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“Far better an approximate 
solution to the right question 
than an exact answer to the 
wrong question, which can 
always be made more precise.”

              John Tukey



SPATIAL 
MAPPING 
EVOLVED 
UNDERWATER



In a world
defined 
by chemicals

first
universal
only remote
still expensive



Spatial orientation
Egocentric

Learned reaction to objects
Beacon; turning algorithm
Unanchored; cumulative errors

Allocentric
Self is object in landscape
Anchored in absolute space
Expensive but resilient



When did this 
evolve?



Moroz, L. 2009 On the independent origins of complex brains and neurons 
Brain Behav Evol 74: 177-190



Why did this 
evolve?



Cambrian explosion

www.johnsibbick.com

http://www.johnsibbick.com


What is true 
navigation?

Not egocentric (S-R)
Not memorized allocentric (route)

Creating novel path across 
untravelled space, in the absence 
of beacons.



1949:  ANIMALS MAKE MAPS
EDWARD TOLMAN AT BERKELEY:  CONVERGENCE WITH GUSTAV KRAMER IN WEST GERMANY



are able to home to one of two goal locations—trees or caves—
indicating flexible navigational abilities. However, these results
cannot help distinguish between map-based navigation guided by
large-scale odor gradients (24) or magnetic gradients (25), versus
navigation using cognitive-map mechanisms relying on self-
triangulation based on distal visual landmarks (26).
To further elucidate the existence of a navigational map, and

to examine the role of self-triangulation based on distal visual
landmarks (26), we conducted a second set of homing experi-
ments from a larger distance. This was needed because, in the
first set of homing experiments, there was considerable overlap
between the visually familiar area (Fig. 3A, large black polygon)
that can be visible by bats at the maximum flight altitude
recorded within their home range (643 m above ground level)
and the area visible from the highest point (115 m above ground)
that was reached by a bat within 0.5 km from release point R1
(Fig. 3A, red dots show the line-of-sight overlap between these
two locations). To test if the presence of familiar visual land-
marks is necessary for large-scale navigation of bats, we repeated
the same procedures but released 10 bats at point R2, 84 km
from the cave, deep within a large natural erosional crater in
southern Israel (Fig. 3B), from which familiar distal landmarks
are not visible (Fig. 3A, no small green dots, i.e., no overlap in

line of sight between point R2 and the familiar area). Nine of the
10 bats (90%) were detected in their familiar area in the same
night and as long as 1 wk after release, based on radiotelemetry
tracking; seven of these nine GPS devices were subsequently
found (Table 1; examples in Fig. 3 B and C, green lines). As
a control group, we also released 11 bats from point R3—the
highest mountain at the northwestern rim of the crater, 79 km
from the cave—from which familiar distal landmarks are visible
(Fig. 3A, small blue dots denote overlap in line of sight between
point R3 and the familiar area). Eight of the 11 bats (72%) were
found in their familiar area in the same night and as long as 1 wk
after release, based on radiotelemetry tracking; six of these eight
GPS devices were subsequently retrieved, and four of them had
valid data (Methods; examples in Fig. 3C, blue lines). No dif-
ference was found in the return-rate probability between bats
released within the crater and control bats release on the rim
(Barnard exact test, P = 0.49).
Bats released within the crater were fully surrounded by high

