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Experimental Evidence for Spatial Learning in Octopuses
(Octopus bimaculoides)
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Chctopuses forage Tor from semporary hame dens W oehick they e for sheher. Spatial tesks miy assess
Iearning, Octopuses (Qeropes bimacaleides) were ploced in o novel arena, and thelr movemenes wern:
tracked for 92 hro Movemenis around the arena decreased aceoss time, congisten) with cxplosatory
tcaming. Mexl. crlopuses were given 23 he to move around an aré after & 24-hr thelay, their memory

of 1 bumow becation was fested, Most remembered the location of 1he open harrow, demonscaing
learming in | day. Fially, netopuses were trained o locate o single open eseape borraw among & pressible
lacations, Retention was rested after 7 week and was immedingely followed by reversal triping (ecation
rotated 180%, Octopuses learned the orgimal ocation of the bamos, remembenng it Tor o seck. Path
lengths mereased sipnificantly afier reversal, gradoally improving and shewing relearning . Chipmses

shira exploratory behavior, leaming, and retenticn of spasial informuion.

Octopus [eld hehavior clearly sugpests spatial leamming, Many
species fornpe awiy Trom a home den that they retum o repeaed]y
for shelter (Ecropis bimacubames: Ambrose, 1982 £ briarens:
Aronson, 1986, 1989, 1991: &, cvanea: Forsythe & Hanlon, 1997,
Van Heukelem, 1960, Yamall, 1969, 0. daffeini: Harvwick, Am-
brose, & Rohinson, 1984; Harmwick, Breen, & Tulloch, 1978
Hariwick, Tulloch, & Macdonald, 1981; Mather, Resber, & Cos-
prove, PRS00 walpariss Alman, 1967, Kayes, 1974 Mather,
1954, B9 Mather & O'Dar, 19915 see reviews i Boyle, 13,
19581, Individual ocrepuses may occupy the same den conting-
ously Tor anywhere fromn | day (any of the above references) 3
mombis (Hartwick ctal,, 1984}, afier which they shifl 1o a new den,
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At least sone pelopuses appedr to be able to re-Jocate their dens
froan considerabie distances and after cxtensive time lapses. Two
€2, evamea traveled distmees that placed them clearly out of sight
fromn their home dens (up 1o 40 m; Forsythe & MHanlan, 19y
these octopuses also jet swam distances of 13 (¢ 20 m o amive
directly back at their home dens. Foraging wips of & doffeint have
been reported (o fast up o 7 hr (Mather et al., 19851 €L wlgaris
{Mather, 19913 and O, cvenea (Forsythe & Hanlon, F997} avoid
recently visited areas oo subscguent hunting (rips, suggesting thal
they remember where they foraged previousty.

Chemical-rail following and shori-lerm memery of ther paibs
can be ruled ol as explanations Tor oneatation behavior of oclo-
puses, Although octepus foraging is primarly tacile (see espe-
cially Forsvthe 4 Hanban, 19947), oumbound and retorn iravel 35
commuonly accomplished by jee swinmoing throogh the water col-
umn rather than by crawling along the substrate (€. vlgaris:
Mather, 1990; €. cvanea: Forsythe & Hanlon, 1997 Furthermore,
return routes penerally do not everlap outhound roues (O, ved-
parfs: Mather, 1991 0. cvanea: Forsythe & Hanlon, 1997). Thus,
it appears that octopuses remember both where they last forgud
and where their home den is located.

The ficld data are ool conclusive on spatial lcaming, however,
Dretailed individeal tracks for oclopuses in the open sea are avail-
able from just two studies (€8 valgaris: Mather, PO, W= 4 0
cvanea: Farsylhe & Hanlon, 1997, & = 2), (. dofleini was tracked
wsing sonic aps and was found 1o use several dens rather than just
eene (Mather et al, 19851, a finding of eoncern becanse many of 1he
studies of octopus fomging did not involve individually recogniz
ihle vetopnses, Most reponed foraging trips appeared 1o be short,
lasting fess than half an hour (Mather et al. 1985 exceplion O
cvanee: Forsythe & Hanbon, 19971 and extending less than 10 m
from the den (Mather, 1991; Mather & O'Dor, 199 Mather e al.,
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19850 woler clarny non reported). Octopuses that were deliberately
displaced Ty experimenters appeared o remain eented (dather,
P91 however, displacements were less than 4 m. Learning
heyond visual den recopmbion may no have been required.

