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We consider how both some strengths and some weaknesseseekbybautismectrum

disorder (ASD) can inform, and be informed by, thestderations of language evolution.

We focus on the manifestations of rigidity in ASioth behavioral and linguistic rigidity

proposing a common (evolutionary) cause: an enhandathkfunction.Moreover, we

propose that these features of ASD, even though pertaa/negative from the perspective

of the typical population, would have been essefdraévolving human language.
Here we consider how both some strengths and some weaknesses exhibited by
autism spectrum disorder (ASD) can inform, and be informed thg,
considerations of language evolutiéie focus on the manifestations of rigidity
in ASD, both behavioral and linguistic rigidity, and propose a common
(evolutionary) cause. Moreover, we propose that these features of ASD, even
though perceived as negative from the perspective of the typical population,
would have been essential for evolving human language. ASD often exhibits
behaviors that, from a typical perspective, can be characterized as rigid, including
repetitive, stereotyped behaviors, as wellesistance to changing environments
(Kanner, 1943; Bailey et al. 1996; Frith & HappZ, 2005; Lord et al., 2020).
Behavioral traits associated with ASD also include elevated reactive aggression
in some individuals (Hill et al., 2014; Fitzpatrick et al., 2016; Hirota et al., 2020)
Importantly for a unified account, some salient characteristics of AStDein
domain of language can equally be characterized as rigid, including heightened
sensitivity to the rules of grammar (morpho-syntax), often resulting/perh
systemizing (e.gover-regularizing past-tense forms, asbing-bringed (e.g.
Baron-Cohen et al., 2009). Another instance of linguistic rigidity in ASD
concerns difficulties with interpreting metaphors (bgjly buttor) (Jordan201Q
Riches et al., 2012Morsanyi et al., 2020; Lampri et al., 2024), given that



metaphors and otheonliteral language require flexibility, i.e. a leap away from
the literal/rigid interpretation

Even though hyper-systemizing yields some atypical language, ASD individuals
(and their relatives) often shown increased aptitude for learning rules and for
pattern recognition, including those pertaining to language (Baron-Colan et
2009; Ward et al., 2017). Needless to say, the ability to learn rules and piatterns
essential for language, and it stands to reason that this ability evolvedam$ium

to support language and other cognitive skills that rely on rules and pa#&ibs

is also associated with an enhanced perception of details (e.g. Bor et al. 2007;
HappZ & Frith2006 van Leeuwen et al. 2019).

These salient characteristics of rigidity in ASD can be attributed to an enhanced
striatal function, as well as to a reduced control of the striatum by selected cortical
structures, considering that the striatum is associated with both impulsiveness
(including reactive aggression) and with automated, rigid, ritualized responses
(Progovac and Ben'tez-Burraco, 2019; Ben'tez-Burraco and Progtdait; and
references thereThe inhibitory function performed by the cortical structures is
relevant because typical language processing (and acquisition) resulta from
delicate balance between the application (and learning) of rules and patterns (i.e.
rigidity), and the capacitfor suspending such rules when exceptions need to be
learnt, and for the purposes of metaphorical extension. Both aspects are crucial
for human language and cognition, and we find them enhanced or dietrirs
certain cognitive conditions such as ASD and schizophrenia. What coestibut

a better control of the striatum by the cortical areas of the brain is the high
neuronal density of these networks, found altered in conditions like ASD and
schizophrenia. A significant enhancement of the connectivity in these networks
occurred in relatively recent evolution, implicating FOXP2 and other genes (e.g.
Lieberman 2009, Enard et al. 2009, Hillert 2014, Ardila et al. 2Biich dense
connectivity seems to be instrumental not only for exerting control ovietugar
physical impulses/reactivity, but also for language processing in gehethis
sense, ASD can be characterizslexhibiting a clear strength in one crucial
aspect of language evolution, the acquisition and maintenance of the rules of
grammar, while at the same time exhibiting a weakness in another,
complementary aspect of language evolution, which reliedl@xibility in
metaphorical extension and in accommodating exceptions. This beneficial effect
on learning rules and patterns may also be the reason why this kind of
neurodiversity persists in human populations.
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While humans show the most extensive display of ooatextual learning and vocal
production learning, it is only by looking at thesealiies in other species that we can
comprise a comprehensive analysis of these traits vahécfundamental to humapoken
language. We have developed and tested multipteraatéed training paradigms using bats
as the new model species to assess their intentiobalitpd vocalisations and their ability
to modify the production of their vocalisations.

