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Pimm, Science, May, 2014
• “We are on the verge of the sixth 

extinction. Whether we avoid it or not 
will depend on our actions”

– Species of plants and animals are becoming extinct at least 1000 times faster 

than before humans arrived on the scene.
• Nautilus survived 5 mass extinctions – it is 

up to us to ensure they survive this.
• A main goal in our laboratory is to 

enhance our understanding of their mari-
culture and biology to contribute to 
conservation efforts.



Habitat loss is one reason
• Invasive species
• Climate change
• Anthropogenic effects
• Overfishing
• How is Nautilus not on the vulnerable list?
• What can we learn about pressures in 

their ecology that can inform conservation 
efforts? A combined approach.
– E.g., What is affecting Juvie survivial?
– E.g., is culturing even feasible?



LIBE lab: Synthetic Approach

• 1) Ecological hypotheses – based upon 
natural history

• 2) Comparative approach

• 3) Laboratory and field study
• Focused study to understand basic biology: 

reproduction, foraging, environmental exploration.
• Then test again in field.
• Internal and external validity



Synthetic Approach

• 1) Ecological hypotheses

• 2) Comparative approach

• 3) Laboratory and field study



Synthetic Results
• First evidence for learning in this 

understudied, but important, group of 
animals.

• Characterize innate behaviors.
• Characterize plastic behaviors.
• Comparative study: behavior 

evolution.
• Mariculture: keeping animals healthy, 

how foster breeding?



Live slow, die old – this is the 
“problem”.Buoyancy

Stability
Pressure Tolerance

Small mantle
Little propulsive muscle
Drag

Buoyancy/Mass
Chamberlain, 1991



Recent care publications: 
EU Guidelines for Cephalopods



In Cephalopod Culture, 
Iglesias et al, eds.

GJ Barord



Housing System, Brooklyn
• 700 gallon system: three cylindrical holding tanks (1.5 m tall, 1 m 

diameter), a 50 gallon sump holding biological filtration, a chilling 
unit, ultraviolet filtration, and two protein skimmers. 

AREAC: Aquatic Research and Environmental Assessment Center





Chemosensors
Vertic/Nektobenthic: live slow, live long

Barber, Ruth et al

Simpler than coleoids
Epithelium single
Layered, but folded.
Long, tufted=Distance

Eyes: 470nm

Respiratory
current

Cellular properties: unknown



Chemosensors
Vertic/Nektobenthic: Distance, Contact

Long, tufted=
Distance

Distance
Contact

Contact
For mouth

Conspecifics

Cellular properties: unknown



Odor Plumes: patchy, stochastic
tracking at a distance

Start position

Tracking at a distance

Rhinophore 
blockage

abolishes tracking

Vertic tracking

Rhinophore: distance
Tentacles: both 

Up to 10m



• Shaded vertical 
blocks denote 
daytime periods 
(0800–1759 hrs). 



Scavenging: can they detect 
and find food in substrate?

M. Bedouyn

And…what kind of foods?



Yes!

• What is 
in benthic 
substrate?

Versus live prey?
M. Bedouyn



Use of hyponome in scavenging

Hyponome excavating

M. Bedouyn



Finding mates
Nautiloidshttp://scrippsblogs.ucsd.edu/onboard/2013/09/05/breakfast-with-a-newborn-nautilus

Detect Conspecifics
Detect Males/Females
Different response of

males and females
Female/Female avoidance?

Egg wash experiments? Nautiluses, octopuses?  Juvies critical

Mating pair of Nautilus belauensis. Photo by Mark Norman. - See more at: 
http://taxondiversity.fieldofscience.com/2011/01/nautilaceae.html#sthash.riyJYKVi.dpuf



Further laboratory research
• Egg viability in laboratory
• Reproductive behavior 
• Predator detection – odor, combine 

with reef study (avoidance tactics?)
• Prey-choice experiments
• Field – silt samples from natural 

habitat



Response to Vibrations
•Small Source-Displacement Experiment (SSDE)
•Large Source-Displacement Experiment (LSDE)
•Frequency Sensitivity Experiment (FSE)



Robyn Crook, 2005
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• Nautilus respond to vibrational stimuli
• Nautilus respond to a range of source 

intensities and source velocities (70-100hz).
• Animals respond more strongly when the 

vibratory stimulus is nearby.
• Animals respond more strongly when source 

intensity or source velocity increases. 



Divergence -- anatomy

• Coleoids

• Nautiloids



Divergence – history of complexity

Packard, 1972; Aronson, 1991; Hanlon and Messenger, 1996

1) Convergence with 
fishes?