cliffs, blocking the view of any familiar visual landmark; these
bats typically exhibited substantial initial disorientation inside
the crater (Fig. 3B, green), but eventually left the crater at the
home direction and continued to fly north toward their cave (Fig.
3C, green lines). In contrast, bats released at the high crater rim,
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Fig. 3. Bat navigation relies primarily but not exclusively on distal visual landmarks. (A) Line-of-sight calculations: large black polygon represents the visually
familiar area, as seen from the highest recorded altitude of bats’ flights (643 m above ground level); small gray polygon represents the familiar area physically
visited by foraging bats (Methods). Red squares mark locations seen both from the familiar area (near cave) and from release site R1 (at the highest recorded
flight altitude of 115 m). Blue squares represent the same for release site R3 (at the highest flight altitude of 74 m). Note absence of green squares, indicating
that bats released within the crater (R2), flying at the highest recorded altitude of 101 m, could not see any familiar visual landmarks. (B) Example of bat 259,
released inside the crater; note the tortuous disoriented flight: this bat flew 33.9 km before it left the crater and turned northeast, then northwest toward the
familiar area. View from the northeast. (C) Homing flight of two bats (bats 259 and 274, green lines) released inside the crater and two bats (bats 317 and 318,
blue lines) released high on the crater rim; light-gray polygon represents the familiar area of the bats. Note that bats released at the crater rim flew north
much straighter than bats released inside the crater. (D) Population data showing cumulative straightness index as function of distance from the release site;
the four colors represent bats released at the four different release locations (cave, R1, R2, and R3); dotted lines represent median ± SE of the median; shown
are only the distances with data from at least three bats. Note the substantially lower cumulative straightness index for within-crater releases (green), in-
dicating strong disorientation when distal landmarks are not visible. (E) Polar display of bats’ vanishing bearings (green circles) and the direction of the bats’
exit points from the crater (triangles) after release at point R2 (inside crater). Green solid and dotted lines represent average directions of the circles and
triangles, respectively; black line represents homeward direction (to cave).

4 of 7 | www.pnas.org/cgi/doi/10.1073/pnas.1107365108 Tsoar et al.

PIGEON-LIKE NAVIGATION IN A FLYING MAMMAL
EGYPTIAN FRUIT BAT IN THE NEGEV DESERT (TSOAR ET AL. 2011 PNAS)



THE BEARING MAP

Directional (gradient) cues - gradients, slope, shapes
Dentate gyrus subfield



THE SKETCH MAPS

Positional (landmark) cues – local objects in unique 
constellations
CA1 Subfield



THE INTEGRATED (COGNITIVE) MAP

Sketch Maps recoded in Bearing Map coordinates
CA3 Subfield of Ammon’s Horn



 COMPASS or DIRECTIONAL CUES   
- gradients:  odor, sound, magnetic field
- polarization: landscape shapes, objects, slope

Jacobs & Schenk. 2003. Unpacking the cognitive map: the parallel map theory of hippocampal function. Psych Rev

map vectors



Location defined in absence of unique landmarks

Construct grid from vectors

Jacobs & Schenk. 2003. Unpacking the cognitive map: the parallel map theory of hippocampal function. Psych Rev

(x,y)



Add positional cues

ARRAYS of positional cues form SKETCH MAPS
close arrays of unique learned objects

Sketch map 1

Sketch map 2

Jacobs & Schenk. 2003. Unpacking the cognitive map: the parallel map theory of hippocampal function. Psych Rev



Integrate directional and positional cues

Parallel map theory

Jacobs & Schenk. 2003. Unpacking the cognitive map: the parallel map theory of hippocampal function. Psych Rev

Encode
positional 
cues in 
directional 
cue 
coordinate 
system

Compute novel 
shortcut to 
imperceptible 
goal



ALL VERTEBRATES:  Bearing Map

Bar, I., Lambert de Rouvroit, C., and Goffinet, A. M. (2000). The evolution of cortical development. An hypothesis based on 
the role of the Reelin signaling pathway. TRENDS in Neurosciences 23, 633–638.

Medial 
Pallium or 
Cortex
(MC)



Bird Maps
Standard model (Wallraff 2005)

Navigational Map
HP independent; need olfaction

Familiar Area Map
HP dependent; need vision



Floriano Papi (1970); Hans Wallraff, Anna Gagliardo, et al.
Domestic Pigeon, trained artificially 

Olfaction > Magnetic
Wild Catbird, natural migration  

Olfaction > Magnetic

Mehlhorn, J., & Rehkämper, G. (2009). Neurobiology of the homing pigeon—a review. 
Naturwissenschaften.
Holland, R. A., Thorup, K., Gagliardo, A., …& Wikelski, M. (2009). Testing the role of sensory 
systems in the migratory heading of a songbird. Journal of Experimental Biology.



From Gagliardo et al. (2013) J. Exp. Biol. 216: 2165-2171; Figure 1. 