1.Vocal Learning Species

The origins of human language have been a source of scientific
investigations for hundreds of years. Human language appears rir6,G\08®
different forms (Comrie, 2017) and it affects our cognitive plasticity
(Athanasopoulos et al., 2015), concept of time (Boroditsky, 200d)par ability
to express internal concepts to one another (Slobin, 1996). Vocal learkinyg, a
trait underlying the human acquisition of language, refers to two main
capabilities. Firstlyvocal contextual learnings the ability to learn to produce
known sounds in a new context (usage learning) and to understand the new
information contained within that known signal in this new context
(comprehension learning) (Janik & Slater, 2007). Secondlgal production
learning is the ability to learn to produce new sounds through experience (Janik
& Slater, 1997), where the element of learning is the main driver of theelrang
vocal production. Learning here is described as an individual using memorised
information from past experiences to modify their behaviour (Vezhak 2021)

While this is a natural process that we enact each day (learning a new word in o
native language, learning a new language, or imitating the sounds around us)
vocal production learning is a rare trdy studying its forms in animal models



which may lack other prelinguistic traits we can form a complete evidence-based
analysis of this complex trait and its evolution.

Vocal production learning has only been evidenced in three orders of
birds (parrots (e.g. Nottebohm 1972), songbirds (e.g. KroadsiBaylis, 1983),
and hummingbirds (e.g. Wells & Baptista, 1979) and four cladesmfhaman
mammals (Seals (e.g. Stansbury & Janik, 2019), elephants (e.g. Stbeger
2012), cetaceans (e.g. Richards, Wolz & Herman, 1984), and bats (e.g
KnSrnschild et al., 2010). While the avian literature has been crucial to our
understanding of vocal learning in non-humans they do not utiliagyax or a
mammalian brain structure and so the study of non-human mammals is an
important avenue to reveal new insights.

2. Automated vocal learning experiments

The short generation times and ease of husbandry make birds attractive
model species and avian research has created the foundation for vocal learning
research. However, birds lack the mammalian larynx and brain structure and so
bats have emerged as a complementary model for vocal learning research
Training animals for vocal learning experiments can be very time camguwmnd
extracting the relevant information from a species that roosts in large cdbnies
highly challenging. We have built upon the work of Lattenkanhpl (2018) to
produce automated training procedures that allow for the spectro-temporal
measurements of individual animals and how they change over time within
training paradigms.

In our automated and non-automated paradigms we explore multiple
vocal learning related paradigms. Firstly, the vocal usage learning abiliatsof b
to assess the cognitive control bats have over the onset of vocalisations. Following
the Nieder & MooneyZ019)framework, we use a discriminative stimulus with
no emotional valence, ensure the bats respond within a cognitively relevant
timeframe, and ensure that the vocalisations are reliably produced wharethe
is present and withheld when the cue is absent. We use this framework to assess
the level of control that bats have over the onset of sinusoidally frequency
modulated vocalisations in relation to affectively stimulated vocal outbursts
Secondly, we are building from this paradigm to show that bats can listen to a
playback and modify their vocalisations to match a playback within this
automated paradigm (Lattenkarepal, 2018)

We will show that our automated training paradigm is a flexible and
efficient way to train multiple individuals in vocal learning tasks and aim to show
that it can be tailored to a multitude of species to aid vocal learning research.
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We explore two competing biases in the culturaldnaission of words: the need for words
(i) to sound alike to be recogmble as words, and (i) to sound distinctive to avoid
confusion. We investigate this dynamic in the develagneé English monosyllables.
Initially, English monosyllables were rare and fawbieng vowels (XVVC). However, as
inflectional endings were lost, monosyllables becamechmmore frequent. We
hypothesize that this increased the pressure for pbgical differeriation and allowed
short XVC shapes to stabiéiz

In the cultural transmission of words, two conflicting cognitive biases are at play.
On the one hand, there is a pressure for words to have typical sbapes, so
that they can more easily be recognized as words. On the other hand, there is
pressure on words to sound different, so that they are not confusednaith
another. We explore their dynamics in the evolution of English monosyllables.
Speakers subconsciously track where and how often sounds (co{jottwair
lexicon and use these frequency distributions to identify and process words.
Words whose phonotactic shapes are probablech as those beginning with /bl-
/, like black or blue tare recognized more quickly, learned more easily, and
reproduced more accurately (Vitevitch & Luce, 1998, 2016; Storkel, 2001,
Goldrick & Larson, 2008, Kelley & Tucker, 2017). This suggests shatkers
SUHIHU ZRUGV ZLWK pFDQRQLFDOY VKIOD®)y&d:HGHO
that such words should therefore be selected for in cultural transmission.
However, research also demonstrates that words that sound similar to many other
words +such agat, hat, matpr cap are more easily confused, making them
harder to identify and retrieve (Vitevitch & Luce, 1999; Vitevitch, 2003; Yates et
al., 2004; Goh et al., 2009). It follows that in their cultural transmissiondsvo
are shaped by two opposing biases rooted in spoken word processipigesbure

%OHY



to conform to common phonotactic shapes and the need to remain distingt eno
to avoid confusion.

