sites. Furthermore, the causes must bepport this hypothesis: the bearings of the clock-shifted
sufficiently similar that they result in statistically group were less scattered than those of the control group.
indistinguishable effects. Possible causes of the effects will be
discussed later, butrsi it must be considered whether theIncomplete compensation for the sun’s movement
effects are linked. In order to use the sun compass, pigeons must compensate
The mean bearing and vector length of a group of pigeorfer the rate of change of the sun’s azimuth over time, which
are both components of the mean vector, but they can vawaries with time of day, time of year and latitude. It is not
independently. For example, if clock-shifted pigeons becamknown exactly how this is achieved (see Ranvetual. 1991
confused and therefore selected the home bearing lekw discussion; Schmidt-Koenggt al.1991), but it is possible
accurately than controls, the vector length of the group woulthat the decreased deftion observed at both sites is due to
decrease, but the mean bearing would remain centred on timeomplete compensation for the sun’s actual rate of azimuth
expected direction. This implies that the confusing factor ighange. This raises questions concerning our assumptions
non-specift: it increases the variance in vanishing bearinggbout the pigeons’ method of calibration of the sun compass.
without skewing the distribution in any one direction. The expected clock-shift defition in this and most other
Alternatively, clock-shifted pigeons might select a bearingexperiments (see Wiltschlat al. 1994) was calculated using
other than the expected direction. If all the pigeons chosethe actual angular displacement of the sun over 8hich
similar bearing, the mean bearing would shift but the vectoassumes that the pigeon has perfect knowledge regarding the
length would stay the same. However, if pigeons compromisgun’s movement (a perfect ‘ephemeris function’). One of the
between two alternative directions, either by individualsalternatives is that pigeons always use a constant rate (the
choosing an intermediate direction or by individualsmean daily rate of azimuth change), which i$ b5 (Neuss
unambiguously choosing one or other of the alternatives, thend Wallraff, 1988). Clock-shift defttion refécts (amongst
vector length and the mean bearing would changether things) the angle through which the pigeon estimates
simultaneously. The results of tix@-tests showed that the the sun to have moved irh6so pigeons using this constant
distribution of these three types of effect was not sicguifily =~ rate of compensation would always expect the sun to have
different from that expected by chance within each site typenoved 9C in 6h. This would result in an increasing
nor was there a signifant correlation between the vector discrepancy between the observed and expectesctefi as
length of the clock-shifted group and the predictionthe absolute size of the actual expecteded&tin increased.
difference. This raises two possibilities. First, the clock-shiffThere was indeed a sigmifint negative correlation between
effects may result from a number of different processethe percentage of the expected eletibn that was observed
causing a combination of confusion, change of strategy arahd the value of the expected éeflon for the unfamiliar-
compromise between strategies. These processes mugte releases, but no sigedint correlation for the familiar-
influence the outcome of releases with approximately equaite releases. Wiltschket al. (1994) performed a similar
probability, because the distribution of these effects was naalculation on their data and found no sigrfit correlation.
significantly different from that expected. Alternatively, thereThis could account for the reduction in @etion observed
may be only one cause of the effects, equally likely to resulit unfamiliar sites. However, at both site types, pigeons
in confusion, change of strategy or compromise. From thgenerally reduced their defition more than would be
results of the present analysis it is impossible to distinguispredicted by the incomplete-compensation hypothesis alone:
between these possibilities. the mean predicted difference (familiar 3§.4unfamiliar
. 37.2°) was greater than the difference between the mean
Causes of the clock-shift effects expected defiction and 90 (familiar 13.6°; unfamiliar
Product of shifting the internal clock 24.7°). Furthermore, a similar negative correlation between
It is possible that the process of shifting the bird’s internathe percentage of the expected éetibn that was observed
clock might, in itself, have physiological or motivational and the value of the expected éefilon might be predicted
consequences. Thus, pigeons that have their internal clockgpigeons experiencing a very large cactfbetween the sun
shifted might show an increase in scatter because a@bmpass and other cues (see discussion below) were to switch
disturbance unconnected to their navigational systems. Oth&r an alternative strategy, thus showing a reduced or absent
experimental treatments such as an altered magnetit fi deflection.



2276 J. CHAPPELL

Confict with other elements of the navigational system unavailable or because pigeons of mixed age and experience

Confict within the sun compask is generally accepted that Were released together. The only factor that was investigated
birds, along with most other animals that use a timewas distance of the release site, which mighuérfte the
compensated sun compass, only use the azimuth Componenpjgeons’ familiarity with the release area. However, there was
the sun’s arc and not its altitude above the horizon (see Papp linear relationship betwegrand the distance of the release
1992). Thus, the usual explanation for their behaviour undéiite, and the variation ip at any one site distance (e.g.kbd
clock-shift is that they maintain a bearing to the suri Fig.2) suggested that the other factors listed above probably
appropriate to their subjective time, even though the altitudéfluenced deéiction much more than did distance of the
of the sun might be totally inappropriate for this subjectivé€lease site. Wiltschket al. (1994) did fnd that age and
time. While pigeons certainly do not appear to use the altitud@XPerience affected dedtion: the bearings of older pigeons
of the sun in their compass, it is still possible that they noticehiftéd progressively less than expected. However, as these