Distort olfactory learning during development
(add baffles; add odors)
Lesion or anesthetize (OE, OB, piriform)



An alternative to the 
‘Navigational Map’

HP lesioned bird could
• use reference memory for odor 
• this supplies initial bearing
• only disoriented in familiar area 

(working memory required)

Jacobs  & Menzel, R. (2014). Movement Ecology.



Bingman, & Yates. (1992). Behavioral 
Neuroscience 
- raised in Maryland, tested in Ohio 
- 800 km displacement 
WRONG MAP

Bingman, et al. (1990). Behavioral 
Neuroscience, 104(6), 906–911.   
- HP lesioned before learning loft area odors  
NO MAP 

Suggested by the only two exceptions to HP- 
pigeon orienting from UNFAMILIAR SITE:



If correct…
Hippocampal function homologous 
in birds (natural scale, olfactory) and 
rodents (small scale, olfactory also?)

Parallel map architecture general 
solution

Jacobs  & Menzel, R. (2014). Movement Ecology.



Olfactory navigation 
in mammals?

Rat HP place fields controlled by 
spatial array of odors; rotation.  

Zhang & Manahan-Vaughan (2015). Cerebral 
Cortex.



Humans?

Chemotaxis
Porter, J., et al. (2006). 
Mechanisms of scent-
tracking in humans. 
Nature Neuroscience, 10, 
27–29.  

But can humans using working memory to map an arbitrary 
location in a purely olfactory landscape?  



Procedure
• Olfaction condition: Mask vision, audition.
• Disorient enroute to location.
• One minute sampling.
• Disorient and return to start.
• Remove masks.
• Return to sample location.
• Task validation: vision only
• Control condition: no sensory input.

• Within subject, fixed order



odors is affected by temperature and the room temperature varied fairly widely, we examined
room temperature as a variable of interest.

The olfactory stimuli used were three specific essential oils: sweet birch oil (Betula lenta),
anise oil (Pimpinella anisum), and clove bud oil (Eugenia caryophyllata). These were 100%
pure essential oils of these species, obtained from the manufacturer Lhasa Karnak, Berkeley,
CA. These essential oils were chosen because they are the standard stimuli used to train dogs
in olfactory orientation. Although clove oil is a trigeminal stimulant and, with extensive or re-
peated exposure, may have an analgesic effect [30], participants' exposure to this stimulus
was minimal and, we believe, below the threshold for such analgesia. We found no differences
in performance between the 22 participants exposed to this stimulus and the remaining
23 participants.

Procedure
Wemeasured orientation ability when using different sensory modalities in a within-subjects
design, with all participants tested using the same order of conditions. These were: one Test

Fig 1. The testing space and the testing procedure. (A) Schematic of test room. Open circles indicate decoy odor receptacles; filled circles indicate
receptacles containing odor. Star indicates an example of an arbitrary target location. (B-D) Photographs of the test room in Tolman Hall and the procedure.
The test room was divided into 63 quadrants, each outlined in blue adhesive tape. The room contained a small wheeled cart at the entrance, a video camera
on a tripod in the opposite corner (not visible in these photos), and a 30.5-cm-high cm high air purifier in a third corner (not pictured). The long wall opposite
the entry (visible on the right in D) was glass and overlooked the campus. This wall contained a full-size glass door and two large windows, all of which were
opened to air the room between participants but were closed during the test procedure. (B) A researcher disorients the participant by leading her in a
meandering path to a previously chosen random target location in the room. During this procedure, the participant is asked three times to point towards the
entry location, to ensure that she is disoriented before taking the sensory sample at the target location. (C) The participant takes a one-minute olfactory
sample of the air at the target location. (D) Upon completion of the sample phase, the participant removes the sensory covers and is allowed to search for as
much time as needed to relocate the target location.

doi:10.1371/journal.pone.0129387.g001

Olfactory Navigation in Humans

PLOS ONE | DOI:10.1371/journal.pone.0129387 June 17, 2015 4 / 13



between women (n = 26;M = 282.5 cm, SD = 155.5) and men (n = 19;M = 297.8 cm,
SD = 135.5); t(43) = 0.34, p = .73, mean difference = 15.29, 95% CI [-74.5, 105.1].