We explore their interplay in the historical development of English
monosyllables. Monosyllables became the canonical word type in English
following the decay of the inflectional system, which led to a dramatic increase
in their frequency. In earlier periods, when words were still morphologically
complex and monosyllabic forms were still in the minority, most monosyllables
had long vowels or diphthongs, which selected against short XVC shapes. This
is, for instance, evidenced by Early Middle English Open Syllable Lengthening
(Minkova & Lefkowitz, 2020), a sound change in which vowels in newly
emerging monosyllables where lengthened to conform to the then prototypical
;99& SDWWHUQ VXFK DV PDN% ! PDeN uPDNHYTY ODW]LQJHU

However, as inflectional endings eroded and final schwa was gradually lost,
the number of monosyllabic word types increased drastically. We hypothesize
that this rise in frequency intensified the pressure for monosyllables to
differentiate themselves from one another in terms of their phonological make-
up. Given the limited design space of possible monosyllabic forms, XVVC shapes
were no longer sufficient to maintain distinctiveness. As a result, previously
dispreferred short XVC shapes gained a foothold, eventually stabilized, and even
DWWUDFWHG IRUPHUO\ ORQJ ZRUGV VXFK BXN EUHG ! EUHG
MERRNY 5LWW

Our study examines the dynamics of expansion of monosyllabic word forms
throughout Late Middle English and Early Modern English, as well as in Present-
Day English. We use corpus data from the PPCME2 (Kroch & Taylo6)20e:
PPCEME (Korch et al., 2004) the CUBE (Szigetvtri & Lindsey, 2013),tha
BNC (Davies, 2004) to establish the type and token frequencies of XVC and
XVVC shapes in our period of observation and trace how phonotactic majority
patterns changed over time.

In our talk, we present the findings of our corpus study and fraume
discussion of the competing pressures within the context of how languages exploit
available phonotactic design spaces to build words (Tamariz, 2004; Monaghan et
al., 2014, Pierrehumbert, 206eogh et al., 2025), how sound shapes can signal
morphological structure (Dressler & Dziubalsk&® aD F]\ N 3RVW HW DO
2008; Korecky-Krsll, 2014), and ultimately how cognitive processes might drive
the selection of specific sound patterns in the cultural evolution of language.
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Certain speech sounds intrinsically carry meaningyaiestrating that iconicity plays a
crucial role in word formation. Some sounds or languagesften also perceived as more
beautiful than others, raising the question: C@hlidnesthetics shape word formation too?
We examined phonesthetic judgments across 228 langufigdimg that nontonal
languages were perceived as more pleasant. We thestigate tonal languagesploring
links between tone patterns and words with positiveegative valence and how cross-
linguistic phonesthetics and iconicity influence the lexicon

6SHHFK VRXQGY HQDEOH XV WR SURG XM M 8BDNWQRMD QJXDJIJH W
EXW WKH\ FDQ DOVR FDUU\ LQWULQVLF LFRQLF DVVRFLDWLRQ\
VSHHGLQJ XS OLQJXLVWLF WUDQVPLVVLERDW)IRQ LEVWDQFH KL
RIWHQ SHUFHLYHG DV VPDOOHU DQG PRUH SRVLWLYH WKDQ O
6LPLODU LFRQLIR¥QIFEWYVVDDHZLGH UDQJH Rl VHPDQWLF GRP
LQIOXHQFLQJ ZRUGV WKURXJKRXW WKH OH[LFRQV RI LQGLYLG
(UEHQ -RKDQVVRQ HW DO ORQPJIKWDO )OHWFKHU
'LQWHU 3HUOPKOLY HQDEOHV LFRQLFLW\ WR EH XVHG DV
VWUDWHJ\ IRU PHDQLQJ PDNLQJ DQG ZRUG IRUPDWLRQ $W W]
XVHUV IUHTXHQWO\ SHUFHLYH FHUWDLQ VRXQGV RU ODQJXD.
RWKHUV DQG VSHFLILF VSHHFK VRXQGV FDHWHOLFLW VWURQJ
DO VXJIJHVWLQJ D SRWHQWLDO OLQN EHWZHHQ SKRQH\
DVVRFLDWLRQV +RZ WKHQ PLJKW SKRQHVWKHWLFV VKDSH W]