Labseratory draiming expenments supporl the Geld evidencs for
spatial Jearning in aclopuses. Initial maining experiments using €,
vielgaris in siinple detour mozes obtined mixed results (no evie
dence for improvemen): Bierens de Haan, 1949 Boveot, 1954,
Buytendhjk, 1933 some evidence Tor leaming: Schiller, HeO;
Wells, 1961, 1967, 19900, Tn thesc expedments, the rescarchers
used vasible sewards ferabs behind glass) o motivate subjects, This
kind of experimental desipn is also challenging for many “higher™
vertehrates (Pearce, FOE7) In a simpler, T-shaped mare, oclopuscs
were required wocrawl along a moist surface through the maze 1o
the goul box, where l]'ll::}' conld retirn 10 seawater (Walker, Longo,
& Biwerman, 19700 On this task, five (0 mave atioined 100%
success after 27 days with theee mials per day and soccessMully
mastered wo reversals. This experiment demonstrated that spatial
learning 15 defmitely withia the range of octeposes” ahilides. Also
i i drining paradigm, twe O6 rrbescens appeared o learn o
aricnt 10 a moviog landmark o obtaio a food reward (Mather,
[RR1, o task reminiscent of the pretraining procedures used in
discriminmion leaming cxperiments, There is also some prelimi-
pary evidence sugpestive of play (Mather & Anderson, 1999, a
passible form of explocatery learning {Einon, 1983),

The experiments described below are the product of our efTorls
o develop o methed for irining octopuses in a way that did not
depend on feod for motivimion. We used escape 10 motivale 1he
cetopuses 10 solve g maze problem that was comparable o a
nitural spatial learning problem, In Experiment 1, we asked
wheiher octopuses would show spontaneous movements in a novel
arena withoml any ammedioe, tngible rewards Tor doing so. In
Expeniment 2, we asked whelher cciopuses actoally learned any-
thing during their movements aroand the arena. Finally, in Exper-
ment 2, we asked whether octopuses conld be trained 10 solve a
spatial problem using eseape us melivation,

Gieneral Method

Unless otherwise specified, experiments were conducted a8 the Marine
Biomedical Insitrme (MBI of the University of Texas Medical Branch ar
Cabveston. Hoevsing and experimental tanks were interconnected on the
same LRO000-L recirculating sea water system, dedicated to holding cepha-
lopods and their live food, Water was a mixiore of natral seawmer from
the Gl of Mexico and anificial seawater made from Instant Ocean brand
salts (Acpeariome Systems, Mentor, OH )7 unless ntherwise specificd, salminy
sanged feeim 31 1 33 ppl, and waler tlempeeatures ranged from 16 o 18 0,
In this closed system, water exiting each tank pissed through mechanical,
chernical, and biological ilters and was rreated with ultraviolet ebt o kil
pathegens. Water Qow was contimuons at all times, inclading throughont
Irials, A cemplete description of mainiaining octopuses in the leboralinry
can be fmend elsewhere (Forsvilie & Hanlon, 19805 Hanlon & Forsyihe,
[R5 T

Subjects were culioned and wali-canghe €8, bisacednides, the California
mudfln eotopus, Octopuses were howsed individually in holding janks
P03 1 25 em decp) with locking ops. Each octopus was provided
with o black Mexiglas box (14 3015 % 2em bigh; Expenmenl 1o 2 tema
cotta Hower pot (Expertmems 2 and 3 40 ose as a home den, These
conainers alse allowed experimenters 1o scoop up and move oclopises
from cne place o another wiel mnimal distiorbance (Walker coal, 19700,

Octopuses were fed o miztre ol bve and frozen fsh, sheimp, and crabs
cnee per day in e carly evening,

Che of the cxpermens was condocted al the Marine Resources Cenner
il the sdarine Biological Laboratory (MEL) in Woods Hole, Massachu
sens, There, notopuses wese howsed imdividually in mesh-sided containers
(hG =024 20 T em) placed within larger ks and were Fed o pixture ol
livie amd frozen fish and shoasp and frezen squid, Water for the housing and
expermmental ks congizted of partially recirculated noinal seawaler thal
wins fibtered and heated w 20 °C
g nonparame e sttisiucs as speoiied (Sepel &

D were analyzed us
Castellan, 988

Experiment |

The purpese of this st eaperiment was (o determine whether
octopuses woull moeve spontaneously within a new environment in
o numner consistent with an inteepretaion of exploration.

