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Summary

Clark’s nutcrackers (Nucifraga columbiang are capable  landmarks used results in increasingly precise searching.
of very precise searching using the metric relationships This multiple-bearings hypothesis makes a series of
between a goal and multiple landmarks to relocate the goal detailed predictions about how the distribution of searches
location. They can judge the direction more accurately will vary as a function of the geometry of the locations of
than the distance to a landmark when the landmark is the relevant landmarks and the goal. It also suggests an
distant from the goal. On the basis of these findings, we explanation for inconsistencies in the literature on the
propose that nutcrackers use a set of bearings, each a effects of clock-shifts on searching and on homing.
measure of the direction from the goal to a different
landmark, when searching for that goal. The results of a Key words: navigation, Clark’s nutcrackeMucifraga columbiana
simulation demonstrate that increasing the number of landmark, way-finding.

Introduction

Many animals navigate. Some perform incredibleplace-finding servomechanisms (Cheng, 2000), following a
navigational feats. Foraging desert ants of the genusector to the vicinity of the target, homing on a landmark
Cataglyphiscan keep track of the home vector (the straightiocated near the target and then flying in a stereotypical
line distance and direction to their nest) while wandering tendirection to match the image they see to a remembered image.
of meters (Miller and Wehner, 1988; Wehner and Wehnedn this study, we examine another biologically significant
1990). This process is called dead reckoning or pathkituation in which spatial navigation plays a central role,
integration, and much is known about its mechanisms ithe recovery of stored food by birds, especially Clark's
Cataglyphisspp. (for reviews, see Wehner, 1994; Wehner ehutcrackers Nucifraga columbianp We develop a novel
al., 1996). Many birds migrate long distances with greahypothesis about landmark-based navigation and explore its
fidelity from year to year (for a review, see Berthold, 1993)implications.

The wandering albatros®iomedea exulands aptly named

because it flies hundreds, even thousands, of kilometers o )

over the ocean before returning to its nest (Jouventin andCharacteristics of nutcracker seed-storing and recovery
Weimerskirch, 1990). Homing pigeons are famous for being The biological significance of cached food

able to find their lofts following release from very distant The caching and recovery of pine seeds by Clark’s
locations they have never before encountered (Keeton, 1974utcrackers have been studied extensively both in the field and
The mechanisms by which animals navigate have been the laboratory (for a review, see Vander Wall, 1990). This
widely studied (for reviews, see Gallistel, 1990; Healy, 1998is an extreme example of scatter-hoarding and recovery of
Shettleworth, 1998). Remarkable mechanisms that have bestored food. Large numbers of cache sites are created, and the
discovered include sun, astral and magnetic compassastcrackers are highly dependent on this stored food for
(Wiltschko and Wiltschko, 1998), the use of local landmarksurvival and reproduction. In an autumn with a good pine seed
(e.g. Tinbergen, 1951), the use of large-scale landmarks (e.grop, an individual nutcracker will cache tens of thousands of
Dyer and Gould, 1983) and path integration (Wehner, 1994%eeds in the ground in thousands of locations, subsequently
Many of these mechanisms have been discovered by detailegturning to them throughout winter and spring (Tomback,
studies of organisms for which spatial navigation is 0fl977; Vander Wall and Balda, 1977). These cached pine seeds
particular biological significance (e.g. migration, Emlen,are vitally important to the nutcrackers, serving as a primary
1970; Weindler et al.,, 1996). One excellent example of &od source for adults and for their young, which hatch the
navigational system that has been well characterized is thdllowing spring. In years in which the pine cone crop fails,
of foraging honeybees. Honeybees follow a sequence ofie nutcrackers leave the high elevations at which they
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normally live, often not even attempting to breed (Vander Walsurface smoothed. Vander Wall (1982) allowed two

and Balda, 1977, 1981). nutcrackers to cache seeds at different times in an outdoor
o aviary with a number of landmarks in it. He found that each
The accuracy and precision of cache recovery bird recovered its own seeds very accurately, but not the seeds

A variety of studies have demonstrated that, whertached by the other bird. These two studies strongly support
nutcrackers recover their seeds in the field, they are vethe cache-site-memory hypothesis for the accurate cache
accurate. That is, the probability of a nutcracker recovering gecovery of nutcrackers. However, the results do not make
seed when it digs in the ground is very high. Tomback (198®lear just what kind of memory is involved.
took advantage of the fact that nutcrackers usually husk In particular, it is unclear whether the birds have a separate
recovered seeds immediately after digging them up. Shaemory for each cache site or use some more general type of
recorded the presence of seed husks near excavations thegmory. For example, each bird could prefer to dig in certain
appeared to have been made by nutcrackers and reported tkiatls of locations such as south of rocks or north of trees.
as many as 72 % had broken seed husks nearby in early sprifipen, if it tended to dig in those places during both caching
but that this number dropped to 32-44 % in the summer. Th&nd recovery, high levels of accuracy could be attained without
decline could have been caused by increased cache lossesamy site-specific memory. To distinguish between these
competitors, by previous recovery by the bird that created thaternatives, Kamil and Balda (1985) devised a method of
cache or by forgetting. Vander Wall and Hutchins (1983Yesting cache recovery in which the experimenters could
obtained similar data from direct observations of nutcrackersontrol access to potential cache sites. In a long series of
recovering seeds in the spring. In the laboratory, accuracy caxperiments (for a review, see Kamil and Balda, 1990a),
be as high as 90 % after 30 days (Balda and Turek, 1984) argsults obtained with this method clearly established that
is still far above chance after 270 days (Balda and Kamilutcrackers could accurately recover cache sites when cache
1992). site location (e.g. Kamil and Balda, 1985) and/or order of

