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Abstract
Animals employ compasses during navigation, but little attention has been paid to how accuracy is maintained 
in the face of compass error, which is inevitable in biological systems. The use of multiple landmarks may min-
imize the effect of compass error. We allowed Clark’s nutcrackers to cache seeds in an outdoor aviary with ei-
ther one or four landmarks present, and subsequently subjected them to small clock-shifts mimicking the effects 
of compass error. As predicted, the results showed a significant decrease in search accuracy following the clock-
shift when one landmark was present but not when four landmarks were present. These results support that nut-
crackers encode information from the sun as well as terrestrial landmarks, and these spatial cues are used in a 
flexible manner. Overall, our results are important as they support the hypothesis that multiple landmarks may 
be used during situations where the sun compass has even a small amount of error.
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INTRODUCTION 
Many animals are faced with the task of navigation. 

For some species, these navigational feats seem truly re-
markable. For instance, some loggerhead turtles [(Caret-
ta caretta (Linnaeus, 1758)] have migratory routes that 
extend over substantial distances (Lohmann & Lohmann 

1996). Common pigeons [(Columba livia Gmelin, 
1789)] relocate their home lofts even when released 
from locations never previously experienced and out-
side of familiar visual cues (see Walcott 1996). Inverte-
brates also show remarkable navigational feats, such as 
the path-integration and landmark-use abilities of sever-
al ant species (see Collett & Collett 2000; Wystrach et 
al. 2011) or the long distance migratory routes of mon-
arch butterflies [(Danaus plexippus (Linnaeus, 1758)]; 
Calvert 2001). Investigations into the navigational abili-
ties of such long-distance navigators, as well as feats on 
shorter scales, have revealed many discoveries about the 
mechanisms underlying animals’ spatial navigation abil-
ities (for reviews see Bingman & Cheng 2005; Cheng & 
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Jeffery 2017; Pritchard & Healy 2017). 
Spatial navigation is also important for food-stor-

ing animals, and particularly so in scatter-hoarding spe-
cies. Clark’s nutcrackers [(Nucifraga columbiana (Wil-
son, 1811)], for example, store seeds in thousands of 
different locations every fall, often traveling 20 or 30 
km between harvesting areas and storage sites. They 
scatterhoard their seeds in many different locations, sub-
sequently recovering these stored seeds throughout the 
winter and spring, using a well-developed spatial mem-
ory system (Tomback 1977, 1980; Vander Wall & Bal-
da 1981; Kamil & Balda 1990). Early research on the 
food-storing abilities of nutcrackers show that they use 
objects within their environment as landmarks to en-
code the locations of their hidden caches (Balda 1980; 
Vander Wall 1982), and subsequent laboratory stud-
ies have ruled out other non-spatial explanations for 
these remarkable abilities (Kamil & Balda 1985, 1990). 
During the retrieval stage of the food-caching process, a 
nutcracker is digging for a target approximately 1 cm in 
diameter, buried in the ground, often with no immediate 
local cues, sometimes under snow cover, all this with a 
very small beak for a shovel. To examine the content of 
the nutcrackers’ spatial memory during this cache-re-
trieval process, carefully controlled laboratory studies 
have been adopted. These studies have supported the 
hypothesis that nutcrackers tend to encode information 
from multiple, typically distant, landmarks when cach-
ing, or when required to retrieve a cache made by an ex-
perimenter (such as during spatial search tasks; see Ka-
mil & Balda 1990; Kamil & Jones 1997; Kamil et al. 
1999; Kelly et al. 2010). 