Other influences on navigation accuracy
To determine if navigation accuracy was affected by the distance between the odor sources and
the target location, we measured the distance between the participant’s target location and each
odor source in the Olfaction condition. In the Olfaction condition, there was no correlation be-
tween navigation accuracy and distance to the odor at either location (odor at (1,5): r(45) = .17,
95% CI [-.13, .44], p = .26; odor at (4,9): r(45) = .10, 95% CI [-.20, .38], p = .51.

The particular combination of odors used for a trial might also affect navigation accuracy in
the Olfaction condition. Three combinations were possible: birch and clove (22.2% of trials),
anise and clove (26.7%), or anise and birch (51.1%). There were no significant differences in
target-estimate distance in the Olfaction condition among these odor combinations, F(2, 42) =
0.50, p = .61, η2 = .02, 90% CI [.00, .10]).

Finally, we examined the relationship between navigation accuracy and participants’ self-rat-
ings of their navigation ability, using the Santa Barbara Sense of Direction (SBSOD) scale. The
average score on the SBSOD was 4.2 (SD = 1.0) with no significant gender differences. Scores on
this scale also did not correlate significantly with performance in either condition: Olfaction:
r(45) = -.02, 95% CI [-.28, .31], p = .92; Control: r(45) = .22, 95% CI [-.08, .48], p = .15).

Discussion
Our results indicate that humans can navigate to an arbitrary location that they have learned
using only their sense of smell. Participants’ performance was not better when their target

Fig 3. Distribution of estimate error. The frequency distribution of estimate error (in cm) for the Olfaction condition (dark fill) and the Control condition (light
fill).

doi:10.1371/journal.pone.0129387.g003

Olfactory Navigation in Humans

PLOS ONE | DOI:10.1371/journal.pone.0129387 June 17, 2015 9 / 13

Participants spent a mean of 79.9 seconds (SD = 62.8) searching for the target location in
the Olfaction condition. They spent significantly less time (M = 24.9 seconds, SD = 18.2)
searching in the Control condition, t(44) = 6.78, p<. 001; mean difference = 54.96, 95% CI
[38.6, 71.3]. Search time did not correlate significantly with orientation accuracy, however, as
measured by target-estimate distance, in either the Olfaction condition, r(45) = .11, 95% CI
[-.19, .39], p = .49, or the Control condition, r(45) = -.15, 95% CI [-.42, .14], p = .31.

Participants rated their confidence in their estimate using a 1–7 Likert scale, in which higher
scores indicate greater confidence. Average confidence ratings were significantly higher in the Ol-
faction than the Control condition: Olfaction,M = 3.54 (SD = 1.41), Control,M = 2.26
(SD = 1.26); t(44) = 5.48, p<. 001, mean difference = 1.28, 95% CI [0.81, 1.76). Confidence ratings
were not correlated with target-estimate distance within either condition (Olfaction: r(45) = .08,
95% CI [-.22, .37], p = .60; Control: r(45) = -.04, 95% CI [-.26, .33], p = .82).

Because the experimental stimuli were volatile chemicals and volatility increases with ambient
temperature, we examined the effect of temperature on performance. The average room temper-
ature during testing was 21.5°C (SD = 1.2), with a range from 18.9° to 23.3°C. Room temperature
did not correlate significantly with performance in the Control condition, r(45) = -.049, 95% CI
[-.25, .34], p = .75, or the Olfaction condition, r(45) = -.08, 95% CI [-.22, .36], p = .610.

Because of known gender differences in navigational strategy [32], we included gender as a be-
tween-subjects variable. The average Olfaction target-estimate distance did not differ significantly

Fig 2. Accuracy of reorientation to the trained location.Mean (±SE) distance (cm) from the target location to the participant’s best estimate of the recalled
location for each within-subject condition.

doi:10.1371/journal.pone.0129387.g002

Olfactory Navigation in Humans

PLOS ONE | DOI:10.1371/journal.pone.0129387 June 17, 2015 8 / 13

Humans can map an 
arbitrary location using 
only odor 

Jacobs, Arter, Cook & Sulloway (2015)PLoS ONE



Implications

• First demonstration of olfactory orientation 
to arbitrary location, in any species.