Method

Agingle oclepes OV = 6 wild-caught oooposes ranging fom 63 o
B4 pooall bot 2 octoposes were between 63 and BE g3 ils rectansular
plastic den was placed into an apen arena and allowed 10 explore the mase
freely. The arena conzsisted of o round tank (18 m dizmeter) covered wilh
i 1-cm layer of crusted oyster shell and contmning theee laree rocks and
three chay Bricks (Firure 1ai. The ank was filled with water 1w g depily
of 45 cm. Cominuous wiler exchange was provided Trom an milew pipe
extending 10 just below the surface of the water and an ouiflow pipe ot the
bottom of one side of e nk. Black plastic curtains serrounded the s
o the nosth, ¢ast, amd south sides 1o minimize disturhances during als:
the west side Baced windows. A video camera was mounted direcily above
the tink and was connected 10 o remotely located monitor and videocas-
sete pecorder, Motural light was sepplemented by o single, [00-% red
fieodbight {29 he'dayy 10 facilitne video reconding daring the nizhi,

Each cctopas received one mnial cthat bepan ag 1630 and exiended for o
cuntimucns 72-hr perind, Each notopus was fod the night before the naal
began and then not aagin wntil the trial was over. Octopuses of 1his size do
wol need o leed every diy. Sequential trials were spaced by at keast 24 hr
e allow ample water exchange. Torals were continuosly videoloped,

Muovermenl pahs for gach octopus wese taced onlo plasiic trnsparen-
cies; from tiese, itowas apparent i the ociopuses were using the den as
a bome base feom which they moved i discrete bouts of locomoror
actvity, The movemenis of cach octopus were scored in hourly blocks by
nating (he vimes the coiopes exiled and returmed ooils home den. Two
variahles were computed for each 1-he tbme Bock: the pumber of move-
ment boues outsade the den (bowes) and the percentage of dme spent outside
the den {activiny), One octopus was exeluded from analyses becanse it died
shortly after the experiment; however, analyses including data on this
oelopos gave sinddar results.

Resulrs

All octopuses moved around the entire arena throughout the
Jeday period. The percentage of tirme spent moving omside of the
home den decreased across the 3 davs (Figore 21, Abouat 55% of all
activily oceurred inthe 1st day. ]’u:rjod.ju_'ii}-' wis evident in boh
individual and mean plots of activity, with the least amount of
activily observed an 1600 and 0400, When we divided the 3 davs
into 12-hr Mocks sccording o these low perods, aclivily averages
were T4%, 38%, 385, 24%, 4%, and 5%, suggesting that an
asymptote of activity was reached after aboul A8 hir an this arena.

The number of movement bows per hour ranged from 0w 13,
with o median of 1. There was o trend oward Tewer bouts with
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Figare 1. Diggram of experimental areans. az The arena in Experiment 1418 m diameter) was lilwith natural
light and was flted with water ooa depthoaf 45 cme The sian Jocation (55 and water in- andl outflows (armows)
are indicated. Lamdmarks consisted of three Luree rocks (geay band theee ced clay brcks [stppledd, b The arcna
in Eaperment 3 18,5 m dianeeter) was briphtdy ond Glled sith water woodepih of just B e Aehis ox perimen
Look place ar the Marine Biolegical Laboratory), The octopus conld cseape by ¢ntering one of e arrows. The
st (51 and bureow solid circles) Jocations e marked. Tn cach al, fee borrews were blecked and one

resmined cpen

increased time i the expenmentad arenin, alhowgh this rend was
less distinet than for activity. About 49% of all bours oceurred in
the 1st day. Moo clear periodicity i the number o bouls s
detected, bot using the same 12-hr blocks as with activity, the
pumber of bouts overaged 32, 34, 200 L8, 12, and 19, sugpesting
that an asyinpiote of mevement bouts was reached afler 24 he.