Kamil and Cheng (2001) propose the multiple bear-
ings hypothesis to account for why nutcrackers use mul-
tiple landmarks when encoding a cache location rath-
er than a single landmark to beacon towards. Based on 
previous research, the authors proposed that nutcrackers 
encode a set of bearings from each cache site to a set of 
landmarks. These bearings include distance and direc-
tional information. Although this formal hypothesis con-
tained several specific predictions, including how the 
spatial arrangement of the landmarks affects encoding, 
for the purposes of our study, two central aspects of the 
multiple bearings hypothesis are most important. First, 
the authors proposed that nutcrackers should be more 
accurate with a multiple landmark array compared to a 
single landmark. This is not a novel prediction in itself, 
and the authors discuss their model in relation to oth-
ers also supporting the encoding of multiple landmarks. 
However, a key aspect is the use of multiple landmarks 

in conjunction with other sources of spatial cues, in par-
ticular the sun compass. Thus, the second aspect of the 
multiple bearings hypothesis we were interested in ex-
amining is the interaction between landmarks and a sun 
compass when an animal needs to relocate to a precise 
position, as a nutcracker would when searching in the 
snow for a small cache site. In particular, we examined 
the prediction that multiple landmarks may aid a bird in 
correcting for small amounts of error in its sun compass, 
compared to a single landmark. It is these two ideas 
combined which we proposed to examine in this study. 

A general compass heading such as that produced 
by the sun compass may be sufficient for movement 
over large distances, such as when navigating or orient-
ing (Wehner 2003; Wiltschko & Wiltschko 2003; Bing-
man & Cheng 2005), but it alone may not be sufficient 
for the precise navigation required by food-storing spe-
cies which need to return to an exact cache location (see 
Duff et al. 1998; Kamil & Cheng 2001). The multiple 
bearings hypothesis suggests that the use of multiple 
landmarks may be used to minimize the effects of any 
compass error for such precise cache relocation (Kam-
il & Cheng 2001). Therefore, we used the well-studied 
clock-shifting paradigm to induce error in the sun com-
pass of our subject, while manipulating the number of 
landmarks available to the subject.

Clock-shifting manipulates the internal circadian 
rhythm of the subject through altering the apparent time 
of day by adjusting the time at which the lights in the 
housing room are turned on or off. As the sun compass 
is time-compensated, this manipulation allows us to cre-
ate a conflict between the spatial information provided 
by the position of the sky and the landmarks provided 
to the subjects, as to where a cache site was previously 
made. As an example, if a bird is clock-shifted 4 h back-
ward, its circadian clock reads 1200 hours when it is ac-
tually 0800 hours. If it is released into an outdoor avi-
ary on an autumn day in the Northern Hemisphere, the 
sun will be in the east, but will appear to the bird to be 
in the south. Many experiments, studying a variety of 
taxa, have found that clock-shifting results in displace-
ments of guided movement in the direction predicted 
by the sun compass hypothesis (Wiltschko & Wiltschko 
2003; Bingman & Cheng 2005). Indeed, food-storing 
birds have been shown to use a sun compass during the 
cache-retrieval process, as clock-shifting the birds be-
tween caching and subsequent retrieval caused the birds 
to shift their searching in alignment with the position 
indicated by a sun compass (Wiltschko & Balda 1989; 
Balda & Wiltschko 1991; Duff et al. 1998; Wiltschko et 
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al. 1999). These previous studies examined the use of a 
sun compass when external landmark cues were avail-
able from the landscape external to the cache-retriev-
al arena, by clock-shifting the subjects after a caching 
event but before retrieval. We adopted a similar ap-
proach, but rather than exposing the birds to large clock-
shifts (which make the sun compass conflict noticeably 
with other compass cues), we wanted to mimic small er-
rors in the sun compass, and determine whether the abil-
ity to use multiple landmarks would allow birds to con-
tinue searching accurately despite such compass error. 

