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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



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?
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Why did this
evolve?




ambrian explosion



http://www.johnsibbick.com

What iIs true

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

Creating novel path across
untravelled space, in the absence
of beacons.
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1949: ANIMALS MAKE MAPS

EDWARD TOLMAN AT BERKELEY: CONVERGENCE WITH GUSTAV KRAMER IN WEST GERMANY




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

CA1x Subfield



THE INTEGRATED (COGNITIVE) MAP

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



map vectors

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




Construct grid from vectors

Location defined in absence of unique landmarks

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




Add positional cues

*
*

Sketch map 1

&

% X

Sketch map 2

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

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




Integrate directional and positional cues

Encode
positional
cues in
directional
cue
coordinate
system

*

Parallel map theory

Compute novel
shortcut to
imperceptible
goal

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




ALL VERTEBRATES: Bearing Map
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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 Gagllardo et al.

Domestic Pigeon, trained artificially
Olfaction > Magnetic

Wild Catbird, natural migration
Olfaction > Magnetic

ehlhorn, J., & Rehkamper, G. (2009). Neurobiology of the homing pigeon—a review.

aturwissenschatften.

olland, 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.




..o - - - e L B L L L B R R
" .O AEELE B . ARtann B AAN AR ahian
. “ - > FEAFEY BFry v » ARFIAFIARTFAA AR Ay
. . e -~ -e AR ARl al 260 2 Fh m Beiae»
‘- R SBhbAbbdE Han o - B ARA SR m e “-s
.. SRR BEAE SREAAE 2 » aran . " » . »
. e o» » rramy PP RPTY YRR IR RRREr Ay
4 - S s e R R O e R T R T R R O I R
BAAEE 2 a8 2 " B8 2 BAARE B 22 . LARE L 0 L D
"™ P AR P RMAEERY FIY YR AR AR ARy oy Srrawsaem "
. - L I A B b ERL » B ARLAREL B AABL A8 S8
s anran B ARLARRAIBRLARRABRLE 2 ARRAANAARLAS “hia
TEF ARF AFEMY P AaREAE M L A b L L B AEFY BFEY O RPARATAIRAREEAARETSY
TEm- aw - - - L R R e A ) re- e o L A L - -
‘LI .. LR I R R T hh e . ARbba i AL BAaanian
"TREEn L B A e ) LA LR L A AL A A AL L B AL ol L L)L B I AR ) ).

LR R S R S R S R S e BE AR RIS AP EIATE e >
-s ahia a BE B aess AR08 2 BARRAARLAR BB IEE
L L B8 B BLAR BAEEREE B2 B LR PARE R AR R )

- asr e Maer a8 " v LA A & & J J TARrIATEAErT »

D T L e e L e L L T T I
L - - B BAE B AEEE B BEBEABRIAEEED BREAARLAEERE B >
L o - e LR R LR AP BEIAEIAES Sl a ALl R L L L L L R
- R R -k dems A LR LS L T L e Shamniann
- T T lmT e T Tl T T

| R
E §oo sainan
XI

“ " - LA B L J _ " » *re -
A8 A AR SRLanrans ke
L B L L I R aeEry e
. mew e

LR S R L L L R L L L R L L
ARREE » B B8 ABNAEE 2 a2

' —
- FEARE % Annrannr
e |

L S

AEBLES A niann

SBAABEE BAB B2 »

"mee AEFAE A8 F % ManErrae - ™ FEARr Amannry »»

AOBbda  An Aanbanh Sl b b N T T TS
IR R R AR RARRRARRAR R AR AR AR AR AN AR AR RIARS
Lan bl “raesemm LA Al N o ) - TEFTYTRErYTYrFYAYSY "M TRHRrTAYer

S B —_— - L - Bl SR RAR AR BRI T BAIBEE .-
-

SRR AR IARRAAR AR IARIARRIARS
ARRIARE BEE RRAREE SEIARINRRIARS
- e MEEN AR AT O BFITETREEYIAEES
Ah A8 LARE Bh Anra Shlaniaanians
FARRAN SAREAE  AREEAES REAARAAAELN ®
.'."x LA Rl b h A A bl o Al o A b Al L L L B L LD
I A SRR LABRMARRRARRAARAARRIARIARRIANS
L L
e i i g
.- A EELAE - - ERE R = B R R R R R R R
. A0 LARLAR BABKAARA Bh ABLARRLIARS
TARTARRIARINN R IANEY FAANEANS AR ny
- e L T T I =
SARRAREE SAARRLA SAARE BAL BAAERIARS
ARRANE ARIARE RRAARRARLAAR ARRIARS
L o ] LA A A A A & b ] Lol o A A AL L A A A o) -
Ll B S B B B R R R L o b o B R 2 J
SRR ARBIARE BELARRAARAARIARRINRRIARS
IPIARIEs AR R R IR I RTY FAA SRR I
P L R e >
A wrnwen Q.ot.ooo.oooooooooo.o!omyao
k\. FAREY FEAREY O FEAREEY AR aamaawm e
- VO’ R — B e L e