Dhisenssion

The pradual decrease in activity outside the den is consisten
with an interpretation of explomation. Had the ooopuses movest
simply 1o seek Tood, actvity showld have increased because G-
puses were nol fed during the 3 days they were in the maze (the

normal feeding schedule was opee per day ) Had the ociopuses
been mativaled sioply 0 gain exercise, one might expect similar
movemenls on ol 3 davs. IUois unlikely that the movemenls
decreased hecouse octopuses were tired; in the feld, oclopnses
travel Tar greater distances on @ daily basis (see above). [nstead,
resilis are consisient with the interpretation that they were
exploring,

Exploration in this context can be defined as a combination of
movement and learming {Archer & Birke, 19433, the ammal gaims
information abom s envirenment by moving around in space. A
first indication of pessible exploratory Jeaming is a decrease
movements within a novel environment (reduced cxploration] with
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Figure 2. Plutof the pereentage of Gme the octopuses spent nutside thear home den (47 S8 & = 51 Activity
decreased eradually for the first 48 b, thereatler remaining al a relatively constiat lew Jevel There appears m
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repeitted or extended exposure. This is exactly whil was found,
The continuing activity alter the initial burst of movement ceukd e
interpreted as U pacolling,” o updating the knowledge base {Rus
sell, 19830 From our olservations here, however, 0 cannot be
determined whether any learning actually 1wooek place, and il i did,
whether it involved simple habitation to the novel surroundings
or sorme g complex form ol spatal learming.

Experiment 2

The purpose of this experiment was (o determine whether the
cobopuses leamed abwoul their envizonment while they moved
around the experimental arena, a pecessary condition for their
mcton behovior 1o be acearmely termed exploration,

Adeitiend

Tharte-nine actopises sere used inthis experment. Ten were laboralery
cultred. and 2% were wild conrht, Ocinpuses were wsted in three cohorn s
The cohorts were sandar except that the Test cohonr consisted of the
culiored ortoposes, ond the thind cohort was esied ander less optimal
labsaritory conditians (e, nosy laboratory, bizher walcr iemperatunes, bee
el artifeial lights, oo Jowe lve-Tood weatlabiliny ),

The expermental arena consisted ol o meand ok 015 modameter) wih
Py Daroses one apposing sades of the tank (1B0% apart), Buomows were
conshicted from sections of polyemyl chloride (FVC) pipe {76 cm diam
eter X 150 e deepd. Glass jars thar exactly i into the pipe seclicns were
wsed to Facilitate remening octopuses o their home ks o the end of the
tial. Landmarks included Bicks, odd plastic picees, mobber bungs, shells
anel small socks, an artsficial plang, and patrerned wwels hanging over the
tank sides. The stan location was af the conter of the ank

I the explinatory phisse, the water in the maze was spprosimately 20cm
deep, and e lighting was entircky supplied by indirect parueal light rom
wesl-facing windows, Bach octopes was ploced separately in the rmace and
allowed 10 move arcond frecly, sathoot distorbance, for o peood of
exactly 23 br. For each ocropes, one buraw was open (jar feing opeards
and ong burrow wis blocked Gjar facing downwands ). Ocroposes couald nog
detect which burrow had been Mocked without goimg right op oo At the
eml of this exploratery phase, octopuses were etrned o their home tank
for o resting penod o exactly 244 hr.