During this experiment, we allowed nutcrackers 
to cache seeds in an outdoor aviary and then subject-
ed them to small clock-shifts to mimic the effects of a 
compass error of approximately 30° with either one or 
four landmarks present. Each nutcracker received four 
experimental cache-recover cycles intermixed among 
baseline cycles (see Methods for details). During two of 
these cycles there was a single, centrally-located land-
mark present; during the other two, there were 4 land-
marks present, located on the periphery of the test area. 
We deliberately placed the single landmark centrally in 
a circular arena to maximize the difference in useful-
ness of landmarks between the 1-landmark setup and 
the 4-landmark setup. A landmark at the periphery pro-
vides better directional information than one located ex-
actly at the center of a circular arena. During one of the 
1-landmark and one of the 4-landmark test cycles for 
each bird, apparent time of day was shifted forward 2 h 
by changing the timing of the lights coming on and go-
ing off in the colony room where the birds were housed. 
With a single landmark, the only available coding of the 
cache location would be in terms of the distance and di-
rection from the cache to that single landmark, and a 
clock-shift should affect the directional information, as 
has previously been shown (Wiltschko et al. 1999). With 
multiple landmarks, however, there would be many 
more ways of coding the cache location, including rel-
ative bearings (angular information between multiple 
landmarks) and using a combination of absolute dis-
tance and direction information, many of which would 
be resistant to compass error. We predicted that there 
would be a significant decrease in search accuracy fol-
lowing a small clock-shift when only one landmark was 
present but not when four landmarks were present.

MATERIALS AND METHODS
Nine wild-caught adult Clark’s nutcrackers (N. co-

lumbiana) cached and recovered seeds in a round met-

al tub (184 × 22.5 cm, diameter × height) located at the 
center of an enclosed circular outdoor arena (550 × 150 
cm, diameter × height) on the campus of the Northern 
Arizona University in Flagstaff. The arena had a wire 
mesh ceiling which allowed the sun to be visible, but 
tall walls to limit the view of the surrounding trees or 
possible panorama cues. The walls of the arena were 
covered in opaque plastic-coated canvas, effectively 
blocking the terrestrial surround except for any experi-
mentally provided landmarks. To ensure the birds could 
see the sun, all sessions were conducted on clear days, 
between 0900 and 1400 hours Mountain Standard Time. 
Birds entered and exited the arena through one of two 
randomly chosen doors operated using a pulley system. 

Following a familiarization session, during which 
birds were allowed to explore within the arena, each 
bird received several cache-recovery cycles. Each cy-
cle consisted of a caching session followed by either a 
baseline retrieval or test retrieval session. During the 
caching session, birds were provided with a bowl of 
100 pinyon pine  seeds to cache or eat. During half of 
the caching-recovery cycles, one landmark was situated 
at the center point of the metal tub. During the remain-
ing cycles, four visually distinct landmarks were placed 
at the perimeter of the tub, with one at each of the four 
cardinal directions. Each landmark was a distinctly col-
ored plastic PVC cylinder (3.8 × 140 cm, diameter × 
height). Each caching session continued until the bird 
either made at least three caches or 20 min had elapsed, 
whichever occurred latest. The position of each cache 
was identified from video recordings, obtained from a 
centrally located camera, and confirmed through visual 
inspection. Four to six days after a caching session, each 
bird received either a baseline retrieval session or a test 
retrieval session. During all retrieval sessions, the same 
landmark arrangement was present as during the previ-
ous caching session. During baseline retrieval sessions, 
caches were replaced using the x and y coordinates of 
the caches recorded from the caching session (including 
the same number of seeds per cache) and sessions ended 
when all caches were recovered or 20 min had elapsed. 
During test retrieval sessions, the caches were not re-
placed from the caching session (no seeds were present) 
and the session continued until the bird probed at each 
cache location, 50 probes were made or 20 min had 
elapsed.

Four cache-recovery cycles were presented with the 
test retrieval sessions: two cycles with one landmark 
and two cycles with four landmarks present. During 
the four days preceding one of the single-landmark and 
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one of the 4-landmark test retrieval sessions, birds were 
clock-shifted 2 h forward (after the associated caching 
session). To clock-shift the birds, a bird was held in one 
of two colony rooms. The regular colony room main-
tained a 10:14 h light : dark cycle with lights on at 08:00 
hours, whereas to induce a clock-shift the birds were 
held in a separate colony room maintained at 10:00 light 
onset. Test retrieval sessions were embedded among 
baseline retrieval cycles. These test retrieval sessions 
were intermixed among baseline retrieval cycles to min-
imize the effects of recovery sessions, which were con-
ducted without caches present. 