2)  Earlier?Earlier mass extinctions 
and periods

of massive diversification



Divergence – ecological 
questions

shell for protection
less prime deeper water  
slow, smellers and gropers
all solitary, nocturnal

lose/reduce shells
visual predatory lifestyle

Some solitary, some group living

Crypsis is designed for
vertebrate eyes

Live fast, die young
Live slow, die old

Learned predator avoidance, spatial learning, 
cross modal learning for prey/mate/predator 

detection.



Divergence -- brains

No Antecedent

Lost antecedent



Homology:  Cell bodies, neurites, neuropil, nonspiking

>40 lobes 13 lobes
JZ Young

Ant

Pos
Not identical scale

LTP

Convergence: neural networks and plasticity
Neural networks that learn



Parametric variation

(After Strugnell et al., 2004 and Lindgren et al., 2005) (Calculated from Maddock and Young, 1987)



An old brain
Live slow, die old – time to learn

Upside

Downside

Centers of mass
Chamberlain, 1991



An old ecology
An associative problem

Hanlon and Messenger, 1996

Scavenge and hunt on coral reef slopes
in dim waters, bioluminescence



Figure 4. Long term vertical movements of four Nautilus individuals.

Dunstan AJ, Ward PD, Marshall NJ (2011) Vertical Distribution and Migration Patterns of Nautilus pompilius. PLoS ONE 6(2): 
e16311. doi:10.1371/journal.pone.0016311

http://www.plosone.org/article/info:doi/10.1371/journal.pone.0016311

Shaded vertical blocks denote daytime 
periods (0800–1759 hrs). 



Figure 3. Vertical movements of tagged Nautilus with temperature/depth profile.

Dunstan AJ, Ward PD, Marshall NJ (2011) Vertical Distribution and Migration Patterns of Nautilus pompilius. PLoS ONE 6(2): 
e16311. doi:10.1371/journal.pone.0016311

http://www.plosone.org/article/info:doi/10.1371/journal.pone.0016311



Synthetic Approach

• First experimental evidence for 
learning in this understudied, but 
important, group of animals.

• Characterized innate behaviors.
• Characterize plastic behaviors.
• Based on problems animals must 

solve in the field.



Environmental learning
How and what do they learn?

Profile 
1. speed
2. retention
3. content 

Content
4. sensory stimuli
5. spatial information
6. flexibility
7. memory space



Harness

Depth Adjuster

Pipette Guide Tube

0-Lux Video 
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Blind
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Nautilus

CS target 
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Method



Adaptive Associations
bioluminescence-guided foraging

• Learning
– CS+ (light)
– US   (odor)
– CS-
– 10 training trials 

• ISI = 1s, 
• ITI = 10 min

– CR: tentacle extension

• Memory
– 3 min, 30min, 
– 1hr, 6hr, 12hr, 24hr
– ~single unrewarded light pulse



Harness

Depth Adjuster

Pipette Guide Tube

0-Lux Video 
Camera

Blind

Tripod

Experimental
Arena

Mirror

Tank
Surround

Styrofoam
Mat

Nautilus

CS target 
point

classical conditioning: ecological 
problem



CR - Tentacle Extension 
Response

• Natural (odor)
• Arousal – retractable tentacles extend
• Percentage body length

0 1 2 3

RJ Crook



Results

A biphasic memory curve

Trends were 
strongest in final 
30 seconds

Tentacle Extension Ventilation Rate



Memory for associations

Memory Curves Over Time

0

2

4

6

8

10

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
Time (hours)

CS-
CS+

LTM

STM

baseline

0  05   1                     3                   6                         9                             12                 15                           18                         21                         24

TER

A biphasic memory curve

Consolidation (mechanism, location)



In context
• similar to cuttlefish (Sepia) 

Agin et al, 2006 Developmental study of multiple memory stages in the cuttlefish, Sepia 
officinalis



Spatial Ecology

Hanlon and Messenger, 1996

Hiding, foraging, egg laying



Maze

Blind

Camera

Tank

Escape
hole

E

OI

S

L

Spatial orientation: Do they 
learn and remember cues?

- curtain
- 5 trials, 5 min each
- 10 min ‘reward’ 

- Retention testing

RJCrook



Solutions and corrections

YES, they do!