Nutcrackers recover their caches with great precision. Aecovery (e.g. Kamil and Balda, 1990b; Kamil et al., 1993) was
cache of a few pine seeds is a small target and a beak is a veontrolled by the experimenters. These findings rule out any
small shovel. To locate a cache site successfully, the bird musbrt of general preference or movement pattern and strongly
dig within a few centimeters of the center of the cache. Thisupport the hypothesis that the nutcrackers have a distinct
logic is reinforced by observations of the topography ofmemory for each individual cache site that they have created.
digging behavior during cache recovery. Both in the fieldn other words, the nutcrackers must possess a representation
(Tomback, 1977; Vander Wall and Hutchins, 1983) and in théGallistel, 1990) of the spatial location of each cache site.
laboratory (Balda and Turek, 1984), nutcrackers have been
observed to use three different types of digging. Bednekoff and What do nutcrackers encode about cache sites?

Balda (1997) have termed these plunge (direct up-and-down In many situations in various species, the last stages of re-
movement of the head), sweep (side-to-side movement) atakating a particular place are accomplished using a beacon,
excavation (repeated digging motions in the same area). Thégndmark or cue located at or near the goal. The loft of a
found large differences in the success rates that accompaniedming pigeon or the nest of a bird would be examples.
these different types of digging. Approximately 2% of Nutcrackers, however, frequently cache in the middle of fairly
excavations, 20% of sweeps and 90% of plunges resulted @pen meadows with few local features (Tomback, 1977, 1980;
successful recovery of stored food. Thus, the topography th&fander Wall and Balda, 1981). This may be a defense against
was most specifically oriented to a particular spot was theache-robbing by rodents (Vander Wall and Balda, 1981;
topography that was most likely to result in the correct reMattes, 1978). As a result, many caches are located relatively

location of a cache. far from landmarks, particularly large landmarks. Small
_ _ objects or ground markings may be present, but a great deal of
Nutcrackers have memories of cache sites evidence shows that nutcrackers largely ignore such markings

Many mechanisms could produce these levels of accuracgr objects near cache sites. This may be due to changes in the
including olfaction, path learning and memory. However, fieldsurface of the ground between caching and recovery with the
conditions do not lend themselves to decisive tests amorahange of seasons. The most dramatic such change would be
alternative hypotheses. A number of investigators havenow. There are a number of reports of nutcrackers accurately
therefore turned to aviary and laboratory settings to perforrdigging through an amount of snow sufficient to hide any
experiments on the mechanisms of cache recovery. The resudtsrface features completely (e.g. Crocq, 1977; Mattes, 1978).
of these experiments have clearly established that memory fheboratory studies that have either obliterated surface cues
the location of cache sites plays an essential role in accurgt@alda, 1980) or provided them (Kamil et al., 1986) have found
cache recovery. The first such experiment (Balda, 1980) wam effects of such surface signals.
with a single Eurasian nutcrackeX.(caryocatactes Balda What do we know about the representations nutcrackers
found that the bird would cache and recover seeds in a ditlerm of their cache sites? A variety of evidence indicates
floored room, digging very accurately at cache sites even whehat they are based upon information about the location of
the seeds had been removed by the experimenter and the $aildmarks in the cache/recovery environment. After his birds
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had finished caching, Vander Wall (1982) shifted theand Basil (1993), although their experiments appear to be very
landmarks in one part of his experimental arena 20cm in or@milar (albeit with different species). While Basil (1993)
direction, leaving the seeds where they were. Search behaviound that virtually all her landmarks had some effect on
in that part of the aviary shifted in the same direction. Baldaearching, Bennett (1993) found that only two landmarks had
and Turek (1984) found that recovery accuracy declinethrge effects. However, these two large landmarks were located
substantially when many of the landmarks present duringery close to the goal, only 30cm away, whereas many of
caching were removed during recovery. Little is known,Basil's landmarks were located farther from the goal location.
however, about just what information about landmarks ist seems likely that overshadowing is not a factor when the
encoded by the birds and then used to re-locate cache sitesnearest landmark is not very close to the goal.