Helease site

- mOl. - . - ey mee - Ll - . e
.- . . Ahae BRALABRBAAE LABELE BB B B B ERAEss
. AREr Aem . LAl L AR F EEE BEAAEn LA AL

-=r =" LA a bl B L L 2 L I TR TR R FIYTEMAEE A
s - ‘e SBAA BRARRAL B B A BB

- Sharaan AAERAEARLE B2 v s A BB RE2 _“s
LR LA I L L SAREREY » 2 » LA L L L L L
_rre L _—Ere. AR AR B PITEAEEE A

Lhan L I L S BAA B AR B B B B e

-Ol.l.cdl e R L B IR L SR F BEREAE 2 B . SrAREAEE
-—r e LR L R LS DL L S S S L S L L L L e b bl o bl 2 -
- - LR L LR L Am BAmnban bam L L R
- _hian BE ARl Rl AR AEA B RBAEBEE SBhA s ninnnitian ahie »
BEL AR BEAR B AREAE M S AR » BRAR FARE B BAABREBAREREARRS
"FErY " awr - R A A Al A o b Al l d ) LAALL AL L B L L L B BN o R )
LA - . - _-hd 0 e » -k - SBhAes A SBRAA BAEERAas
LA RR L L O l.f'. LA B AEER AR LAREL BRIREE ARE B B
TR orIRTrTTYTYT >, d - TR FIRFIYTEEY O ATATRERTIARETE BEFMTAYYSCOCTDSFY
- -—ha- - - R R e R e L

-, - I .t~/’ -s “. ..”” - - LR SR R R R
SSSSRsNNRceTty 4 sErraRmanEr »

. A saes o...” -
TR FIArY AFrraRreae e Franrr sreveme raanr
- L O

.- - - h mee =

. BRARRRLAABRAREY 2 »
LA R LA FARETAIARY
BIIAFIREFIAn % » % »»
Biann SBEL B As Bl
AERALA BABRRIARS
LB B SR L

-

R T N T o.on

- WEEL P AR -

LR S T T T T ooon
R L s L I T

- T AL B oan

R W ORISR mERARTAARS

- mer . . mmah BRAE RS W AmERLEE.
. Aaas & AERban 4 ' SRL B FABRARRRAAE
B AREF AFY AF ARy A SIARRIREFIAR AREFAAES

LA A L L I e OEE anrane,
_—r LA L L L L S AT )
LA R ) Ah ABRRABY A
LA L A "taer LA A .
e reRmEry -nh
T T T
LA R L L BN L LS LA L
L L L R L L I R )
rm- . smEErame
AAanbr b » e
B A .

LA L AL L) A0 B L I L
e L L D T
A8 BAB b A Ahann
m...lol.. AR AR EraAEnr
‘bl o b b A o hJ TeEEsraee»
..6.'...'.0.!." .- s
BIAARIAERIARERARERAAE”
.............~o...o. AR LA oL LA ol l )
i amE awme e e
AABBAa A0 BRAE 22 B SBlAnnianbiann
BEAR BAREREE BRAEM BLABRAR FEABREBAREREEE »
- rFaurey » MR PEYREEYE Wy LA A A A AR Ll ALl o bl l oLl B L L J

. & A Mhas e R B AL BRAARLABBLABB IR ERBLABBABERAE .
- -s BAAA AT ARLAABRLLARE AL AEERLIEBLABB LA IAEBBLABBAEERAE
LA L & J TRARFIARES BF AR FIREIAREFAREAARERAREY > LA A Al A L)

THREEFY P99 IS TR IO P PIREIRR Y O TTIR YRR IR O BEAAEESY
L L L R BA BRAEEl BRlABmAm B A ERARE.
L L L ans BAAR B LA IARLIEER IR LARELAE ABEBIAEE BBEAEE
- - WE ARFT AT A FIARTFIARTIRETARARIOAT O TAAARETYY MARETAARERTSY
- R R AEER D AR RAERAEERAEE A EERAEE AR AR B AR RARe e
BA SRR LAl nmB A nbanan Lo AaBam BAmE AABRianbianns mobitnannm
BAEAARERLAIR AR BLAREE BEAR v M BARBRLARE AR AR ABRABRERY
SREAAERE B8 BEIABREEREM BIARTARRRIRRIARE AR IREEREY AR
Shbaann L b I - BAELARRIE IR AR AR IR BB LIAB B A BB >
B ARRRAR 2 BRELAR AREEE BEAREM BARRAARRLARRARE AR BARERAEES
LR L L L AR L LR L L A ) LA L L LA AL A A L L AR L A AR L B A A AL 2 02 L
L e e L e e e .-
- Amemm b hAmEes wme BAR AL BERAEs A mram - - Ammee- Al
BALEA BRI ALAAERLABLAAERELE BAABLABERAE A2 B ABBAEERIABEABEREAE"S

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

add odors)

Distort olfactory learning during development

(add baffles

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.