‘HLQYHVWLIDWHG ZKHWKHU WKHUH DUH XQLYHUVDO SKRQHVW
VRXQG RI ODQJXDJHV 7KLV VWXG\ LQFOX@GHDIHV UHFRUGLQJ
DFURVYV ODQJXDJH IDPLOLHY HYDOXDWHG E\ QDWLYH VS
VSHDNHUV & KLSCHDWH U V RU 6HPLWISH DNDEXIK DJHV

UDWHG KRZ PXFK WKH\ OLNHG WKH VRXR&SEVRAHUH-K ODQJXDJH
FKRVHQ DV WKH\ DUH FXOWXUDOO\ LQIOXHQWLDO ZLWK GLI
SURIRXQG SKRQHWLF GLIIHUHQFHYVY \HW DUH ZHOO UHSUHVHQ



SDUWLFIKID @QWVXOWYV VKRZHG WKDW UHFRUGLQJV Rl ODQJXEC
IDPLOLDU HYHQ ZKHQ PLVLGHQWLILHG DQG EUHDWK\ IHPDOH
SOHDVDQW +RZHYHU WKHUH ZDV OLWWOH FRQVHQVXV DPRQJ

VRXQGHG PRVW EHDXWLIXO DV SHUVRQDO SUHIHUHQFHV DQG
FXOWXUDOO\ EUD®GNGOE HIDXUIXIXTHY VLJIQLILFDQWO\ LQIOXH
MXGJPHQWYV 'HVSLWH WKLV YDULDELOLW\ VRPH SRSXODMW
SUHIHUHQFHV ZHUH REVHUYHG 7KH FOHDUMYW SUHIHUHQFH Z
D WUHQG PRVW SURQRXQFHG DPRQJ &KLQHWH VSHDNLQJ SDUYV
SDUWLFLSDQW ODQJXDJH LQ WKH VWXG\ 7KLV UDLVHV DQ LQW
WRQHV PD\ EH SHUFHLYHG DV OHVV SOHDVLQJ WKH\ DUH LQ\
VIVWHPV RI PDQ\ ODQJXDJHV +RZ WKHQ DUH WRQHV XVHG

FRQYH\ ZRUGV ZLWK SRVLWLYH RU SOHDVLQJ PHDQLQJV YHUV:
RQHV"

,Q D ZRBNRJUHVV IROORZ XS VWXG\ ZH FROOHFWHG EDVLF YR
YDULRXV SRVLWLYH DQG QHJDWLYH PHDORQUWFWJ EHDXWLI}
ZURQJ VZHHW ELWWHU KDSS\ VDG IURP WRQDO ODQJXDJH\
ODQJXDJH IDPLOLHV 7KH VWXG\ DLPV WR LGIYHVWLIJDWH ZKHW
YDOHQFH WHQG WR IHDWXUH KLJKHU DQG RWRRUH ULVLQJ WR
QHJDWLYH YDOHQFH DOLJQLQJ ZLWK LFRQLF SDWWHUQV DQ
YDOHQFH H[KLELW JUHDWHU WRQDO FRPSOH[LW\ VXFK DV PRU
WRQDO FRQWUDVWYV WKDOH QR H G W ZDOAKR SHRSIORIUFHKRZ WRQH W
FDEHFDWHJRUL]HG DQG TXDQWLILHG WR DVVHVV KRZ XQGHUO\L
IRUPDWLRQ 7DNHQ WRJHWKHU WKLV SUHVHQWDWLRQ H[DPLC
VSHHFK DW ERWK WKH VHJPHQWDO DQG ODQJXDJH OHYHOV

VKRUWFXWV LQ FRPPXQLFDWLRQ ,W DOVRIQHHMWY WR GHILQH W
EHWZHHQ SKRQHVWKHWLF DQG LFRQLF DVVRFLDWLRQV RQ D F
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&RQVWUDLQWY RQ QXPEHU RI PKDQIBFWKHNVULQ PLPHG V
LPSOLFDWLRQV IRU VFHQDULRYV RI ODQJXDJH RUL.

