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Sperm whales 101
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Sperm whales 101

-Largest mammalian brain, complex social societies
- 300.000 animals right now (~1.1M pre-whaling)
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Sperm whales 101

-Largest mammalian brain, complex social societies

- 300000 animals right now (~1.1M pre-whaling)

-They live in a different world:

-Descend 400-2000m for 30-45min, rest at surface 5-10 minutes






Sperm whales 101

-Largest mammalian brain, complex social societies

- 300000 animals right now (~1.1M pre-whaling)

-They live In a different world:

-Descend 400-2000m for 30-45min, rest at surface 5-10 minutes

-Produce rhythmic social “codas”, patterns of multiple broadband “clicks” for
communication






Bent-Horn Model of Sound Production

Echolocation click
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What CAN we do?
STRUCTURE



Sperm whales communicate with clicks

g

Sperm Whale




Sperm whales communicate with clicks

We consider the sequence of
inter-click intervals ( ICl)




Clicks form patterns called codas.

Codas: small clusters of clicks with repeatable patterns.
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There are different types of codas.




Sperm whale phonetic alphabet
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Identity codas are “clan-favourite” coda types.




I[dentity codas as symbolic markers

Sperm whale clan
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PACIFIC
OCEAN




I[dentity codas as symbolic markers

Hersh, T et al, PNAS 2022
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[dentity codas as symbolic markers

A ID codas Four-Plus Non-ID codas B
>
g
£ —
%)
>
2 0.251 -
2 B =-0.052 B =-0.058 P
s 0009 Re=0.008 1 Re=0.033
O '0.25""' 11 || ||| 11 |I ||| 111 ||| 1111 ||| 1 -Illl 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIIl 1 1 IIIIIII 1
O T T T T T
C ID codas Palindrome Non-ID codas D
>
§ 051 ]
£
‘% 0501 e .
>
2 0.251 1
) B =-0.056 B =-0.137
>
s 0009 Re=0.031 1 re=0.156
o -0.25'|"| 1l ||| 1l ||| L1 ||| 1ol ||| 1 '|||| L ||||||I 11 ||||||I 11 ||||||| L ||||||I 1
O T T T T T
E ID codas Plus-One Non-ID codas F
% ! . | " < 4
e} : J "d'. ™ [ |
5 ) ~ F
% \ ] 5 #Jh”_;, |
[0 o @
2 025- - -
) B =0.005 B =-0.009 .
3 007 Re=o0 1 Re=0
Q0254w vt vt vt vt i v ]
o T T T T T
G ID codas Regular Non-ID codas H
2 1.00 .
% 0751 \ -
‘% 0501 . e
()
% 5] i \
@ B =-0.088 B =-0.105
35
s 297 Re=0.151 1 re=o0.194
Q0254w vt vt vt b v dw b b b
O T T T T T
| ID codas Short Non-ID codas J

age similarity

(2]
=}
3
3 -0
o
K b codas Rapid Increasing Non-ID codas L
2 100 .
S 0.75 |
£
»n 0.504 1
S
0.25 1 ]
a B=-0.12 B =-0.206
o %091 RrRe=0.108 1 Re=o0.4s7
SR RLE I P o0 PRI 100 NPT 0 RPRPUY P PR PV PP POP0 AP PYO0 IR PO NP 1PV I
O T T T T T
M ID codas Slow Increasing Non-ID codas N
:éﬁ 1 “ - ', )
© e @ ,
= 0.751 ” 1 it g
g M -~ ‘ o s
@ 0507 1 dg—ga—ﬂi_g
[0 = - — -
2 0.254 s ' . ;
a B=-0.06 ’ B =-0.025 . :
s 0001 Re = gi027 * ; 1 rRe=o0.008
8-0 | bl L | Y
100 1000 10000
Distance (km) Distance (km)

Decreasing similarity
with distance

Hersh, T et al, PNAS 2022

Coda usage similarity

A ID codas B

Non-ID codas

0.6 4

—
™~
I

-
N
|

.
o
|

-0.2-

Sperm whale clan

Four—Plus ‘

Palindrome -
Plus—One

Regular

Short i

Rapid Increasing

Slow Increasing @ O

B=-0.346, r=-0.499
P=0.041

3=-0.080, r=-0.076
P=0.411

| | | | | | | |
0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00
Clan spatial overlap Clan spatial overlap

Similarity reduces with
sympatric overlap



How are
codas put
together?