• Assume pigeons use this for navigation.
• If in humans, could be a general 

mechanism for orientation. 



So far
• Hippocampus may be homologous in 

structure and function in birds and 
mammals.

• Elements of olfactory navigation can 
be demonstrated in birds, rats and 
humans.

• Do olfactory systems scale with 
navigational demand, as does 
hippocampus?



Hippocampal size larger 
when creating flexible new 
routes

Female

Male

Female

Female



 DATA FROM DIFFERENT VERTEBRATE GROUPS

Correcting for brain size and phylogeny  

Olfactory bulb size increases with 
Home range size, terrestrial carnivores (mammals)  

Predatory theropod species (dinosaurs) 

Secondary nocturnality (birds)   

Navigational ability  

 (domesticated pigeons)  
Gittleman, J. L. (1991). Carnivore olfactory bulb size: allometry, phylogeny and 

ecology. J. Zoology.
Zelenitsky, D., Therrien, F., & Kobayashi, Y. (2009). Olfactory acuity in theropods: 

palaeobiological and evolutionary implications. Proc Roy Soc B. 
Healy, S. D., & Guilford, T. (1990). Olfactory-bulb size and nocturnality in birds. 

Evolution.
Mehlhorn, J., & Rehkämper, G. (2009). Neurobiology of the homing pigeon—a 

review. Naturwissenschaften.



MOSAIC EVOLUTION OF OLFACTORY SYSTEM

Finlay & Darlington analyses: 

 Mammals 

 Sharks (basal vertebrate) 

90-97% variance brain 
structure size explained by 
size of whole brain 

3-10%  olfactory system
Finlay, B. & Darlington, R. 1995. Linked regularities in the development and 
evolution of mammalian brains. Science.    
Yopak, K. E., …and Finlay, B. L. (2010). A conserved pattern of brain scaling from 
sharks to primates. PNAS 
Striedter, G 2005. PRINCIPLES OF BRAIN EVOLUTION. Sinauer.





BEHAVIORAL HYPOTHESIS

Detector Strategy
prey location either obvious or impossible to predict 

Predictor Strategy
with sufficient data, prey location can be predicted in space 
and time – increase isocortex size 

  Predict using odorants - increased limbic size  

  Emphasize other sensory - decreased limbic size

Iso
cortex

Limbic

Detector

Iso
cortex

Predictor

Limbic



12

PATTERNS	  IN	  LIMBIC	  ALLOCATION	  COINCIDE	  WITH	  OLFACTION	  
AND	  PREDATORY	  STRATEGY

Iso
cortexLimbic

Iso
cortexLimbic

Iso
cortex

Limbic

Wolf – spatial olfaction Ape - spatial vision

Microbat- spatial audition

  Jacobs, L. (2012) From chemotaxis to the cognitive map: the function of olfaction. PNAS.

Non-olfactory Olfactory 

Detectors

Predictors

Iso
cortex

Limbic

Shrew – spatial olfaction



HIPPOCAMPAL NEUROGENESIS COVARIES WITH SPATIAL 
OLFACTION, NOT JUST SPATIAL BEHAVIOR
ONLY two locales of adult neurogenesis found in all vertebrates... 

Olfactory Bulb (OB) 
Hippocampus (HP) 

Echolocating microbats and whales/dolphins (sonar) 

small/absent OB size, low/absent HP neurogenesis 
Simple/non-echolocating (mega) bats:  

intermediate OB size, intermediate HP neurogenesis

Amrein, I., Dechmann, D. K., Winter, Y., & Lipp, H.-P. (2007). Absent or Low Rate of Adult Neurogenesis in the Hippocampus of 
Bats (Chiroptera). PLoS ONE.

Gatome, C. W., Mwangi, D. K., Lipp, H.-P., & Amrein, I. (2010). Hippocampal neurogenesis and cortical cellular plasticity in 
Wahlberg's epauletted fruit bat: a qualitative and quantitative study. Brain, Behavior and Evolution.