These representations appear to contain information aboutThe importance of goal-landmark proximity to
multiple landmarks. When Vander Wall (1982) shifted someovershadowing in nutcrackers was confirmed (Gould-Beierle
of the landmarks in his aviary, the birds appeared t@nd Kamil, 1999) using procedures similar to those developed
compromise between the shifted and the non-shifted locatiotyy Cheng and Sherry (1992). A seed was always buried at a
in the area of the aviary on the edge of the shift. As Vanddixed spot in a room in which there was an edge and a landmark
Wall (1982, 1990) has pointed out, this implies the use obn the floor as well as global cues. Gould-Beierle and Kamil
at least two landmarks. Kamil et al. (1999) videotaped1999) varied the distance between the goal and the
nutcrackers during caching and recovery and compared theidge/landmark array for different groups. When they were
body orientation during caching with that during recovery.8-10cm away from the goal, searching was completely
Like Bossema and Pot (1974), they found that the birds tendedntrolled by the edge and landmark. For example, when the
to use the same orientation during caching as during recoveeglge and landmark were removed on probe trials, searching by
more than would be expected by chance. During recoveryhis group was very inaccurate. In contrast, when the edge and
however, the nutcrackers often approached and began probilegndmark were 24—-30cm away, the nutcrackers were able to
at a cache site from a completely different direction from thatlig fairly accurately when the edge and landmark were
used during caching. More critically, consistency of directioremoved, using the global cues in the room (posters, lights,
was completely unrelated to the accuracy of cache recovergtc.). Clearly, nutcrackers often use multiple landmarks to re-
The nutcrackers recovered caches just as accurately whiatate a position in space.
using a different direction during recovery from that during This presents a puzzle. A spatial location can be defined by
caching as when they used the same direction during bothsingle landmark in terms of distance and direction from that
caching and recovery. This shows that nutcrackers can use dapdmark. The results of spatial overshadowing experiments
of a number of different views of a cache site to re-locate itlemonstrate that the information provided by a single
which in turn implies the use of multiple landmarks. landmark is sufficient for an animal to locate a goal, at least

Evidence for the use of multiple landmarks also come fronunder some conditions. Yet some birds appear to include
situations other than cache recovery. A number of studies hawaultiple landmarks in their representation of goal locations.
trained birds to find food buried in a location defined by itsWhy should this redundancy exist? Would it not be more
geometric relationship to a set of two or more landmarks aneffficient to use just a single landmark? If nothing else, less
then found that the birds could locate the hidden seeds whérformation would need to be remembered. It has been
only a small subset of the landmarks present during traininguggested that this redundancy can be advantageous. Natural
was present during test trials (e.g. Bossema, 1979). The mastlection can be expected to favor redundancy when
extreme case was the study by Basil (1993). She traineshvironmental variation is likely to interfere with the
nutcrackers to find a goal location defined by an array of eigltompletion of an important task (Vander Wall, 1990). In the
landmarks arranged around the goal. The landmarks varied jimesent case, the redundancy in using multiple landmarks
height from 30 to 75cm and were located 7.5-75cm frontcould function as an adaptation against change in landmark
the goal. The array was presented in different positions aralvailability. While this is a sensible hypothesis, it is difficult
orientations within the experimental room across trials. Afteto test, and we do not find it convincing or compelling.
the birds learned to solve this problem, they were tested for the
ability to find the goal with various sets of three landmarks. Do nutcrackers encode distance, directional information or
Although the birds performed better with some arrays than both?
others, they searched at least fairly accurately with all of the A location can usually be defined in more than one way
three-landmark arrays. Clearly, they had learned more than of@allistel, 1990). For example, consider a cache site located in
small set of the available goal-landmark relationships. a meadow within 6 m of three big rocks and 30—40 m from four