The location of the first 10 probes of each test retriev-
al session and the location of each cache site was deter-
mined from the video recordings. The mean distance be-
tween the location of each of the first 10 probes and the 
location of the cache site nearest to that probe was cal-
culated. For the analysis of search error, only one cache 
site was considered, the cache to which the majori-
ty of the probes were most proximal. Each bird experi-
enced each of the four combinations of landmark (LM) 
arrangement and clock-shift (HR) condition once (i.e. 
1LM-0HR condition, 1LM-2HR condition, 4LM-0HR 
condition and 4LM-2HR condition). Each condition was 
separated by one cache-recovery cycle with a baseline 
retrieval session. Conditions were presented in four dif-
ferent orders of presentation across subjects.   

Principles of Laboratory Animal Care (NIH Publica-
tion Vol 25, No. 28 revised 1996; http://grants.nih.gov/
grants/guide/noticefiles/not96-208.html) were followed, 
and the experimental procedures used were approved by 
the Northern Arizona University animal care committee. 
The research conforms to the provisions of the Declara-
tion of Helsinki (as revised in Edinburgh 2000).

RESULTS
Total search error was measured (cm) between the 

cache site and the retrieval probe, for the four condi-
tions (1LM-0HR condition, 1LM-2HR condition, 4LM-
0HR condition and 4LM-2HR condition). The total er-
ror stood out as being the greatest in the combination of 
one landmark and a clock-shift (the 1LM-2HR condi-
tion; see Fig. 1). A repeated-measures analysis of vari-
ance (ANOVA) showed that the main effects both of the 
number of landmarks and of the clock-shift condition 
were not significant (F1,8 = 0.42 and 2.93, respective-
ly, ps > 0.1). However, there was a significant interac-
tion between number of landmarks and clock-shift con-

dition on overall search accuracy (F1,8 = 17.95, P < 0.01). 
Newman–Keuls post-hoc comparisons revealed that the 
birds’ search error was significantly greater during the 
1LM-2HR condition (M = 45.83 cm) compared to the 
1LM-0HR condition (M = 18.35 cm), and the search er-
ror did not differ significantly as a function of clock-
shift condition when the birds were provided with an ar-
ray of four landmarks (M = 32.85 and 23.46 cm, for the 
4LM-0HR and 4LM-2HR conditions, respectively). 

When we calculated the mean search position for 
each bird for each test session, the increased variabili-
ty of search during the 1LM-2HR condition was clear 
on visual inspection (see Fig. 2). For the plots of Figure 
2, all cache locations were transformed to a single point 
in polar coordinates, with direction = 0°, distance = 100 
cm and the center of the arena as the origin. This char-
acterization allowed us to partition search error into dis-
tance and direction components (Kamil & Jones 1997) 
and to conduct separate ANOVAs on each measure. The 
distance component was defined as the absolute differ-
ence from 100, whereas the direction component was 
defined as the absolute difference from 0°. 

To analyze these data obtained by partitioning search 
error into distance (measured in cm) and direction (mea-
sured in absolute degrees) components, we conducted 
separate ANOVAs on each measure. For each bird, only 
one cache site per condition was considered, the cache 
to which the majority of the probes were most proximal. 
The spatial position of the average location of up to the 

Figure 1 Total search error (±SE), measured as the distance 
between the cache site and the retrieval probe, when presented 
with either one landmark or four landmarks after no clock-shift 
(filled bars) or a 2-h clock-shift (empty bars).
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first 10 probes was examined. We found no significant 
main effects of either clock-shift (F1,8 = 1.75, P = 0.22 
and F1,8 = 1.75, P = 0.22) or number of landmarks (F1,8 

= 0.81, P =  0.39 and F1,8 = 0.57, P =  0.47), in both the 
distance and direction components, respectively. On the 
distance component, we found a significant interaction 