BRAIN EVOLUTION REVOLUTIONS

3 ‘pulses’ of olfactory 
enhancement preceded 
increases in total brain size in 
Early Jurassic

“The mammalian neocortex with its protean powers has evolved from the 
olfactory forebrain of primitive vertebrates. Perhaps because olfaction 
demands a neural architecture preadapted to learning complex input 
patterns.”
Daniel Osorio, Wayne Getz and Jurgen Rybak. 1994. Insect vision and 
olfaction: different neural architectures for different kinds of sensory signal? 
From animals to animats 3. MIT Press.

Rowe, T. B., Macrini, T. E., and Luo, Z.-X. (2011). Fossil Evidence on Origin of the 
Mammalian Brain. Science 332, 955–957.

www.sciencemag.org    SCIENCE    VOL 332    20 MAY 2011 927
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characteristics of its pelt are unknown, but the 

pelt of a closely related basal mammaliaform, 

Castorocauda, comprised guard hairs and an 

underfur. An initial phase in the evolution of 

mammalian brains was therefore character-

ized by an enlargement of the olfactory bulb, 

cerebral hemispheres, and cerebellum, sug-

gesting increased olfactory sensitivity and 

neuromuscular coordination. The presence of 

body hair also indicates tactile sensitivity and 

suggests that endothermy and parental care 

likely occurred at this stage as well.

The reconstructed endocast of Hadroco-

dium, the closest known fossil relative of liv-

ing mammals, indicates that a second phase 

in mammalian brain evolution occurred, with 

brain size again increasing by almost 50%, 

bringing it within the range of relative brain 

size in living mammals, with the olfactory 

bulbs and cerebral hemispheres accounting 

for most of the increase. In Hadrocodium, 

the relative size of the cerebellum had also 

increased, which suggests that sensory-motor 

integration as well as olfactory enhancement 

characterized this second phase in mamma-

lian brain evolution.

Rowe et al. note that the origin of living 

mammals was apparently accompanied by a 

third phase in their brain evolution, marked 

by an increase in olfactory elaboration. The 

olfactory epithelium expanded by a factor of 

10 and was supported by newly evolved nasal 

bones. The expanded epithelium was also 

apparently accompanied by a vast increase in 

odorant receptor genes and by the presence of 

different types of olfactory receptors, result-

ing in the high-resolution olfaction that is 

unique to mammals.

The endocasts of Morganucodon and 

Hadrocodium provide the fi rst solid evidence 

of the stages in mammalian brain evolution. 

Unfortunately, far less is known about the 

emergence of the brains of living birds. The 

endocast of the oldest known Late Jurassic 

bird, Archaeopteryx, reveals reduced olfac-

tory bulbs, large cerebral hemispheres that 

are in contact with an expanded cerebellum, 

and lateroventrally displaced midbrain lobes 

( 11). All of these neural traits also charac-

terize living birds, and, not surprisingly, the 

relative size of the brain of Archaeopteryx 

appears to have been intermediate between 

that of living reptiles and that of living birds 

( 11,  12). All these derived neural traits, 

plus its skeletal characteristics, suggest that 

Archaeopteryx was capable of flight. The 

missing part of this story is the appearance of 

the brain in the coelurosaurian theropod dino-

saurs that gave rise to birds. The endocasts of 

these dinosaurs have not been described, but 

the endocast of an oviraptorid theropod, Con-

choraptor, revealed reduced olfactory bulbs, 

enlarged cerebral hemispheres, displaced 

midbrain lobes, and an enlarged cerebellum 

( 13), as in living birds. Furthermore, the rela-

tive brain size in Conchoraptor was similar 

to that in Archaeopteryx. This suggests that 

the neural traits of Conchoraptor may have 

evolved parallel to those of avian theropods, 

but it is also possible that these neural traits 

were widely distributed among theropods. 

If so, many “avian” neural traits may have 

already been present in coelurosaurian thero-

pods and were co-opted for fl ight. 
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Olfactory bulbs and cerebral hemispheres

Midbrain

Cerebellum

Mammals

Reptiles

Birds

Bigger brains. In terrestrial vertebrates, large brains evolved, independently, twice. Relative brain size in 
living mammals and birds has increased by at least a factor of 10 over that in living reptiles. Pictured brains 
show the relative dimensions of the olfactory bulbs and cerebral hemispheres, the midbrain, the cerebellum, 
and the medulla. In birds, the midbrain lobes have been displaced laterally and ventrally by the expansion of 
the cerebral hemispheres, and the expansion of the cerebellum in both mammals and birds has resulted in 
pronounced foliation (folding) of the cerebellum. 10.1126/science.1206915

Published by AAAS

 o
n 

Ja
nu

ar
y 

14
, 2

01
2

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 



Is this more general?