ODUWD 6LE DROQULND % RUDMEDD .DUNBAWNMERPLHM .LOMDQHN
ODUHN 30DPIQ@NIQWRQL )\QGXO

&RUUHVSRQGLQJ $XWKRU VLELHU#XPN SO
&HQWUH IRU /DQJXDJH (YROXWLRQ 6WXGLHV 1LFRODXV &RSHUQLFXV
,QVWLWXWH RI 3VIFKRORJ\ 1LFRODXV &RSHUQLFXV 8QLYHUVLW)

'RFWRUDO 6FKRRO RI 6RFLDO 6FLHQFHY 1LFRODXV &RSHUQLFXV
3RODQG

3DQWRPLPLF VFHQDULRYV RI ODYPRIH VRIJH JH B HRYWIHH XSREZH U R
SDQWRPLPH WKDW PDNH LW D YRIRP® W GRX® OI\R D GFRO@HHGQRRQWH QW
LQFOXGLQJ VWRULHV 2Q W IO FRAWKBIW KOHEGW ISIUH BLREYVWHWVIHL QWY RQ ZKDW
SDQWRPLPH LV FDSDEOH RI FRGSUHAKBQV LR @G MWOLV KR HE HDUFRRZH FKHFN

KRZ PDQ\ FKDUDFWHUV FDQ EH ENMIPFDQY HO\ FIRPWROLPBWWE XV
GHWHUPLQLQJ ZKLFK W\SHBSRRUMVRULHV LW LV DEOH WR VX

,QWURGXFWLRQ

"KROH ERG\ FRPPXQLFDWH®)AX LSTQWNRLP HA¥ DO KDV

ORQJ EHHQ FRQVLGHUHG D SRHG PO BXHFHX W RU RUEXKD O\ 10+
&RUEDOOLV JHUUHWRWLVHW DO RPDVHOO®RHQ

=ODWHY HW DO 3D QW R PH. RUFL YIFGI) RUNRQ RQGBQVRRBUH

WKH H[SUHVVLYH SRZHU RI SDQWRELRPF MKDFMRE@DNH QW D JRR
VHPDQWLFDOO\ DGYDQFHG FRQWMGHQRWQ VRPAXGRRRXYWRULHYV
HJ )HUUHWWL JHUUBWWWRIUW HDWO ZRXOG WKIDYBILEHHQ D
SDUDPRXQW IXQFWLRQ RI SDQWRPRPH GBQRXBJWKH NDHSEYHQW
IRUPV Rl FRPPXQLFDWLRQ ZKWNAKHGW LOQO LLFH @E M IR MAKMRWW U F
VKDULQJ LQ RXU SUHOLQJIXLVWLRBUWHKQYWRU\ H 2Q %R\G
WKH RWKHU KDQG SUHYLRXV UHYWDUF® WKW MOGSBWLIRLHG F
FRQWHQW WKDW SDQWRPLPH LV3GDSDEOH RWFR@YH\LQJ H J
6LELHUVND HW DO 6 L E LH UMNLD HWWV DIDO IQTHF
LPSRUWDQW XQDQVZHUHG TXHVWLBQQMRPAPHQWRNKH FDSD
VXFFHVVIXOO\ FRPPXQLFDWH L Q KRAIPIDDNFIMRHU \D EERIXHV WAKHD U D F W



VHPDQWLF XQLWYV WKDW RUJDQVVBIDFWLRQWQQGGHYHQWYV LC
WKHLU QXPEHU YDU\LQJ IURWPDRQRW RWYVDL ©RKBIDW\ GRD \
VWRULHV VXFK DV DQHFGRWHVLRMWVRWKHU JFRORBWIVADNVLR QD C

WR VHYHUDO RU HYHQ OW WDHHBRQXMEHNL RQ B RDIRDPW HU
VWRU\WHOOLQJ VXFK DV RUBORWDRORWWYHVH Bl 0 RIROCHFQN |

,Q WKLV VWXG\ ZH H[DPLX RDWQK H KOLPD PMDMULR G D R @ KK R
HIITHFWLYHO\ FRPPXQLFDWHG E\ PRPOQRH RWKXROH ERG\ ST
GHWHUPLQLQJ ZKLFK W\SHV RI VWRULHV LW LV DEOH WR VXSS