Figure 2 Each panel shows a polar plot indicating the position of each bird’s probe position using a standardized cache (coordinate 
100, 0) during the 4 testing conditions.
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of the hours of clock-shift by number of landmarks (F1,8 
= 8.70, P = 0.018), but the interaction failed to reach 
significance for the direction component (F1,8 = 4.68, 
P = 0.06), presumably because of the relatively small 
magnitude of the clock-shift, and a lack of sensitivity 
to clock-shift when four landmarks were present. Post-
hoc analyses of the distance component revealed that 
there was an increase in distance error during the 1LM-
2HR condition compared to the other three conditions 
(Ms = 8.26, 27.03, 18.21 and 9.25 cm and for 1LM-
0HR, 1LM-2HR, 4LM-0HR and 4LM-2HR; see Fig. 
3a). Although the interaction did not reach significance 
(and, therefore, a post-hoc analysis was not performed), 
the absolute direction component also showed similar 
differences among the conditions (Ms = 15.81, 33.34, 
22.06 and 17.78 cm and for 1LM-0HR, 1LM-2HR, 
4LM-0HR and 4LM-2HR; see Fig. 3b). To evaluate the 
directionality of the search error, further analysis of the 
signed directional component showed that although the 
search tended to be shifted in the counter-clockwise di-
rection (which would be expected from the clock-shift), 
the interaction of the clock-shift by landmark number 
was not statistically significant (F1,8 = 0.67, P = 0.44); 
the main effects of clock-shift and number of landmarks 
were also not significant (F1,8 = 0.02, P = 0.88, and F1,8 
= 0.58, P = 0.58, respectively). Although the interac-
tion did not reach significance (and, therefore, a post-
hoc analysis was not performed), the signed direction-
al component also showed similar differences among 
the conditions (Ms = 10.98, 17.14, 10.13 and 1.71° for 
1LM-0HR, 1LM-2HR, 4LM-0HR and 4LM-2HR; see 
Fig. 3c).

Thus, when four landmarks were available, the com-
pass error induced by the clock-shift had little effect. 
When information was available from multiple land-
marks at the periphery of the arena, this information al-
lowed the birds to maintain accuracy despite error in 
the estimation of absolute direction. When only a sin-
gle landmark was present at the center of the arena, in 
contrast, the 2-h clock-shift resulted in a substantial in-
crease in search error. The total search error following 
the clock-shift was more than double that following no 
clock-shift in the single-landmark condition. These re-
sults clearly show when multiple landmarks are avail-
able, nutcrackers are better able to correctly orient when 
a small clock-shift has induced error in their compass. 
In contrast, when only a single landmark is available the 
birds’ ability to accurately locate their caches is severely 
disrupted by the clock-shift.

Figure 3 Search error was partitioned into: (a) distance error 
(measured in cm), (b) directional error (measured in absolute 
degrees) components and (c) directional error (measured in 
signed degrees) to evaluate directionality of search shift, with 
positive values indicating a counter-clockwise rotation. Graphs 
show means (±SE), measured between the cache site and the 
retrieval probe, when presented with either one landmark or 
four landmarks after 0-h clock-shift (filled bars) or a 2-h clock-
shift (empty bars).
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DISCUSSION
As predicted, we found a significant increase in 

search error following a small clock-shift when one 
landmark was present but not when four landmarks 
were present. This supports a functional explanation for 
the use of multiple landmarks when nutcrackers need to 
precisely relocate a small cache location, and also shows 
an important interaction between the use of compass-
es and of landmarks. The clock-shift effect with a sin-
gle landmark demonstrates use of a sun-based compass; 
the increase in error following a 2-h clock-shift with a 
single landmark demonstrates the effects of error in this 
compass. The absence of an effect of the clock-shift 
when multiple landmarks were present shows either that 
the sun compass was not used to encode cache loca-
tions or the sun compass information was ignored when 
the clock-shift resulted in conflicting information from 
a multitude of landmarks (Kamil & Cheng 2001). In ei-
ther case, there is clearly an interaction between the na-
ture of landmark arrays and the use of sun-based com-
pass information. The number of available landmarks 
determines the extent to which the birds rely on the sun 
compass.