In the testing phase, the waler i e mare wag lowened (0 approxi-
mately T oo depil gnd sotural liohting was supplemented with a S00-W
ladogen lamp aimed divectly inta the k. G facsdeddes 15 nocirnal
s shy, dishiking Dright light amd open spaces (Boal, 19935 thus, the
octopuses were motivaied 1o Dol their way o the open barrow, Bach
actopis was ested individvally by inverting 15 hiome den (sl containing
the ocrepusd on o st a1 the starl location e the center of the arena, On
the stand, the epening of the boeme den fGaced dosw nwards and was abour 4
cm abaove the waler lewel, The coiepies would climb dows ooy of s den i
recurn 1o the water below and then scarch for the npen bosrow. The trial
ended when the ovtopns entercd the open burmose ar when 15 min hwd
elapsed, whichever came st

Ckropuses of all three cohons were divided ino threee groops. For
Grong | oor the same groop (o = 123, the open bugrow weas in the sane
location as during the explormory phase Chall on e tight and balf on ghe
lefry, For Growp 2 oor the reversed groap (e o= 1200 the buarmoss wee
reversed s that the open burrow was the ane that vl been blocked dering
the exploration phase (il were changed Trom iaeht s ledt and bl from
left to nghtl For Group 3 o the conlral gronp 1r 1000, 1 oclepuses were
tested afler criltng the cuplorarory phese, amd G colopuses were 1esecl
aller an explosatory phase with both burrows apen

The behieor of the actopuses i the estng phase was recorded osimg an
owverheid vadin carmera connected 10 a remotely Ineaed moniter and video

recarder. This permisted the cxperimenter 1o view (eizls withmt being seen
hy the ocopizes. Bebavior was scored by recordang the Tt o
crntacred and the time aken iooenter the open burromw,

Resnlis

Evidence For cxploratory leamning was mixed. During their
simgle cscape nal, ool 24 octopuses contacied 1he burrow hin
had been open during the exploraiory phase, Eight of 12 octopuses
un the same group contacted the open burrow At 4 oon the aeht
and A on the left), sl 8 of 12 octopuses n the reversed group
contacted the biocked burrow [est (4 oo the aght and 4 onhe lelt).
This resull is vt sinistically sigmfeant (enomial 1es p = 10,
bt the trend as consistent with an imerpretation of explormory
leamning. There was no difference between e two proups in
average dme o nd the open arrow (174 and 171 s).

Lakoratory-coliured cctopuses perlommed similacly o the wild-
canght netopuses, The second cohort, all wild-conghn and tested
under the beat of laboratory conditions, showed excellent spatial
learning. All % pclopuses from the same group ond the reversed
prompe wern Tiest 1o ihe buarrow that bad been open donng the
cxploratory phase (hinomial fest, o = 0025 The same group also
ek significantly less ame o find the open burrew than did 1he
reversed group: Wilcoxan=Mann=Whitney test, W, = 10.n, = 4,
ny = 3= 0L

Fer the control group, & actopuses contaoted the Tarrow on the
ripht side initially, 3 contacted the burrow on the lell side initially,
and | never left the staring area. The mean time to find an open
Lurrow was not significantly different for naive and experienced
oelopuses i this groap: A B 5 (8F = 22Ty and M = 63 s
{5E = +12), respectively, wilh | octopus in cach category fmling
1o dind an open burrow,

IHxenssion

This study revealed some evidence for exploralory learning. The
first bureew the oo puses contacted was usoally the one that had
besn opene during the cxplorstory phase, The secomd cobort, in
particular, performed exactly as would be predicled from a hy-
pohesis of exploratory learning.,

W were surprised that the time taken to Jocate the open buerow
did not differ kevween the same s reversed groups. This result
coutld be due o 1he small size of the experimental arena. It is also
passible that performances were compromised by the difference in
the appearance of visnal cues when the water level was chanped.
During the testing phase, the water was only aboul 2 cm decp. In
wiler this shallow, the setopus’s head and eyes protrade above the
witter bevel and 1t is not known how good their viseal acuaty i
thromgh air.