Previous works Our results

Codas Clicks

Vocal repertoire Vocal style

1. What they say. (vocal repertoire)
2. Cultural markers.
3. ID~sympatry.

H—+H —H H—H

Hersh, T et al, PNAS 2022 Leitao et al, eLife 2023



Discretization of the continuous IClIs

Interclick Intervals (ICl)

0.1 0.7 0.2 0.4
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0.1 0.70.20.4 —— A-CAB



General model for speech comparison

s +— ? Can we predict the next ICI?
]

M Machler, P Buhlmann, Variable length markov chains: methodology, computing, and

software. J. Comput. Graph. Stat. 13, 435-455 (2004)
A Galves, C Galves, JE Garcia, NL Garcia, F Leonardi, Context tree selection and

linguistic rhythm retrieval from written texts. The Annals Appl. Stat 6, 186—209 (2012).



Fixed order Markov chain representation
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General model for subcoda comparison

How does the previous ICI
influence the prediction?

M Machler, P Buhlmann, Variable length markov chains: methodology, computing, and

software. J. Comput. Graph. Stat. 13, 435-455 (2004)
A Galves, C Galves, JE Garcia, NL Garcia, F Leonardi, Context tree selection and

linguistic rhythm retrieval from written texts. The Annals Appl. Stat 6, 186—209 (2012).

P(X]4)



General model for subcoda comparison

0 Dkr(gpa

@ O

How does the previous ICI
influence the prediction?

M Machler, P Buhlmann, Variable length markov chains: methodology, computing, and

software. J. Comput. Graph. Stat. 13, 435-455 (2004)
A Galves, C Galves, JE Garcia, NL Garcia, F Leonardi, Context tree selection and

linguistic rhythm retrieval from written texts. The Annals Appl. Stat 6, 186—209 (2012).




General model for subcoda comparison

We stop increasing memory
? if the increase does not result
' in new information.

M Machler, P Buhlmann, Variable length markov chains: methodology, computing, and

software. J. Comput. Graph. Stat. 13, 435-455 (2004)
A Galves, C Galves, JE Garcia, NL Garcia, F Leonardi, Context tree selection and

linguistic rhythm retrieval from written texts. The Annals Appl. Stat 6, 186—209 (2012).



General model for subcoda comparison

This process defines a network
of unique contexts: finite
sequences that influence ICI
generation.

M Machler, P Buhlmann, Variable length markov chains: methodology, computing, and
software. J. Comput. Graph. Stat. 13, 435-455 (2004)
A Galves, C Galves, JE Garcia, NL Garcia, F Leonardi, Context tree selection and

linguistic rhythm retrieval from written texts. The Annals Appl. Stat 6, 186—209 (2012).



General model for subcoda comparison
Variable Length Markov Chain approach

qw = P(X|w)

distribution of transition
probabilities given context w

M Machler, P Buhlmann, Variable length markov chains: methodology, computing, and

software. J. Comput. Graph. Stat. 13, 435-455 (2004)
A Galves, C Galves, JE Garcia, NL Garcia, F Leonardi, Context tree selection and

linguistic rhythm retrieval from written texts. The Annals Appl. Stat 6, 186—209 (2012).



VLMC captures speech characteristics

Structural Comparison of trees 32 p=====m=mmeececeee=gbe- Human
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(work in progress)

Burchardt, L et al. 2021 R. Soc.
Adamatzky A. 2022 R. Soc.
Raimondi, T. 2022 Dryad, Dataset,



VLMC captures speech characteristics

Quantitative comparison within the same alphabet/species

pcb(w)

DKL qu(w)

M Machler, P Buhlmann, Variable length markov chains: methodology, computing, and

software. J. Comput. Graph. Stat. 13, 435-455 (2004)
A Galves, C Galves, JE Garcia, NL Garcia, F Leonardi, Context tree selection and

linguistic rhythm retrieval from written texts. The Annals Appl. Stat 6, 186—209 (2012).