Memory lasts: for weeks!

a<b<c



Spatial navigation in a complex 
environment:

Environmental cues: local and global

Single, proximal

Local, global



Spatial maze



Training Testing

Geo:
Single
cue

Ego:
Route
memory

Geo:
Multiple
Intra-
maze







Final training Test



Vertic Ecology
Adept in vertical spatial maze

Hanlon and Messenger, 1996

Scavenge and hunt on coral reef slopes
in dim waters, bioluminescence

No defenses,
Hiding

Foraging
Hiding delicious eggs



Vertic Ecology
Spatial vertical learning

1) 3-D “reef”

2) Configurations
A) B/W  1
B) B/W 2
C) W/B 2

3) Exploration
- habituation



Vertical 3D: learn and remember
Habituation: proximity and activity

*

*

*
*

*



Proximity Increases

*





Dead Reckoning

Dead Reckoning



Dead Reckoning

Dead Reckoning -AS



Dead Reckoning

Dead Reckoning -AS



Dead Reckoning –altered start

Dead Reckoning



Learning: ecological reflections
• Ecological Associations: learn to associate ecologically relevant stimuli –

bioluminescent carrion matched with odor? Now test in field.

• Spatial Problems In nature: Both beacon-based homing and cue-geometry navigation are 
plausible in the natural environment

• Vertic: Nautiluses learn and remember the 3-d configuration of an artificial coral reef,  like 
complex cue arrays in their coral-reef environment. Now test in field.

• Beacons: Animals learn and remember BEACONS, suggesting that this was a highly salient 
cue. Currently testing in a vertical array and in field

• Dead Reckoning: At first, animals did not appear to search systematically for the exit and 
mostly failed to complete the test trial. With more training, they do express dead reckoning.

– We further test for DR on smaller time scales, and also in a vertical array.

• Distant Cues: Animals were able to decode a familiar array when they were in a particular 
vantage point (snap-shot hypothesis?). These cues override shifted beacon.

• Global Cues: When maze shifted relative to room, animals use global cues, overriding distant 
cues.

• Ongoing: We now test whether dead reckoning is an underlying parallel memory module 
running concurrently with the use of beacons and/or cues. 

• EGG cues? Versus nautiluses, octopuses, fish.
• Culturing
• Acknowledgements…



1) Comparative cognition  
2) Comparative sensory ecology
3) Comparative field studies

generate hypotheses about cognitive 
adaptations.

4) Care and Culture

Current directions
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The LIBE Laboratory
7 days a week, cross trained!

Nautiluses
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National Science 
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US/Israel Binational 
Science Foundation



• Comparative evidence points to evolutionary 
scenario:
– Brain and behavioral complexity likely existed in the 

nautiloid lineage long before the parametric “cognitive 
radiation” in coleoids.

– Nautiloids are critical lineage in these continuing  
comparative studies.

•

Phylogenetic history behavioral and 
CNS complexity
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The LIBE Laboratory

Nautiluses
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Beacon

DR

GEO

DR





Results

• 5-s ‘bin’ after light exposure 
showed differential responses 
as a function of time

• Similar trends in ventilation 
data

Mean TER at 3 mins Mean TER at 30 mins

Mean TER at 1 hr Mean TER at 6 hr

Mean TER at 24 hrMean TER at 12 hr

bin bin



Modern Cephalopod Relationships
Nautilus monophyletic: fewer chromasomes, longer 18sDNA

Karyotype

Morphological Characters
Strugnell, Bonnaud

8

10

90



Modern Cephalopods
Shell loss and retention:locomotion

shell for protection
less prime deeper water  
slow, smellers and gropers
tolerate high pressures
avoidance of nekton
all solitary, nocturnal

lose/reduce shells
pelagic, nektonic
visual predatory lifestyle

avoid fishes 
Some solitary, some group living

Crypsis is designed for
vertebrate eyes

Live fast, die young
Live slow, die old

LFDY: adopt fast lifestyle, high metabolic
cost,  semelparous

LSDO:  slow lifestyle, low metabolic
cost, iteroparous



Live slow, die old, metabolic needs low

Detection at a distance, but tracking?
Conspecifics, SW
vibration sensitivity

Detection at a distance and tracking.
seek out mates
scavenging for prey
vibration sensitivity

Taste/touch 

Live fast, die young, metabolic needs high



Despite these differences:
they all have big brains

(some bigger than others)
…and they use them.

Cuttlefishes: learned taste aversion

Octopuses: learning and retention

Nautiluses: classical conditioning of light to odor (STM and LTM), 
spatial memory up to 3 weeks.

~but no vertical lobe

Phylogenetic history:  canalization due to teleosts
Ecological adaptations and constrants:  locomotion, niches
CNS: Networks that use, learn, and remember chemosensory information