the discrepancy and, consequently, become confused. qﬁsu!ts were pooled from familiar and _unfamiliar siteg, this
addition, there are numerous other celestial cues that migfflationship cannot be completely explained by older pigeons
allow a pigeon to detect an error in the sun compass, such &¥MPromising more between the directions indicated by the
the apparent size and colour of the sun’s disc or the cologH! cOMPass and the visual landmarks. .
temperature of the ambient light. Also, ultraviolet receptors in Confict between the sun - compass and the magnetic
the pigeon’s retina may allow it to perceive that the hue of gompassThe other main source of caoflis between the sun
cloudless sky changes throughout the day (Coemans and V6 ,mpass and. another, unshifted, compass. The only other
1992). The perception of an error in the sun compass mig urna_l, non-_t|me_-compe_nsated compass which ‘has been
result in confusion and an increase in scatter, or the pigeéﬂ\/_estlga_ted N pigeons 1S the r_nagne'uc compass. A. clock-
. ; - .~ 2. shifted pigeon might detect a caaflbetween the directions
might switch to another navigational system, resulting in

decreased defttion. Bingman and Jones (1994) trainedmdicated by the sun compass and the magnetic compass.
) L . . Again, the pigeon might choose either of the directions or a
pigeons directionally in an outdoor opealdi arena (without

- S . - ompromise bearing. Since the magnetic compass is available
providing directional visual cues within the arena) and foun " o o .
. : 4 at both familiar and unfamiliar sites, this cactfimight be the
that the clock-shifted pigeons showed approximately th

. ; . Y MRause of the effects at both site types. However, pigeons tested
expected dedction (94) with very little scatter (CIOCk'S.h'ft’ directionally in an outdoor arena with no internal directional
r=0.94; control, r=0.98). This suggests that the catfl

visual cues added did not appear to show either of the usual
A8Ek-shift effects, even though these pigeons presumably had
Confict b h 4 visual landrark a confict between their sun compass and magnetic compass
on Ct_ etwe_ent € Sun compass and visual landmaks Bingman and Jones, 1994). Furthermore, in a similar open-
famll_lar sfces, visual landmarks proylde a potential source ¥ eld arena experiment indoors, where pigeons were provided
confict with the sun compass. Pigeons’ response to thig;, girectional visual cues which were shifted °9before
confict depends upon how they are using the visual Iandmarkﬁastmg, the pigeons shifted their bearings appropriately

If visual landmarks are used directly to locate the hom Chappell and Guilford, 1997). Even though these pigeons
direction (Griffin, 1955), a system called pilotage by severalyere not clock-shifted, the shifted visual cues were st
authors (e.g. Papi, 1992), there will be a donBetween the  ,asymably in corifit with the magnetic compass. Finally, the
dlrectlpns |nd|c§1ted by the sun compass and the visual CUGRagnetic compass appears to be important to young pigeons,
and pigeons might attempt to compromise between the Wt then seems to decline in importance once the sun compass
directions (Wallraff, 1991). If they include the sun as a mobilg,z¢ developed (Wiltschko and Wiltschko, 1988). In the
element in the landmark array (Bingman and loale, 1989), theynalysis of Wiltschket al. (1994), it was the youngest birds
might also attempt to compromise between the shifted positiopat showed the greatest degree ofemtitn which, as they

of the sun and the rest of the landmark array. However, if theyointed out, seems rather counterintuitive.

use landmarks merely to identify a site to which a sun compass|n conclusion, the clock-shifting process itself, incomplete
bearing is attached, there may not be a minfind pigeons compensation for the sun’s movement and azindlithin the

may take up the shifted sun-compass bearing (Chappell agdn compass all seem unlikely to contribute greatly to the
Guilford, 1995). Evidence of both strategies has been found abserved clock-shift effects. It seems more likely that ainfl
familiar sites (Bingman and loale, 1989; Luschi andwith familiar visual landmarks causes the effect at familiar
DallAntonia, 1993; Wallraffet al. 1994) and sometimes sites. It is possible that a similar cactflwith the magnetic
within one release (R. Holland, F. Bonnadonna, S. Benvenuitcompass could cause the effect at both site types, although this
L. DallAntonia and T. Guilford, unpublished data). Theiris not supported by some of the experimental evidence
strategy might depend on previous experience at that sitayailable. Both types of coitt result in a similar degree of
general homing experience in the area, the age of the bird discrepancy between cues, which might result in similar effects
the type of landmarks at a site (see Chappell and Guilforét both familiar and unfamiliar sites.

1997). Most of these factors could not be investigated in the Since it appears that clock-shift effects are a general and
present analysis, either because the information wasidespread effect of clock-shifting pigeons, more research is

completely account for the clock-shift effects.
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needed to clarify the causes of these effects. Such researciBiology (ed. A. Wolfson), pp.154-197. Urbana: University of
could shed valuable light on the mechanisms that underlie lllinois Press.

pigeons’ navigational systems at both familiar and unfamiliaHAGMANN, K., LEDDA, A. P., WEBER, C. AND WILTSCHKO, W. (1994).
sites. The role of sun compass and near landmarks in memorizing sites

in an aviary.J. Orn.135, 91.
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