6WXG\

‘H GHVLJQHG D FRPSUHKHQVLR®HWHMVW K ADSJMUWW GFR % VQR\WQ/O LIQ H
DUH DVNHG WR ZDWFK YLGWRVRRWSN RARGRWW MWRR L HYR
PLPHG E\ DQ DFWRU LQ ILYH ARRRGLWLRQV DERUUHVSRQGLQ
FKDUDFWHUV :H GHWHUPLQHG WRKH RO EHS DEFRLWH GIRRIQ WK H
LQIRUPDWLRQ SURFHVVLQJ DQG Z®UNLREHBHPRVNGWKH PDJLI
OLOOHU 2DQG WKH IHHGEDHNFIH® FZ MWWH VDHRY RUD Z K HRQ
FRPPXQLFDWLQJ VWRULHV ZLWK R$ DWGRSWAK YDDEWNYY 7KH
VWUDWHJILHVY WR FRPPXQLFDWH WIKH B HOWDHFQAH R | 0¥ B HFK D U D
2UWHJD g]\*UHN WR WEPWQADO WRGWRDW DRQNG LQ
HDUO\ VWDJHV Rl WKH HPHUJHQ¥H RRYSBQDODQJXDJHV 6HQJ
$IWHU ZDWFKLQJ D YLGHR FOLSHGWWR SDWWHELIODQWV DU
FRPSUHKHQVLRQ TXHVWLRQ R QWWKHKHV@WRAEHNORQ BYXDE B FVWHRU V
SGLVWUDFWRU" FRPSUHKHQVLRQ WKHVRRG®®NQWKDR/I BMKWR UH
VWRULHV 6LQFH RSHUDWLRQDOHVRQYWRPSHMKHQVLR ® Q\Q W}
FDVH OLPLWHG VHH HJ %XUWINRQBHOBYBROOHFAIH ®IEWED RQ
WKH VHOI UHSRUWHG FRQILGHQW3R QY HVWWHPBgWIRUWBM BARWO
WKH SHUFHLYHG GLIILFXOW\ RWW KMKW DDN U HD B VY X R REKDUN 2
RI FKDUDFWHUV LQ D VWRU\ FRPSOM®HQILRQ EHFRPHY PRUH |

'LVFXVVLRQ

BUHOLPLQDU\ UHVXOWYV IURP PBUWWRELSIDQWY UKSSRPUWW WK
ZLOO EH DYDLODEOH E\ WK HKIWL RAHH RW MK H VF RVGRI BIMKHHQ¥ W D FF H \
SDQWRPLPH LV FXUWDLOHG WR FRPPMRLEDQXREIHVWRULHV Z
FKDUDFWHUV 7KLQNLQJ DERXW BPYQ\WRFHNVM/ DQORSWVRD WKLYV
PHGLXP IRU VWRU\ VKDULQJ LQLWMGXDWPRBY RKBUHQRWQW)\ D I
ZDV FRQFHUQHG SRVVLEO\ LQ WHKHHSHRIFNFRQDIWERQW,Q[W RI V
WXUQ WKH H[SDQVLRQ RI UHODWRR QW ROW MIZIRAU N\R [ R W HPRLYR.
QLFKHV VHH )\ZLF]\ VNL HW DO QHHG DIQRS ARHPHP YWXIERDHW M H Q W
DERXW PRUH DQG PRUH SHRSOHDPS WKW VKDWHWRI RXIKXWR Q E R X\
RWKHU PHDQV IRU VWRU\ VKDULQJ



$FNQRZOHGJHPHQWYV

7KLV UHVHDUFK KDV EHHQ IXQGH® VUK RH IPOILR® DX@ G AUHQF|
WKH DJUHHPHQW 802 "+ 6

5HIHUHQFHV

%DO 0 1IDUUDWRORJ\ ,QWURGXFWLRQ WR WKH 7KHRU\ |
8QLYHUVLW\ Rl TRURQWR 3UHVV

%XUULV 6 ( %URZQ ' Q FRABY PIOHQ BK LLAGWHI DV L Q J
WKH H[WHUQDO YDOLGLW\ RI @DRBBSPWQWH UFRMPWHKHQVLRC
JURQWLHUV LQ 3VKRKWORJI\GRL RUJ ISV\J

JHUUHWWL 1PUUDWLYH 3HUVXDVLRQ $ &RJQLWLYH 3HUVSHFWL
(YROXVBSRQQJIHU

JHUUHWWL ) $GRUQHWWL ,UDWKIYHUBD@WRPLPH 103U
SURWRODQJXDJH IRU SHUVXDWMLYHXXD FRPPXQLFDWLRQ
KWWSV GRL RUJ M OLQJXD

-DQQLGLV ) &KDUDFWIBWY7K® /8YtIQ+ BEQGERRN RI
1DUUDWRORJ\ +DPEXUJ 8QLYHUVLW\
KWWSYV 777 DUEKLY IGP XQL KDPPEX®J GH-BREQ QRGH KW