Results



VLMC Distance

Validation: Vocal clans have distinct vocal styles
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Validation: Vocal style captures social hierarchy

Dominica Clans .
Dominica Clans
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VLMC Distance

Pacitic clans: Vocal clans have distinct vocal styles
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Vocal style captures social hierarchy

Pacific Clans

T AT il

Click generation provides speech classification at a much
finer resolution, while coherent with vocal clans.
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Pacific Clans
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[dentity codas as symbolic markers
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Non-identity codas show social learning

VLMC distance
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Recap

Coda repertoires

Subcoda structure
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ining context and

ehaviour

20 kmz2 area
off Dominica shore

50— 400 whales

depending on season
vocalizing continuously

typical coda: 5 clicks, 4 sec
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Why they develop a complex language?

JOURNAL ARTICLE

Who Cares? Between-group variation in alloparental
caregiving in sperm whales

HAL WHITEHEAD

Shane Gero, Dan Engelhaupt, Luke Rendell , Hal Whitehead

Behavioral Ecology, Volume 20, Issue 4, July-August 2009, Pages 838-843,
https://doi.org/10.1093/beheco/arp068 |
Published: 19 May 2009  Article history v \

Home > Behavioral Ecology and Sociobiology > Article

Babysitting, dive synchrony, and indications )

of alloparental care in sperm whales

published: April 1996 SHEEEIERRE E S
Volume 38, pages 237-244,(1996) Cite this article TRt Oc Occar

Collective care of calves!
But birth observation are exceedingly rare
4 reported in last 60vyr



First recorded birtn

event
July 8 2023, Dominica

Pre (60-30 min before birth) During (30-0O min before birth)  Post (0-30 min after birth) End (170 min after birth)



http://drive.google.com/file/d/1rPb1E71OTojHfR30nn2P3_cCd-O6HNte/view

First recorded birtn
event
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Network analysis: Macroscale

Glant Connected Component
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Network analysis: Mesoscale
Kin homopnhily
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Network analysis: Microscope

[ndividual level attention and coordination

Mean attention received by whales
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Network analysis: Microscope

[ndividual level attention and coordination
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Aurora S ] 8|11 | 0.8 [NEEN 0.3

Ariel SV} . : : 1.7 1.5

Atwood x : 4 L ) 01 01 | 14

Snow -#il | J | : | Ll 06 07 0.0
Soursop - | 2 ' . ; 0.0 | 08 12
Accra Sai | . | | : ‘ : 1.7 | 0.3
YoY A | : £ 0.8 0.1

Fruit Salad X : - 0 F129 03 | 0.1

Allan 35§ X . § 014 00 0.0

Lady Oracle : . : 0 00 04 02 0.0







Recap

Coda repertoires
1.What they say. (vocal repertoire)
2.Cultural markers.
3.ID ~ sympatry.

Subcoda structure
1.How they say it (vocal style)

2.Captures social units.
3.non-ID ~ sympatry
4 Akin to Accents.

Development of language
1.First recordes birth

2.Quantification of group dynamics
3.Evidence of cooperative allocare
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Talk to me @lordgrilo Check stuff out @ lordgrilo.github.io
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Subcoda structure? Symbolic representation

Clicks ICl sequence
a) In t r Click Inter \
IC remove ICl bigger
b) than ¢
Temporal Resolution
paremeter I I N . Il I N N B N B
(5?5 (seconds) V{ \

Numlber of occurrences

BABA AAABCBCD
d)

ICl length

O
~



Variable order Markov Chain

w=]Ja Gw(X) = P(X|w)
? N (wx)

g (X =) = P(X = z|w) = S N (wo)

Evaluation of contexts

W = ol AH, = N(w)DKL(Qquu)

= N(w) Y P(z|w)log i((z “Z))

Pruning of states

1= {w S~ WD|AHw > K}

L=Awzx | teT,xzec X}

S !E

P(XceA

A P(X|BA)




Alphabet Discretization

Clicks

) T

Inter Click Interval
ICI

ICI length
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Coda discretization

5000
m— AT\WOOD
4000 A CORE
3000 - Optimal Time Resolution = PINCHY
o
g 2000
N
|
O 1000 A
IS
> 0 -
O
< —1000 -~ . S
—2000 -~ /\-—\/—/_/
—3000 T

O.bO O.|02 0.64 0.66 0.68 O.I10 O.I12 O.Il4
Resolution (s)



Coda Types

N
-

Coda Types
N
-

Total Negative Slope p-value < 0.1 p-value < 0.05



Threshold K

Akike Information Criterion (AIC)

19100
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Path length: 2.38
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