The phenomenon of overshadowing appears to contraditarge pine trees. The cache location could be defined in terms
the multi-landmark argument. A landmark very close to thef its distance and direction from any one landmark, in terms
goal location may ‘overshadow’ other landmarks and largelyf its directional relationship to any two landmarks, in terms
or completely control search behavior by itself (e.g. Morrispf its distance from one landmark and direction from another,
1981; Cheng et al., 1987; Spetch, 1995). This may explain trend so forth. Much evidence indicates that animals encode and
discrepancy in results between the studies of Bennett (1998%e metric properties of distance and direction (for a review,
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see Cheng and Spetch, 1998). For example, Cartwright andTo summarize, research with nutcrackers shows that they
Collett (1982, 1983) worked with honeybees in an environmenise spatial memory to retrieve their caches with remarkable
with just a few landmarks. They found that, when the distancaccuracy and precision. Nutcrackers form representations of
between landmarks were changed, the bees tended to searcthim locations of cache sites, each based upon the relationship
locations that preserved compass directions to the landmarksetween the goal and the spatial location of multiple
Cheng and Spetch (1998, p.5) concluded that ‘... we cannt@ndmarks, usually landmarks at some distance. The one
make sense of the data without assuming that the animals hameception to this may be if the cache is very close to a
encoded metric relations between the goal and surroundiristinctive landmark, in which case overshadowing may take
landmarks’. place. These representations appear to entail encoding of the
Clark’s nutcrackers also use metric relationships. Vandemetric relationships between the goal and surrounding
Wall (1982, 1990) suggested that his results with shiftedendmarks. Directional information may be more salient than
landmarks, where the birds dug between the shifted andistance information. Some features of this cognitive system
nonshifted loci, might be due to the use of some sort ddire particularly impressive. Nutcrackers appear to remember
triangulation. However, a similar result would also be obtainedeparate representations of a very large number of individual
if the birds were using distances from two or more landmarksache sites, which may account for the relatively large size of
Kamil and Jones (2000) have demonstrated that nutcrackers daeir hippocampus (Basil et al., 1996). The memories can be
learn to use directional relationships between a goal and twoaintained for many months, with significant retention for as
landmarks. They tested nutcrackers in a rectangular room lang as 9 months after caching (Balda and Kamil, 1992). And
which the walls were oriented north—south and east—west. these representations are maintained dynamically, being either
one of the conditions of their experiment, birds were presentezhecked off or forgotten once a cache has been emptied (Kamil
with two landmarks with varying distances between theet al., 1993).
landmarks. There was always a seed buried at a third point. The
distance between the goal and the landmarks varied with the
interlandmark distance so as to maintain constant directional The model
relationships: the goal was always northwest of one landmark This body of knowledge about cache recovery in
and southwest of the other. The birds learned this task easilyutcrackers poses a major puzzle for the student of animal
demonstrating an ability to use directional relationships. spatial navigation. How can the nutcracker possibly achieve
Other results suggest that directional information is mor¢he precision required to re-locate a small cache while
valuable when the distance between goal and landmark iSgging with its relatively small-diameter beak? This is
relatively large. For example, finding the point half-wayespecially puzzling when we think about the effects of error
between two landmarks logically involves two processesin estimating distance or direction when the nearest landmark
finding the line connecting the landmarks, then finding thés located far from the goal. Consider an animal using a
correct point along that line. While the first process is a&ompass to determine the directional relationship between a
judgement about direction, the second is about distance. Whegoal and a landmark. There is evidence indicating that a sun
Kamil and Jones (1997) partitioned search error int@ompass may play a role in cache recovery by nutcrackers
directional and distance components, they found that thend other seed-caching birds (e.g. Wilstchko and Balda,
distance error increased much more rapidly than the directidt®89; Wiltschko et al., 1999). If the compass has an error of
error as distance from the landmarks increased. Thus, at longaeasurement of just +1% (+3.6 °), this will induce an error
goal-landmark distances, the error in estimating distance wa$ +6.3 cm in search location when the goal is 1 m from the
considerably greater than the error in estimating direction. landmark and an additional +6.3cm for each additional
Kamil and Jones (2000) obtained additional evidence thaheter. And the estimation of the distance from a goal to a
the direction from a goal to a landmark is a more potent cuandmark is probably subject to even greater error than the
than the distance from the goal to the landmark. They traingddgement of direction (Kamil and Jones, 1997, 2000). This
two groups of nutcrackers to find the third point of a triangleseems incompatible with the precise re-location of many
The goal location was defined by two landmarks whoseaches in the midst of meadows or on isolated rocky ridges,
interlandmark distance varied from trial to trial. For one groupmore than a few meters from landmarks.
the third point of the triangle was defined by bearings. The goal It is also interesting that the nutcrackers encode information
was always buried at the intersection of two fixed bearingabout multiple landmarks in their representations of cache
whose value was constant (requiring the goal-landmarlocations. All that is logically required to define a spatial
distance to vary). For the second group, the goal was alwap®sition is two pieces of information: distance and direction
buried at the same distance from each landmark (requiring tfiem one landmark, or direction or distance from each of two,
goal-landmark bearings to vary). The constant-bearing grougr distance from one and direction from the other. Using
learned to solve this problem much more rapidly andnformation from many landmarks appears redundant. Given
accurately than the constant-distance group. Under thedlee large number of cache locations that nutcrackers remember
conditions, bearings provided a more useful cue to locatiom the field (Vander Wall, 1990), such redundancy is perhaps
than did distance. surprising. We propose that the apparent redundancy is an
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indicator of the mechanism by which high accuracy issquals the appropriate goal-landmark distance drawn around
achieved. Three points characterize our formulation. either that or another landmark. Or it could be defined as the
(1) We hypothesize that nutcrackers represent the locatiantersection of two circles, each around a different landmark.
of goals, including cache locations, in terms of the spatiglin these latter two cases, however, some additional directional
relationship between the goal and multiple landmarks. This imformation is often needed because there are usually two
consistent with the evidence both from nutcrackers and frorimtersection points.) Each of these different definitions of the
many studies of spatial navigation in other species (e.g. séacation of a goal defines a potential encoding scheme the
reviews in Healy, 1998). animal may use, and the different schemes are not mutually
(2) Although both distance and direction are probablyexclusive. We are proposing, however, that bearings provide
encoded, we propose that directional information is primary ithe primary measure rather than distances when the landmarks
this system, at least when the landmarks are some distanae= not in close proximity to the goal. This is based upon the
from the goal location. As reviewed above, when the distancevidence (reviewed above) that estimation of a bearing is
between the landmark and goal is relatively great, nutcrackersore accurate than estimation of a distance under those
are more accurate in determining their direction from aircumstances.
landmark than their distance from it in several experiments In addition, we propose that using bearings to multiple
(Kamil and Jones, 1997, 2000). They also learn directiondhndmarks reduces the error arising from estimating compass
relationships more easily than distance relationships (Kamdirections, especially when there are more than three
and Jones, 2000). landmarks to use. In this context, there are two types of
(3) We also propose that such encoding of informatiorearings that can be used. With two or more bearings, the
relative to multiple landmarks functions to increasecompass direction from target to landmark may be used; we
dramatically the precision of searching in the face of errors ioall this the absolute bearing. With three or more bearings, the
the estimation of distance or direction. We will address this lagtngle subtended by two landmarks when viewed from the
issue, the effects of using multiple landmarks on searctarget location may be used; we call this the relative bearing.
accuracy, in a series of simulations. We now consider the consequences of errors in directional
Other models have incorporated directions to multipleestimates, how they relate to the number of landmarks that are
landmarks. There have been a number of general discussiamsed and how these affect the accuracy with which the target
of the possible use of multiple bearings to landmarks (e.docation can be found. The situations are somewhat different
chapter 3 in Gallistel, 1990). Wiltschko and Wiltschko (1978 for absolute and relative bearings, and we first consider
1987) suggested that homing pigeons use a mosaic map of thesolute bearings.
territory with which they are familiar. This mosaic map was
hypothesized to contain the compass directions between &lpsolute bearings
possible pairs of salient landmarks. Our model differs from the The absolute bearing between po@andY is the compass
mosaic map in its emphasis on directions from the goalirection fromXto Y. When using absolute bearings, the target
location to landmarks rather than on directional relationshipkcation is encoded in terms of the intersection of two or more
among landmarks. The model closest in spirit to ours wasuch bearings, each originating at the target location. The
proposed by Baker (1982, Fig. 10.6). In this model, locationgeneral logic that follows from this perspective is illustrated in
based navigation is based on a set of compass directions frdfiy. 1. Errors in measuring bearings from a goal to a landmark
a target to a number of salient landmarks. However, as far weill certainly lead to errors in localization. Consider the case
are aware, the implications and detailed predictions that followhen only two goal-landmark bearings are used to represent
from hypothesizing the use of goal-landmark bearings hava location. If there are errors in the bearings, there will still
not been fully explored. In the remainder of this paper, weisually be an intersection of the bearings, but it will not be at