We assurmed thal @ 23-he exploration peried would be sofficient
for learning. Resolts from Experimem 1 indicate than about hall of
all movements cecurred in the first 24 hein this kind of arena, 50
his secmed o fair assumplion, although it is possable thal more
time in the arena would have resalted in stronger evidence for
lcarnmg. We also assumed that a 24-hr reteotion of learmning was
reasonable, Certandy this duration seems consisient with memory
requircments for octoposes when they forage in their natural
habitat (see references above), bul 11 is possible that resulis woulkl
hive been stronger after a shorter retemon period,
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Experiment 3

The purpose of this experiment was Lo test he leasibility of
fning octoposes 10 solve @ spatial problem thal represents o
patural problem of re-locaring a previonsly used shelier when
adverse  condibions tidal  chimpe  or - predator
appearance b

nocur qe.g

B

Methed

Five ol the 15 vetoposes used in this experiment were wsted at the MEBL.
Twice ¢ach day, moming and evening, we placed ndividual cotopuses in
the center of a brivhiby 11, rovnd arena Gdiameter = 1.5 m) and permined
them to explone the mase Tor up o 20 min, Egually spaced arcund the
periphery of the maee were sixowerma cotta lowerpos, 561 inro the botios
ol the areniso thiet they Tormed Durrows: The saveers for the pots were 5¢1
in-a stmdand position partiably covering each burrow. the notopuses couhl
see the sancers ol nel the burrews. The substeate consisled of | om
crushed avsicr shell, which wis caked between 1ials 1o ensure that octo-
prses couhl not follow any polential chermical coes from previos inalks, A
rock mle, shells, and an dowsed air slome were ploced around the peophery
el the maze o provide Tandmarks (Figure Thy The meze was [lled with
seawates tiba depth of approximacly 8 cm

The remmmng 1WF ectopuses wene esed ar the MEL Taining was
conducted as above with the following excepnons. The buarrows were
constructed af wlass jars setanto heles, as described in Experiment 2. Terra
cottn saucers were placed sooas o paninlby cover each borrow. The crusshed
aveler shell substesle was omitted: the hotiom of the ok consisied of dark
eray PYC, A rock mle, aribicial planis, and @ coiled piece of fope were
phaced aroend the periphery of the muee 19 poovide Bodmarks, The maee
was [lled with seawimer oo depth of abow 3 e,

For each octopws, five of the errows were plogped with either o bber
meng (MBLY or by verting the olass jar (MBI =0 thal no emry was
possiblie. The Jovilive of the open burrow varied randomly beiween doio-
puses but was congistent between trials for any 1 octopus, Chewapuses could
nol see which burrows were plogeed witheut going 13ght wp o them. Onee
the oerapus Fovnd the open buorgow, st would emer end pull the saucer oves
its head 10 Block the tizhe.

At the start ol wanal, the octopus den (in all cases, e cona lower pos
fhat still contatned the octopos) was meened on a stand in the cener of the
experimental aena, sy described in Expenment 20 A wial was considered
fo have begun once the celopus lelt the center stan fecation, Octopuses at
MBL peceived owo aals per dav, one an the moeming and one in the
afiernoon, Chowoposes at MBI received one rrial per day hetweens Q900 and
P50 The order inowhich the octopuses were eared was randomized within
cach sessinm.

There were thiee sispes o the caperiment than Tolowed numediaicly one
afer another. In Stage 1o the raimng stapge, each octopus received 20
irizals (ML or 24 tmals (AR with a single burmow open, In Stage 2 or the
retenlicn sage, no inals were given for a penod of | week, Then cach
vctopes reeeived 2 omose mmals AMEBLY or 3 moese tmals (MBLD with the
orizinal maze conliguranon, In Stage 3 or the reversel stage, each octopus
received W rinls (MBLY ar 18 arals (MB1) with the open horross placed
opposie CREDTY w0 the Jocaton i1 had been during Siage 1.

AL trinks werne videotaped vsing @ video camern mounted abave the
cupermenial areni and connected moa remoely located video recorder amd
mematr. This ammangement ensured that the experi menter remained o af
sipht of the octopeses dunng Irals and permtied Baler scenng of octopus
perfommnces,

Trials were imitially seoared for mtal heamding, disinee aveled hefore
ertering e open burow. and time aken 1o enrer he open burrese (MEL
vlopusesh, Initial headings were complercly ereatic; this vanable was
subzeguemly dropped, Plots of distonee and e were 50 similar as 1o by
redundinm, Becanse of unavaidable mperanne flucioabons o the ME]

dering this cxperinent (15 0 21 "Cr thar could have alfecied metabilizm
and thus mevement rates ol the octopeses, the vanable chosen Ted Tull
arabysis was distance travehed,