ODUJROLQ 8 &KDUDFWHU 7QH '&DPEURBQH (G
&RPSDQLRQ WR &DREODMIVH 8QLYHUVLW\ 3UHVV SS
KWWSV GRL RUJ &&2/

OLOOHU * $ 7KH PDJLFD®RUQRPEKV WHRHG®R S XV
OLPLWV RQ RXU FDSDFLW\ IRBW\SKRPRVVERO BE&NRLWEZDWLRQ

SS+ KWWSV GRL RUJ K

0:OOHU & *HVWXUDO P R @HI\F KRQ LUK SV HRIHGWDLWF MWRQR @ V
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+ KWWSV _GRL RUJ
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&EXOWXUDO HYROXWLRQ FUHDWKXPORQRYIWBJIJH VWUXFWXI
KXPSEDFN ZKDOHV EH\RQG

6LPRQ .LUEOHIUOD.QEXR 2ND QHRGID\O QDL UH * DRAULL J X H
&DUWROIQ 7DNDEGVREDO $UQRQ

&RUUHVSRQGLQJ $XWKRU VLPRQ NLUE\#HG DF XN
&HQWUH IRU /DQJXDJH (YROXWLRQ 8Q&YHUVLW\ RI (GLQEXUJK (
6FKRRO RI %LRORSVBQGY B EDIGN\BRZ NV
7HLN\R 'DLJDNX 7RN\R -DSDQ
2SpUDWLRQ &pWDHZPD ARER QDD
6FKRRO Rl %LRORJLFDO 6FLHQEHY=HMOFAGBVLW\ RI $XFNODQG
5,.(1 &HQWHU IRU %UDLQ 6FLHQFH 7RN\R -DSDQ
'"HSDUWPHQW RI 3V\FKRORJ\ +HEUHZ 8QLYHUVLW\ -HUXVDOHP

$00 ODQJXDJHV KDYH VWDWMHWILFHDTXHQFRKROBA RV SID (BRY HAK ® D Z
7KHVH SURSHUWLHV KDYH QRWWOHHD IR XOQG XHO WHKDKAH WHK HQ DQJLVH LQ
ODQJXDJH YLD FXOWXUDO WUDQWPMWH IRHD BBEQXVH WRKHWKMHA VKRXOG EH
IRXQG LQ RWKHU VSHFLHV ZLWK QIXIDOAQUD OB\ LW O X QW RIDWMMWH & KH LU
HPHUJHQFH LQ KXPDQV XVLQGIDIP LIVOI®& DWKHE® XNBUWOK® NBPHDQDO\WLF

WHFKQLTXH WR GRFXPHQW WKHLQG SEAHNGMRAH] LROXIRD 6 KOWRKQ@D OO\
WUDQVPLWWHG FRPSOH[ VI\VWHPV

$00 NQRZQ ODQJXDJHV DUH PDGI®WXSSIRIWWWDKMRWKRVLFDOO\
IUHTXHQF\ GLVWULEXWLRQ IROOREYILID G RZHUNODEXNQRDQ DV
3LDQWDGRVL =LSI "RV SWKWHRY HW KHD W K U XL WK H L U

RULJLQV DUH VWLOO QRW XQBH UNWKDR\R GVK,K)\ WKLVHSESADXYH
WKH\ IDFLOLWDWH OHDUQLQJKD Q& HV B H B AHR/WH RH FAXWDIW X WK O R
WUDQVPLVVLRQ ,I VR VXFK SURSHRWKHY FMKRWXRGDDOVR EH
WUDQVPLWWHG FRPPXQLFDWLRQ DAQW®P\EDIHD &V HP DWQYRLWH U D'
LOOXVWUDWH WKHLU HPHUJHGEB\LW KX R DB HGDQ/MO \D QG W H C
FRUSRUD RI KXPSEDFN ZKDOH VRIQUDLQBGWELURGN RO ILQGLQJ V