begin this process. the goal location (Fig. 1A). Furthermore, there will be no
_ information available about the probable size of the error or
Multiple landmarks and search accuracy the actual goal location. However, the situation changes

For theoretical purposes, let us suppose that only ordramatically if bearings from the goal to three or more
bearing and one distance measurement can be made from ebmidmarks are encoded.
landmark. This rules out measuring bearings and/or distancesWhen three or more goal-landmark bearings are encoded,
to two different aspects of a landmark, which would be thehere may be a constant error in measuring all the bearings (e.qg.
equivalent of using each aspect as a separate landmark. using a compass with a constant error in its output). This will

Whenever more than one landmark is used, there are margsult in a zone of uncertainty (Fig. 1B,C). The bearings to the
ways to define the goal location. It can be defined as thandmarks do not yield a unique solution because they do not
intersection of two bearings, each from the goal to a singlmtersect at a single point. This failure to intersect is, in and of
landmark (except in the special case in which just twatself, informative. It indicates that there is error in the estimate
landmarks are present and the goal lies on the line connectingthe location of the goal. Furthermore, these lines describe a
the landmarks). It can be defined as the intersection of gwlygon that does contain the goal. In the case of equal error
absolute bearing from one landmark with a circle whose radius each of the bearings, the goal will be located near the center
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Fig. 1. An illustration of how increasing the number of landmarks &
can increase searching accuracy when there is compass error. Fi 0
circles, landmarks; open circles, goal location; solid lines 4
goal-landmark bearings with error. (A) With only two landmarks Number of landmarks

the goal is not at the intersection of the bearings. (B) With threfig. 2. Mean simulated search error ¢£m.) as a function of the
landmarks, the bearings define a triangle that includes the goal. (humber of landmarks used. The effects of using a compass with 2%
With additional landmarks, the size of the polygon including the goagnd 1% random error in its output are shonr10 runs at each
location decreases. level of compass error.

of the polygon. Presumably, an animal using this strateggmall number of huge errors. Fig. 2 shows the results of 10
could search in the middle of this polygon, by some definitiomuns at each level of compass error. The variability from run
of middle, e.g. the centroid. It is evident in the case of fouto run was tiny, and a mixed analysis of variance (ANOVA)
landmarks (Fig. 1C), that the centroid is quite close to thehowed all the effects to be highly significant: size of compass
location of the target. error (1,162663.81, P<0.0001), number of landmarks