One point concerning the errors in cache relocation 
worth remarking on is that statistically it was the total 
error and the distance component that differed signifi-
cantly between groups, but the direction component just 
failed to reach significance. We are not inclined to try to 
find some mechanistic explanation for these statistical 
differences. For practical reasons of working with wild-
caught animals, our sample size was limited. The trends 
in all three kinds of errors are in the same direction, and 
we take the fact that two of three components reached 
statistical significance to provide confidence that relo-
cation errors in the clock-shifted birds using only one 
landmark were, indeed, larger. 

Although one might expect clock-shifting to induce 
a bigger effect on directional errors than on distance er-
rors in the 1-landmark condition, in retrospect, the mis-
matches created by clock-shifting in this situation might 
lead to more distance error as well. Clock-shifting cre-
ates differences in the retrieval context for the birds, 
compared with their caching context. For instance, the 
sun would be at the wrong height compared with its ex-
pected height at a similar circadian time on the cach-
ing day. The intensity of sunlight might also mismatch. 
Memory retrieval depends on context (Bouton 2007), 
and mismatches between caching and retrieval context, 
which we take to be especially salient during the 1-land-

mark condition, could cause memory problems on all 
components, distance and directional information.

Clark’s nutcrackers travel hundreds to thousands of 
kilometers in seasonal eruptions when the pine cone 
crop has failed, returning to their original home ranges 
weeks or months later (Vander Wall et al. 1981). They 
regularly traverse a large home range, with their nests 
located in different areas than their caches, and they 
must also engage in specific, highly precise search for 
cached food. From our study, their sensitivity to clock-
shifts when only a single landmark is present, show 
nutcrackers are able to use a sun compass when navi-
gating within their environment. Furthermore, the suc-
cess of the non-shifted condition with only 1-landmark 
(this condition resulted in total error as low as during 
the 4-landmark condition, and perhaps even less error, 
but not significantly so) suggests the birds were deter-
mining the direction from the landmark by using celes-
tial cues; terrestrial visual sources of directional infor-
mation were not available. However, our finding that a 
clock-shift had no effect on search when multiple land-
marks are present shows that the birds are able to switch 
between using a sun compass to local landmarks when 
engaged in relocating specific seed caches, or when the 
sun compass is erroneous. Indeed, the use of local land-
marks might be common as most cache locations would 
have multiple surrounding landmarks.

It must be noted that in the design of our study, not 
only was the number of landmarks changed between the 
4-landmark condition and the 1-landmark condition, but 
the spatial location of the landmark(s) within the are-
na was also modified. As our testing conditions were 
necessarily conducted in extinction (all caches were re-
moved), and nutcrackers very quickly learn to cease 
searching under extinction, our study could only include 
a few testing sessions as we anticipated that the test-
ing sessions would be quickly differentiated from base-
line sessions by the birds. Therefore, rather than place 
the single landmark at each of the positions of the four 
landmarks (substantially increasing the number of test-
ing sessions needed and resulting in an unbalanced ex-
perimental design) we chose to balance the number of 
4-landmark and 1-landmark sessions. Furthermore, hav-
ing a centrally located landmark roughly equated the 
distance from the single landmark to the arena edge 
compared to the distance from each landmark during the 
4-landmark condition to the center of the arena. A single 
landmark at the center is also less useful for directional 
information than one at the edge, and for an initial study 
of this theme, we wanted to maximize the manipulation. 
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Controlling for not only the number of landmarks pres-
ent but also their spatial position within an arena is cer-
tainly an issue worthy of future research.