Ferformances waned widely Dot within and between octopuses, Mo all
ncropuses responded in cvery tal sometimes they never left the cenier of
the tank 10 am octopos never faumd the open birrow in the alloteed Hme, is
distince score wis mbigmnily st o egqual ks maximrn dslance plus one
sramdand deviation, corpured fromeall of s completed il ML aml
MBI notnpuses id been given shightly dilfercon oumbees af 10als m each
stage. To combine resulis, indivadval performances sere aligoed o the
heginning of cach stages thus, individuals varied in bow many mals they
completed within cach stage.

Toevalume learmimg, we used medion pedormance Toe cach coopos
within each theee-rrigl block, Ths procedore reduced our da by owe
thireks: however, it allowed us 1o see patterns i highly sanable perfon
saces without feor of hias inoour da ememing,

Reswles

There were ne notable dilferences in octopuses trained at MBL
and at MEBL The performances of all 15 ocwopises are ploted in
Figure 3, There was amarked decrease in distance traveled 1o
thie open burrew between Blocks 1oand 2, with no evidence For
improvement shereafter, Performances on the retennon tals
(B ock W were as good as asvmptone perfommances belore the
week with no tmials, When the locaiion of the open burrow was
reversed 1807 (Block 100, distimee waveled 1o find the open
burrow initally increased substantiadly but then pradually dropped
o former, asymptotic levels,

To determine whether leaming had occurred, performances of
ectopuses i their fivst Block of three trials fmedian performance in
the figst theee-trial Block) were compared wath performances on
subsequent Blocks of maining tals in Stape | (Blocks 2-#)
Twelve octopuscs provided dar For at teast six blecks of triaks amd
were mmeluded in this analysis, Mine of these 12 octeposes. per
tormed betier in Blocks 2- 8 than in Block 1. The other 3 appeared
10 have found 1he open burrow guickly by chance, inisially, and
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Fosere 3. Plovofl distamee in eircnmforences that the octopuses rrveled o
reach the open birmow (40 = 38 N = 15) Perfonmances on the anitial wmsk
of locating o single apen burmew improved afier the Frse block of three
wraats and remained s1able thereafier gnangles: Blocks |- By suggesting
that ootopuses had leamed the location of the open burmew. Performances
semained ag their previows low level afler & week with oo anals (square:
[2lack @y, amdicating they bad retained the memmory of the borrew s Kication,
When the Jocatinm of the open bunow was reversed TE, peeforminces
were disrupted bog subsequently improved (eircles; Blocks 100 15) deni
onslating releaming.
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ey maintained this level of success thereafler, We conelude thal
the setopuses did learn 10 solve this maze problem, Wilcoxon
signed romks est, = T, po= A1

T delermine whether octopuses had retsined what they had
fearned for @ week with no ials, performances ol octopuses an
their tetention triaks (Block 93 were compared with thear il
performamees (Block 11 Eight of the 11 octopuses that responded
on retension tnals performed Beter an tbe retention Irials than o
thesr imitial rals, The other 3 were the same exceptional individ-
wats mentioned above, and they again went directly o the open
burrow during the relention trials. We conclude that the octoposes
retained what they had leamed for ot least | week, Wilcoxen
sigmed ranks test, T = A8, p = 05,

T determine whether cetopuses Jearned the location of the ofen
burrow or just wsed o strategy for finding the open o, per-
formimees of octopuses om theic nisial reversal rals {Blocks
[0=11] were compared with their previous, apparently asymplote
performance {Blocks 2-9). Tight of 10 octepuses that completed al
least 1wo blocks of reversal 1riaks performed worse oo the reversal
than oo their previens tials. The 2 excepiiens performed nearly
piee as well on the reversals 1 of these octopuses was one of the
exceptional ones above. We eonclude thal most of the Delopuses
lesred (e Jovation of the open bole am) were distupted by the
reversal, Wilcoxon signed ranks tes, T = 4%, p < 05, Had they
simply leamed o srategy, they sheuld have done as well as
provionshy.