In addition to errors common to all measurements, errorf~2154586.52P<0.0001) and their interactiof£1s=511.28,
unigue to each bearing may also be found (e.g. from usingRx0.0001). The interaction effect has a ready explanation. It
compass with random error in its output). The use of multipleomes about because error reduction with additional landmarks
landmarks also reduces the deleterious effects of these errassproportional, whereas an ANOVA tests for additive effects.
Fig. 2 shows how these errors affect localization in tworlhe error with three landmarks is 0.755 and 0.752 of the error
particular situations with 2—4 landmarks. In general, fouwith two landmarks, for +2% and +1% compass error,
landmarks make for better localization than two. To evaluateespectively. The error with four landmarks is 0.620 and 0.617
the case more exhaustively, we conducted a Monte Carlaf the error with two landmarks, for £2% and +1 % compass
simulation on a standard spreadsheet (Excel 5). We placed foenror, respectively. Proportionally then, error reduction with
point-sized landmarks at four corners of a squar;-b),  additional landmarks is virtually identical at both levels of
(-5,5), (5,5), (5;5). The target was a random location in acompass error. Our simulation shows conclusively that the
square ranging from2.5-2.5 on each axis. The measurementmore absolute bearings to landmarks are used to pinpoint a
of the bearing to each landmark was given a random error tdrget, the more accurate the localization.
12 % (£7.2°) in one series of runs and a random error of +1 %
(+3.6°) in another. For all possible pairs of landmarks, weRelative bearings
calculated a search point based on the intersection of the twoAlthough our argument up to this point has emphasized
faulty bearings, in the manner of Fig. 1. For measurementbsolute bearings, similar arguments apply to the use of
based on two landmarks, we took the distance from the searc#lative bearings. One useful way to define a relative bearing
point of each pair of landmarks and calculated the average as the difference between two absolute bearings. For
distance from search point to target. With a triplet ofexample, if one landmark is north of the goal and another east
landmarks, three intersections of lines are generated from threéthe goal, the relative bearing between the landmarks is 90 °.
possible pairs of landmarks. We took the averagendy  Although relative bearings need not be estimated by comparing
coordinates of these intersection points as the search point. Thiesolute bearings, we find this definition useful in
average search-point-to-target distance of the four possibt®nceptualizing how relative bearings might be used.
triplets was calculated. With all four landmarks, we first With just two landmarks, only one relative bearing is
calculated all the intersection points based on pairs dvailable and it cannot be used by itself to define the location
landmarks. Then we averaged all thandy coordinates to of a goal. That relative bearing will define a curve of
find the search point, and obtained the distance from the seaneghcertainty. Every point on that curve will be characterized by
point to the target. Distances were expressed as a proportitite correct relative bearing to the two landmarks. If the two
of the average landmark-to-target distance (they were scalémhdmarks are located as points on a Cartesian plane so that
by dividing by 5/2). they have the same ordinal value, then the curve of uncertainty

Each run of the model consisted of 1000 trials with randons a quadratic function that runs through the two landmarks.
target and errors in measuring bearing. From each run, w&upplemented by absolute bearings or by distance
obtained both mean and median error. They showed a similareasurements, however, relative bearings may be used to
pattern, but the mean was higher because it was distorted byiapoint a location using just two landmarks. With three or
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more landmarks, the argument relating the number dfiypothetical line from the landmark to the goal will estimate
landmarks used to accuracy is the same as the argument &ror in distance judgement. Error perpendicular to that line
absolute bearings, with one exception. A potential advantageill be error in directional judgement. Thus, performance
of relative bearings is that they may not be sensitive to during single-landmark situations can be used to assess the
constant error in the measurement of bearings. For example @i€curacy of distanceersusdirectional estimation. We predict
there is a +5° error in estimating the bearing from a point tthat, as the distance between the goal and the landmark
each of two landmarks, the landmarks will still have the sammcreases, the error in distance estimation will increase faster
relative bearing because they still subtend the same angle. than the error in directional estimation. We also predict that,
Although the role of relative bearings is not well-known,across a wide range of landmark—goal distances, the sine of the
the results of Jones (1998) and J. E. Jones and A. C. Kandiirectional error will be constant because directional error
(in preparation) demonstrate that nutcrackers can use relatighould be constant when measured in angular terms. Finally,
bearings to find a target location. In her experiment, Joneadistance and directional error can be correlated across trials
trained nutcrackers to find the third point of a triangle. Orn{within each animal) in such a study. A positive correlation
each trial, they were presented with two landmarks, and theould result from many factors. But an absence of correlation
distance between the landmarks varied. The goal was alway®uld be strong evidence that the two judgements, distance
located at the third point of the triangle, such that the linend direction, involve different mechanisms, as suggested by
drawn from the goal to either landmark always described th€heng (1994).
same angle with the line connecting the landmarks, regardless(2) Adding landmarks to an array will improve search
of interlandmark distance. For the control group, theaccuracy. This strikes us as relatively uninteresting because we
landmarks were always presented in the same orientation soispect that virtually any model of multiple landmark use
each other. For the second group, the orientation varieadould make the same prediction. However, its confirmation
across trials. Thus, for the first (control) group, the goalvould provide further evidence of simultaneous use of multiple
location always had the same relationship to the landmarkandmarks, and this test might provide a good assay for
in terms of both absolute and relative bearings. However, fatetermining whether the use of multiple landmarks needs to be
the second group, only relative bearings were constant acrossnsidered for a particular species and situation. A more
all training trials. The relative-bearing group learned the taskteresting variant on this prediction is that the amount of
almost as rapidly as the control group and generalized wedearch error induced by error in measuring bearings should
to new landmark orientations during probe test trials. Thesproduce smaller effects when more landmarks have been used
results strongly suggest that nutcrackers can use relatite encode the goal location.
bearings. Jones and Bingman (1996) tested a neural network model of
Benhamou (1998) has developed a configuration-basethvigational learning with several different landmark arrays.
model in which each location is represented as a kind dfhey found that the performance of the network improved
circular bar code that embodies the apparent sizes of amchen the number of landmarks was increased from two to four,
relative bearings to a set of multiple landmarks. The size of theut then decreased with a further increase in the number of
bars in such a representation would be a function of the relatitendmarks to six. Our model suggests that this decrease in
size and distance of each landmark. The distance betweancuracy with more than four landmarks may not be
adjacent bars would be directly analogous to the relativeharacteristic of navigating animals.
bearing between the landmarks being represented. (3) The geometric relationships of the goal-landmark
configuration will determine the extent to which an additional
landmark will improve accuracy. For example, consider
Predictions comparing accuracy with a single landmasesusaccuracy
This theoretical view makes many specific predictions abowwvith two landmarks. Suppose that the second landmark is at
the effects of different landmarks on searching when théeast as far away from the goal as the first. If the second
landmarks are far enough away from the goal to prevedandmark is located so that the goal lies on the line connecting
overshadowing. the landmarks, we predict it will have little effect on searching
(1) The distinction between directional error and distancén the axis parallel to the line connecting the landmarks
error leads to a specific prediction about searching for a gobkcause searching along that axis will still depend on a distance
with only a single landmark. When the target location igudgement. This prediction is limited to the parallel axis,
defined by a single landmark, there is only one way to defindowever. Directional error, error in the axis perpendicular to
and therefore to encode, the location of the target. The searchibe line connecting the landmarks, might decrease because
must measure the absolute bearing and distance to thaving the second landmark could provide relative bearings,
landmark. The error in measurement under these circumstanaesiucing directional error. We also predict that the effects of a
has two components, error in measuring the bearing and erreecond landmark on overall search accuracy will be greatest
in measuring the distance. These two types of error can lvghen it is located so that the lines drawn from each landmark
assessed independently by dividing search error into twim the goal meet at 90°. This configuration is the only two-
independent components. Error along an axis defined by tit@ndmark array with which search in each axis is independent
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of search in the other axis, leading to the greatest overe
accuracy when using only directional information.