SIMILARITIES IN OLFACTORY SYSTEMS

Nematode
Crustacean

Insects
Mollusk

Bony Fish
Amphibian

Rodent
Human

Olfactory Glomerulus Present

Olfactory Glomerulus Present

Eisthen BBE 
(2002)



HONEY BEES AND LOBSTERS MAP…SANS HIPPOCAMPUS



INSECT BEARING MAP?

Insect MUSHROOM BODY 
primarily olfactory, input from 
ANTENNAL LOBE 

Water-Striders:  reduced AL, robust 
MB:   sensory substitution

Strausfeld, N. J., Sinakevitch, I., Brown, S. M., & Farris, S. M. (2009). Ground plan of 
the insect mushroom body: Functional and evolutionary implications. J. Comp. 
Neurol.



Implications
• Demand for spatial olfaction may 

explain patterns of allometry and 
plasticity across diverse taxa.

• Olfactory circuits could thus be 
constructed not only to identify but 
also to map odors for the purpose of 
spatial navigation.



COULD THESE PERCEPTUAL PHENOMENA 
HAVE SPATIAL FUNCTIONS?

1.

2.



ODOR PERCEPT COULD CREATE GLOBAL 
ORGANIZATION
Intensity gradients demarcated 

High and low concentration percepts 

Creates neighborhoods in olfactory space



ODOR OBJECTS COULD BE PERCEIVED AS 
POSITIONAL CUES (LANDMARKS)
Confluence of odorant plumes 

A. Unique ratios located in olfactory space 

B. Perceived as Synthetic Odor Object 

C. Perceived as Mixture of Elements

A. B. C.



OLFACTION COULD USE PARALLEL MAP STRUCTURE 
TO STORE AND EXTRAPOLATE

Has necessary information – origin of hippocampal logic? 

Objects re-coded in grid coordinates 

Flexible short-cutting



• MUST KNOW
• Rate of locomotion
• Rate of sampling (respiration)

• DECODE fluid direction and speed, 
using measurements from other 
systems (vibrissae, rhinarium, etc.)

What other properties are 
needed to map gradients?



territory ownership.(2,8) Intruders, or subordinates that live

within a territory owned by amore dominant animal, cannot be

mistaken for theowner if their scentmarks donot predominate.

Further, only those owners that defend their territory effec-

tively can ensure that no other animals introduce competing

signals. Even though a territory might be suffused with an

owner’s scent, the presence of any fresh signals from com-

petitors would indicate ineffective territory defence.(8,9) By

excluding competing males and countermarking any such

scent challenges, a successful owner can ensure that its own

marks are always the freshest signals within the defended

area. Accordingly, territory owners counter-mark intruder

scent marks immediately.(1,9) Competitor scents may be

over-marked to provide physical evidence of the most recent

scent mark,(10) or fresh scents may be placed next to the

ageing scents of a competitor providing chemical proof of

relative scent age.(11–13) Thus, the spatial and temporal

pattern of scent marks deposited by a territory owner and by

any othermales in the locality indicates the successwithwhich

an owner dominates its scent-marked territory (Fig. 1). Scent

marking and refreshment rates are particularly high at shared

territory borders. Thismay reflect the need for both neighbours

to ensure the relative freshness of their scent in the immediate

vicinity of competitors’ scent marks.(13)