The interaction between the nature of the landmark 
arrays and use of the sun compass may be of gener-
al importance to the field of navigation. The sun and 
the pattern of polarized light it creates, the sky compass 
is an important cue for many animals from homing pi-
geons (Chappell & Guilford 1995) to desert ants (Weh-
ner 2003). The nature of the relationship between visual 
landmarks and other cues has not, however, been clear 
(for reviews see Holland 2003; Guilford & Biro 2014). 
Desert ants do use the terrestrial panorama as well as 
celestial cues for compass information (Wehner 2003; 
Cheng et al. 2009; Graham & Cheng 2009; Legge et al. 
2014). In cases in which celestial and terrestrial cues 
conflict, as a result of experimental manipulations, des-
ert ants often combine the two types of cues, heading in 
a direction intermediate between the directions accord-
ing to celestial and terrestrial cues (Collett 2012; Leg-
ge et al. 2014; Wehner et al. 2016). It is possible that 
the clock-shifted Clark’s nutcrackers in this study might 
have averaged sun and landmark cues as well, but our 
sample size is too small to detect such an effect, espe-
cially with such a small conflict of 30°. 

Desert ants inhabiting a habitat poor in panoramic 
cues, the North African Cataglyphis fortis (Forel, 1902) 
living on salt pans of Tunisia, have been shown to do 
something similar. They learned to search near one cor-
ner of a square array of identical cylindrical landmarks 
for their nest (Åkesson & Wehner 2002). The ants did 
this even when the array of landmarks was at a distant 
location from their nest, a finding that rules out the pos-
sible use of some unspecified distant terrestrial panora-
ma. Under natural, as opposed to experimentally con-
trived, conditions, this integration might be especially 
important for locations at which the distal panorama 
is poor in defining direction, for example, a tree sur-
rounded by a confusing clutter of other trees of simi-
lar height. This scenario may be similar to the condi-
tions of our current study, as we constructed the arena 
such that the walls would occlude a substantial amount 
of the surrounding arena. Research has shown that des-
ert ants [(Melophorus bagoti Lubbock, 1882)] can, in-
deed, use visual information from a stable panorama 
for navigation (Cheng 2012; Pritchard & Healy 2017). 
Thus, a future approach to examining spatial cue use by 
nutcrackers when engaged in cache-retrieval would be 
to determine if, and to what extent, a stable visual pan-
orama might be useful, as under controlled laboratory 

experiments non-storing avian species have been sug-
gested to use view-based spatial information (Pecchia & 
Vallortigara 2010). 

Our study focused on understanding how two types 
of visual information are used by Clark’s nutcrackers 
when searching for previously hidden food caches. We 
used two predictions from the multiple bearings hypoth-
esis to guide our investigation of whether the ability to 
encode multiple landmarks influences spatial search er-
ror when birds experience slight error in a sun compass. 
The first prediction proposed that nutcrackers should be 
more accurate with a multiple landmark array as com-
pared to with a single landmark. The second predication 
was that the error of the sun compass would have less 
of an effect on search accuracy if nutcrackers were en-
coding their cache locations using multiple landmarks 
rather than a single landmark. Our results showed that 
the birds had similar search accuracy when presented 
with a single-landmark condition or a 4-landmark ar-
ray, when the sun compass was not manipulated (when 
the birds were not clock-shifted). Thus, the first predic-
tion was not fully supported. However, the availabili-
ty of multiple landmarks, as opposed to a single land-
mark, when error was induced in the sun compass (when 
the birds were clock-shifted), did allow the birds to con-
tinue searching accurately. Nevertheless, this does not 
rule out the use of other potential cues, such as a mag-
netic compass or other directional information from the 
sun that does not require time-compensation (see Guil-
ford & Taylor 2014). Examining the interactions among 
these many available sources of spatial information is 
again an exciting topic for future study. 

In summary, many animals use multiple cues for suc-
cessful navigation. The results from our study show that 
when Clark’s nutcrackers are engaged in the important 
task of food-storing, not only do they encode informa-
tion from a sun compass, but also terrestrial landmarks. 
However, how they rely on these cues is flexible, and 
when presented with a situation where the sun compass 
information is at odds with multiple stable landmarks, 
the nutcrackers use these landmarks to guide their 
search. Our results support the hypothesis that multiple 
landmarks may be used during situations where the sun 
compass has even a small amount of error, error which 
would be typical of a biological system. 
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