(4) The logic leading to prediction 3 also leads to some ver
specific predictions about the distribution of searching whe!
two landmarks are present. Consider a goal-landmark arr:
with two landmarks that are equidistant from the goal, on
located directly east and the other directly north of the goa
and with a goal-landmark distance set so that directional err
is distinctly smaller than distance error. Three trial types ar
conducted: only the east landmark present, only the nori
landmark present and both landmarks present. When only tl
east landmark is present, error will be greater in the east—we
axis than in the north-south axis. The opposite will be tru
when only the north landmark is present. When both landmar}

| — nlA
greeleL?;Ie 2;’ dhgf\:\é) eu\isrélesiséewssa;rlg ?f?ertzirzcc):ltji:)hnzlrrgsrtiisgfig' 3. An illustration of how a clock-shift may move the apparent

) . . location of the goal to a position outside the test arena, depending on
obtained from the single-landmark trials. (It should be note|yngmark location. Solid lines, original goal—landmark bearings:

that, if relative bearings are important, the increase in searoken lines, clock-shifted bearings. Only clock-shifted locations 2
accuracy may be even greater than predicted.) and 4 remain inside the test arena after clock-shift. G, gdal; G
(5) Animals using relative bearings should be less sensitivposition of goal after clock-shifting; 1-4, landmark positions.
to constant error in their estimate of absolute directionLandmark 4 is the central pole of the aviary.
than animals using absolute bearings. This leads to sevel
predictions about animals trained to use relative bearing
compared with those trained with absolute bearings (as idifferent pieces of information such as the bearings from the
Jones, 1998; see above). For example, suppose that birds wgoal to different landmarks into conflict. We hypothesize that
trained to use relative bearings in an outdoor aviary and thehis factor may explain some of the puzzles in the literature on
clock-shifted during probe test trials. If the birds were using &he effects of clock-shifts on the recovery of stored food.
sun compass, the clock-shift would induce an absolute error in The effects of clock-shifts on seed-caching birds are
the compass. This should have little effect on animals usingometimes inconsistent. For example, Duff et al. (1998) and
relative bearings, but a strong effect on a control group trainéd/iltschko et al. (1999) obtained clock-shift effects in only
with absolute bearings. some of their experiments, and the effects were often much
smaller than predicted (e.g. experiments 1 and 5 of Duff et al.,
1998). These inconsistencies may be the result of how clock-
Implications shifts affected the apparent orientation of the landmarks. The
The multiple-landmark view we have proposed providesarenas or aviaries used all had a central pole. Imagine that a
new perspectives on how information from landmarks andbird remembers the goal location as being 150cm east of a
from a compass might interact. In many instances, compatndmark, and that it has been clock-shifted so that its compass
information may be used independently of landmarks. Aas been shifted 45° clockwise. If the landmark in the
migrating bird coming to the end of summer in the northermepresentation is the central pole, there will always be a
hemisphere only needs to go south. It does not need tocation in the arena that matches the representation. But, if the
reference that southern movement to a landmark. Howevdgndmark is either in the arena but not at its center or is outside
compass information may need to be integrated with landmatke arena, the location that matches the representation may or
location to find a specific spot. For example, the migrating birdhay not be inside the arena (Fig. 3).
might need to go south from a particular mountain or river to An additional argument about integration of compass and
re-locate its wintering grounds. landmark information is based on the possibility that the birds
The combined use of compass information with landmarks these experiments may have been using multiple landmarks
seems particularly likely for seed-caching birds searchingo remember some goal locations. Suppose that the birds in
for caches whose location has been defined by directiontiiese experiments represented spatial locations in terms of the
relationships between the cache site and a set of landmarkearings from the goal to each of three or more different
Several studies have demonstrated clock-shift effects wittandmarks. What effect will a clock-shift have? The answer
seed-caching birds by showing that the direction within amlepends on details such as goal-landmark and landmark—
aviary at which a bird searches changes systematically aslemdmark distances and relative goal-landmark bearings. But,
result of clock-shifting (Wiltschko and Balda, 1989; Balda andunder many circumstances, a clock-shift will present the
Wiltschko, 1991; Duff et al., 1998; Wiltschko et al., 1999). Thesubject with an insoluble problem. Shifting the orientation of
multiple-bearings hypothesis suggests that clock-shifting compass but leaving the relevant landmarks in place can
induces error in the sun compass, which may then plageake it impossible to find a location that satisfies the original
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al., 2000; Bonadona et al., 2000) in which clock-shifted birds
were tracked from familiar release sites found that some birds
had straight tracks while others had deflected tracks consistent
with the use of a sun compass. This suggests that two different
homing mechanisms are being expressed by different animals,
an implication supported by the finding that hippocampal
lesions disrupt navigation by local landmarks but not
navigation using a sun compass (Gagliardo et al., 1999).
When this problem of variable results from clock-shifted
homing pigeons released from familiar sites is considered from
the point of view of landmark use, two additional points
emerge. It seems quite likely that different release sites with
different characteristics might produce different patterns of