To determine whether the octopuses bad leamed the new loca-
ipon of the open barrow, performances of octopuses on the s
half of the reversal 1ials they completed were compared with their
performances on the second hallof reversal irials they completed.
Hight of 18 octopuses thal completed o least four reversal trials
showed such improvement. One of the 2 exceptions was e
getopus that had been excepiional in every analysis; ns perfor-
manee was about the same throwghoul the enfire experimnent. W
conclude that the octopuses successiully [eamed a reversal of the
initial maze problem, Wilcoxon signed ranks test, T = 49, p < 05,

Fliscussion

The cetopuses demonstrated clearly thal they had leamed the
location of the dpen burrow and that they could remember wis
location Tor al least o week. Learning was most evident when 1he
burrew bocation was reversed 1807, and, as with &, maye i a
T-maze (Walker et al., 1970), more prenounced leaming was
evident during relearning, when the spatial task was reversed.
Heavy pruning of the data {in this case, use of median scores in
threc-trinl Blocks) was required to deweel trends in highly vardable
inclividos! performamees, and asymplotic perfonmanues wers con-
siderably worse than the optimal 0,17 circumferences of a direct
fine af travel. For reasons that are nol clear. eranc and low
asympotic performances seem 1o be characteristic of ocepuses in
learning experiments (Boal, 1996; Sanders, 1975, It would require
more slrongly aversive conditions o evaluate whether the ocio-
puses cannot perform more accurmely or whether they are not
motivated 10 do so under experimental conditions,

General Discussion

These experiments demoensieate thil {a) deiopouscs show caphor-
atory leaming, (b within | day they can learn the locatton of an

environmental feature that is not needed at 1he time of exploration
bt that could Bave valoe o another e, and () this leaming can
be trained and is retmned for o least b week.

Resuls confirm and extend previous experimental studies {e.g.,
Mather, 1991 Mather & Anderson, 19909 Papini & Bitterman,
P91 Walker ol al, 1970% and supporn feld observalions sigges.
five ol lomp-terny spatial learming by oClopuses (Forsythe & Han-
lon, 1907 Mmber, 1991 Muther et al, 19855 The leanung evident
HE S (-_xPEriinr_lnLl; iy a0l e :,'p:nml', instead, the ooiopuses
conld have learned to associate o paricular landmark with 1he
o (Mather, 19917, The impressive distances sl leasl some
orlopuses appear o travel inoa straight line (Forsythe & Hanlon,
1997} cerlainly sugpest that spatial learning is possible i 1hese
mollusks, Hoswever, i1 remaing to be detcrmined what exacily
netopuses are learning when they leamn 10 orient in space.

This demonsiration of learning in colopuses 15 0ot A great slep
Foeward in and of iself; similar learming has been demonstrated in
numerous other inveriebrates (see reviews in Abramson, 1994
Gallistel, 14901, Unlike other inveriebraies, however, Golopuses
have complex, veriebrate-like brains (hat raise interesting gues:
lions about the evolnlion of complex nervous systems (Badel-
manm, Buliock, & Williamson, 1997} Interest an cephalopod,
particularky cetopus, nerveus systems 15 long standing and includes
g prodigions volume of work addressing e nerebiolegy of
leurming (see reviews in Boal, 1996; Boycou, 1954 Boycol &
Yong, 1950; Chichery, 992, wather, 1995 Sanders, [975;
Wiells, 1062, 1978: Young, 1961, 1964 1977 A chiel roadblock
in investigations of octopus leaming abilitics has heen their rela-
tive intractability as experimental subjects. The methods used here
were simple (o execote and were free from the problems associated
with Tond delivery, siimulus presentation, handling of subjects, and
inadvertent experimenter cucing thal have complicated many ap-
peritive experiments {Biverman, 19750 Boal, L9096, Spatially me-
lmed learning is clearly of bolegical significance (o oclopuses
These methods provide a simple way 10 approach spatial learmng
questions with nctepuses. and the methods are simlar enough 1@
open field, radial arm, Moers water, ancl other mazes used with
sther species 10 facililate comparative studics. For these reasons,
we think these experiments offer a step forwand in the ohjeclive
assessment of learning o cephalopods
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