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

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




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

INn mammals?

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

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



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
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Humans can map an
arbitrary location using
only odor
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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 Iin birds, rats and
humans.

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



Hippocampal size larger
when creating flexible new
routes




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., & Guiltord, T. (1990). Olfactory-bulb size and nocturnality in birds.
Evolution.

Mehlhorn, J., & Rehkamper, G. (2009). Neurobiology of the homing pigeon—a
review. Naturwissenschaften.




MOSAIC EVOLUTION OF OLFACTORY SYST

=\%

Finlay & Darlington analyses:

Mammals

B .. . 5 Sharks (basal vertebrate)

— '._—-_.—-1

el ’] 90-97% variance brain

size of whole brain

t t structure size explained by

3-10% olfactory system

Finlay, B. & Darlington, R. 1995. Linked regularities in the development and

evolution of mammalian brains. Science.

opak, K. E., ...and Finlay, B. L. (2010). A conserved pattern of brain scaling from
sharks to primates. PNAS
ledte s NINGIE ()F BRAIN () ()N Sinate




In(isocortex) adjusted for In(core)

Manatee
Pinnipeds
Simians
Carnivores
Ungulates
Prosimians
Chiroptera
Xenarthra
Insectivores

low limbic, high iso high limbic, high iso

O HEHOJDPNE+ X

low limbic, lowiso high limbic, low iso

| | | |

0.5 1.0 1.5 2.0

In(limbic) adjusted for In(core)




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

\_ ' ' Predictor

Detector

Limbic




PATTERNS IN LIMBIC ALLOCATION COINCIDE WITH OLFACTION
AND PREDATORY STRATEGY

Olfactory Non-olfactory

Limbic Limbi
Detectors Atnlelle
Shrew — spatial olfaction Microbat- spatial audition
Predictors | [k

Wolf — spatial olfaction Ape - spatial vision

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



IPPOCAMPAL 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, |., 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, |. (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

“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: ditterent neural architectures for different kinds of sensory signal?
From animals to animats 3. MIT Press.

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

Rowe, T. B., Macrini, T. E., and Luo, Z.-X. (2011). Fossil Evidence on Origin of the

Mammalian Brain. Science 332, 955-957.






SIMILARITIES IN OLFACTORY SYSTEMS

Ocellus
Olfactory Compound eye .

Antenna

Olfactory Glomerulus Present

Mandibles
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Honey bees navigate according to a map-like
spatial memory

Randolf Menzel***, Uwe Greggers*®, Alan Smith'5, Sandra Berger*, Robert Brandt*, Sascha Brunke*, ¢
Sandra Hulse*, Toblas Plumpe*, Frank Schaupp*, Elke Schuttier*, Silke Stach*, Jan Stindt*, Nicola Stol

and Sebastlan watzl*

*Institut 10r Blcicgle, Neuroblokgle, Frake Universitat Bardin, Keénkgn-Lulse-Strassa 28 /30, 14155 Berin, Germany; and %lant and v
Rothameted Resaarch, Harpenden, Harts ALS 2)Q, United Kingdom

Communicated by Charles R. Gallistel Rutgers, The State University of Now Jarsey, Mscataway, NJ, November 25, 2004 (recalved for

True navigation and magnetic
maps in spiny lohsters
Larry C. Boles & Kenneth J. Lohmann

Department of Biology, University of North Carolina, Chapel Hill, North Carolina S8 S5 e :
27599, USA | o
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HONEY BEES AND LOBSTERS MAP...SANS HIPPOCAMPUS




INSECT BEARING MAP?

Ocell
Compound eye . cetus
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Insect MUSHROOM BODY
porimarily olfactory, input from
ANTENNAL LOBE

Water-Striders: reduced AL, robust
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Strausteld, N J Smakewtch ., Brown, S. M., & Farris, S. M. (2009). Ground plan of

the insect mushroom body: Functlonal anol 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.
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ODOR PERCEPT COULD CREATE GLOBAL
ORGANIZATION

Intensity gradients demarcated

High and low concentration percepts

Creates neighborhoods in olfactory space

[A]

low [A]

(B8] high [A]
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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




What other properties are
needed to map gradients?

— —p —p —P

- MUST KNOW

- Rate of locomotion

- Rate of sampling (respiration)
- DECODE fluid direction and speed,
using measurements from other
systems (vibrissae, rhinarium, etc.)



Review articles

Scent wars:
the chemobiology of
competitive signalling in mice

Jane L. Hurst* and Robert J. Beynon

Space and Time
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