Fig. 4. An illustration of how a clock-shift can make a Iocationd d land ks. A site without by highl
impossible to find if encoded by multiple bearings. If the goal, G, ependence on landmarks. A site without any nearby, hignly

was coded by the four bearings indicated by the four solid lines thef’?,ons_plcuous 'Iandmarks may .be more ||ke|¥ to produce results
after a clock-shift, the new bearings would be oriented as shown gyonsistent with the clock-shift, a suggestion also made by
the dashed lines; there is no point at which more than two of theagliardo et al. (1999). In addition, if the birds use relative
clock-shifted bearings intersect. bearings based on a local landmark array to determine
direction, clock-shifts would have no effect on their direction
of flight. A constant error in a compass does not affect relative
representation. Thus, in Fig. 4, the goal location (G) satisfidsearings.
several directional relationships to landmarks, but after a
clock-shift the new bearings from the landmarks no longer
intersect (dashed lines). Concluding remarks
This logic is not limited to clock-shifts with seed-caching Animals use many different mechanisms to orient and
birds. When homing pigeon€¢lumba livig are clock-shifted navigate. Our knowledge of many of these mechanisms has
and then released from a familiar site, the information from theome from careful study of species for whom some aspect of
sun compass and from landmark-based information will comtheir natural history makes spatial navigation particularly
into conflict. As would be expected from this perspectivejmportant for biological success. One such situation is the
inconsistencies are often found in studies of the effects akcovery of cached food. While this has been extensively
clock-shifts on homing pigeons (Chappell, 1997). Some o$tudied, little attention has been given to just how the search
these inconsistencies may be due to the influence of landmarks the stored food is guided. A review of what is known about
on clock-shifted birds being released from a familiar site. Fospatial searching by one important seed-caching species, the
example, imagine that the route home from the site is north ar@ark’s nutcracker, has led us to propose a hew model for the
takes the bird over a big church steeple near the release sitse of landmarks. We suggest that the birds use directional
When clock-shifted, the bird flies in the direction that it nowbearings to multiple landmarks. The use of multiple landmarks
incorrectly judges to be north, but sees that it is not going ovés not mere redundancy. It is essential for counteracting the
the steeple. This could easily affect the route that the bird fliedeleterious effects of even small amounts of compass error.
Experiments in which pigeons are released from familiaWithout using multiple bearings, the precision that nutcrackers
sites have provided confusing and contradictory results. Fdrave shown in recovering caches is impossible to achieve short
example, Fuller et al. (1983) showed that pigeons that wer® using biologically unrealistically accurate compasses. This
very familiar with a release site still oriented in the clock-hypothesis makes specific qualitative and quantitative
shifted direction when tested. Bingman and loalé (1989), ipredictions and is eminently testable. It should also be
contrast, found that clock-shifted pigeons released fromapplicable to many other situations in which searching must be
familiar sites had a mean vanishing bearing intermediatprecise and cannot be guided by landmarks located very close
between the clock-shifted and home directions, a result alo the goal location.
obtained by Wallraff et al. (1994). It is not clear how to
interpret flight in a direction that is intermediate between the We thank Alan Bond, Russ Balda and Richard Holland for
home and the clock-shift directions, but a global analysis hageir comments on an earlier draft of this manuscript and
shown that this is a common result (Chappell, 1997). ThiRichard Holland for his advice on the pigeon homing
result could be due to the bird compromising between the honfigerature. Supported by NSF Grant IBN 9421807.
and the clock-shift direction, i.e. averaging the dictates of the
two cues. It could also result if some birds are using a sun-
compass-based mechanism while others use a mechanism References
independent of the sun compass, such as directionghker, R. (1982). Migration: Paths Through Time and Space
information from landmarks. Recent experiments (Holland et London: Hodder & Stoughton.
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