Scent signals are not directed towards specific recipients

but are broadcast to any other animals in the locality. Because

scent marks are long lived and persist in the environment, the

spatial / temporal pattern of scents from different individuals

provides a continuous record of challenges for dominance and

crucially, the outcome of those challenges.(9,14) This record is

available to visitors and residents. As long as scent marks

provide reliable information about the identity of scent owners

Figure 1. A:Competitive scentmarking:Territoriesare delineatedbyowner-specific scentmarks that are regularly replenishedwithin the
territory and particularly at territory boundaries. B: If a mouse intrudes into another territory, leaving scent marks, C: the territory owner
rapidly deposits countermarks near to themarks of the intruder, andD: replenishes thesemarks at a higher rate than usual. In this fashion,
the territory owner successfully advertises theability to defenda territory and, by comparing the relative ageof the intrudermarksandowner
countermarks, potential mates of territory challengers can assess the fitness of the owner. Key: scent marks are colour coded to reflect
individual ownership; paler colours reflect scent marks that have aged.
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Space and Time
Scent wars:
the chemobiology of
competitive signalling in mice
Jane L. Hurst* and Robert J. Beynon

Summary
Many mammals use scent marks to advertise territory
ownership, but only recently have we started to under-
stand the complexity of these scent signals and the types
of information that they convey. Whilst attention has
generally focused on volatile odorants as the main
information molecules in scents, studies of the house
mouse have now defined a role for a family of proteins
termed major urinary proteins (MUPs) which are, of
course, involatile. MUPs bind male signalling volatiles
and control their release from scent marks. These
proteins are also highly polymorphic and the pattern of
polymorphic variants provides a stable ownership signal
that communicates genome-derived information on the
individual identity of the scent owner. Here we review the
interaction between the chemical basis of mouse scents
and the dynamics of their competitive scent marking
behaviour, demonstrating how it is possible to provide
reliable signals of the competitive ability and identity of
individual males. BioEssays 26:1288–1298, 2004.
! 2004 Wiley Periodicals, Inc.

Introduction
Unlike visual or acoustic signals used in communication be-

tween animals, chemical signals can be deposited in the

environment as scent marks that persist in the absence of the

signaller, often over extended periods. Scent marks can thus

be used to provide information to conspecifics even when the

scent owner is elsewhere and are widely used among ter-

restrial vertebrates in the context of territory marking and

defence.(1,2) Although it is popularly assumed that the main

function of territory scent marks is to keep competitors out of a

scent marked area, it turns out that scent marks are not very

effective in preventing invasion.(2) Indeed, why should scent

marks prevent other animals from gaining access to attractive

resources if the owner is not around to defend them? We will

argue here that the main role of territorial scent marks is to

allow owners to advertise their high competitive ability, by

providing a signal that reliably reflects their success in territory

defence.

There are three facets to the information content in scent

marks. First, they provide information through the chemical

components of the scent. Secondly, the spatial and temporal

pattern of scent deposition provides further complexity.

Finally, since scent signals are often deposited in response

to competition with one animal counter-marking the scents of

another, there is also information in the pattern of scents

deposited by different individuals. Competitive scent marking

is thus a battle fought between individuals, a form of ‘‘scent

wars’’ played out at both molecular and behavioural levels. In

this review, we will discuss the theoretical biology underlying

competitive scent marking, supported by empirical evidence

from the animal in which the process is best understood: the

common house mouse, Mus domesticus.

Scent marks and territory ownership:
the perspective from behavioural ecology
Territory owners need to defend resources from competitors

and also attract potential mates. Success in defending a terri-

tory is, in itself, proof of the owner’s high competitive ability.

Advertising this success therefore has competitive and repro-

ductive advantages. Because competitive conflict is costly

in terms of energy, time and risk of serious injury, animals

recognised to be of high competitive ability are less likely to be

challenged.(3,4) Owners that advertise successful territory

defence thereforewill suppress the number of challenges from

other competitors. Males that advertise resource ownership

and competitive success also gain a reproductive advantage if

females prefermates of high competitive ability, able to defend

desirable resources.(5) However, competitors and potential

mates only gain from responding to such advertisement if the

owner really is of high competitiveability; therewill thereforebe

strong selection to respond only to reliable signals.(6)

Scent marks are particularly well suited for providing this

reliable signal of competitive ability. Indeed, most territorial

mammals scent mark the area that they defend.(7) Because

only animals that successfully dominate an area can ensure

that their scent marks predominate, the spatial pattern and

density of the owner’s scent marks provide physical proof of

1288 BioEssays 26.12 BioEssays 26:1288–1298, ! 2004 Wiley Periodicals, Inc.
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