=LSILDQ GLVWULEXWLRQV |DFRIOIOW QW VOMLCFU @IDQINY.Q HDJ UD Q
/IDYL 5SRWEDLQ $UQRQ ‘H QU HWHOQWWHG/ OGW Y QURP D

H[SHULPHQW LQ ZKLFK QRQ OLQWWKNWDRB H WIHOHQFPHW WMBO Y H
IURP JHQHUDWLRQ WR JHQHUWDKVHRQ DR0 SDUWPRRLIDIQWIV &RUC



LQVLJKWYV IURP LQIDQW VSHHFK VHJPH @QWDW LR WKIRIVBDQ HW
VHTXHQFHVY DQG REVHUYH WKH HP®EIH@RPOHO RIVXRLWY ZKRVFE
=LSILDQ GLVWULEXWLRQ RYHU JHQHUDWIHR GV BKIQRQ .LUE\
ZRUN PDNHV D SUHGLFWLRQ WG®&DWRKH WHKRW OXQ LIW\G 2L WVIXWDL V
=LSILDQ GLVWULEXWLRQ ZKHQHYXHOUN XD R Q WLLDIOD \ERLKDW HRIEX L
LQFOXGLQJ LQ RWKHU VSHFLHVHYRZHYH B QYR EBH QVIKRHAQG IHD
LQ KXPDQV :H DSSO\ WKH VDPHDWQDRINKIXP SBDFFKRNQZRBDID VR \
UHFRUGLQJV DQRWKHU FRPS®H[XEKBDIWKUD® &\ WMHPQVRLWWHC
ILQG IRU WKH ILUVW WLPH LQFRRBIAKWMUY S WEIEHVW BWK DWW WA
SURSHUWLHY DUH LQGHHG SUHWDHQW LQ)LZKNGH %RQJ $UQRQ
+XPSEDFN ZKDOHV DUH QRW WK i XROQNDX WDSOHTF\L MAU 2 Q WK L PR\PHS® +
VRQJ 6RQJ ELUGYV SURYLGH D QRWKKHDGRDQLRXYHWWHR/DW FDH H
NQRZ D ORW PRUH DERXW KRZUWR &M EH G/ RUXD QVZ O HIXUQUHR WO &
NQRZ DERXW ZKDOHV 7DNDKDVKLZH2EDBRMIDW RQJRIQDIOO
ZRUN RQ WKH GHYHORSPHQW RY W& H/ R Q B HE VIWEDW LWMWARD@J | H D
VR ZH GHPRQVWUDWH D GHHS FRIPFPR QEBOSDWD \&H W ZHH HVQH\W K U H H
RI PLOOLRQV RI \HDUV Rl HYRGXWMRQU EXW XQLWHG E\ KDYLQ
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JLIXUHS =LSILDQ GLVWULEXWLRQV HARAWHG XY LQXE VO TXHQ DWW LONBLUHG
VHIPHOQWDWLRQ PHWKRG RYHU GIRMMTXBWERQUHDQ QRQJ WWMNDMMVK KXPDQ
SDUWLFLSDQWY 7KH ILQD QOO HDQQUDW HR YHRIIL FHKMWL WMHURRHEB KHUH 7KLV SORV
WKH PHDQ DQG &,V RYHU VL[OFKRQQWK M KHRVY VORDLSQWW LV GLDJQRVWLF RI D
GLVWULEXWLRQ :H VKRZ WHKIFW WK LR/X UL\WHMWK R® VE \DXQV DUMWBI IVHULHY RI EDVH
DQDOWHBXE VHTXHQFHVY GHWHFWHG LQJ KRS EDFIND W DLA}Y SARKHIG XRH W K R G
g[KLELW D =LSILDQ GLVWULPXWOQRIQG KLV&SWY RWHWKREZYKWKH DUV Rl ZKDOH VRC
DWD
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7KH PHFKDQLVPV XQGHUO\LQJ GRFOHDU [LRDOQS DR F WWXGE\J BB BHVX
were presented with action instruction words, phioaly similar pseudowords and

dissimilar non-words. Action instruction word procegsengaged semantically relevant

sensorimotor regions, and the representational geonfdtrgse words reflected semantic

similarity. Furthermore, our results suggested coaysgned auditory word form

representations in dogs than in humans. Togethesetliindings suggest th&xical

processing in the dog brain goes beyond word formtifiigation and entails meaning

attribution as well.

Dogs are unigue in that they have been immersed in the human sociatiinguis
niche for thousands of yealsave been under selective pressure to communicate
efficiently with humans, and are surrounded with speech on a daily basisr(Lars
et al., 2012; Mikl—si, 2007; Thalmann et al., 20IB)s,speech has beconae
relevant part of their natural environment, making them an ideal modestto
whether brain specialisations for speech processing are unique toshoncam
emerge as a rapid evolutionary adaptation in response to exposure to speech.

Dogs are not only sensitive to nonverbal human communicative cues (Bray et
al., 2021; Mikl—si et al., 20@yosiere et al., 2022butthey often show adequate
behaviour to words directed to them (Fukuzawa et al., 2005; Ramos & Mills,
2019) In humans, spoken word understanding requires both auditoryfarond
identification and meaning attribution to that form. But how these contribute to
lexical processing in dogs is not knoyatbor et al., 2020Auditory word form
identification should take place in the auditory cortex and, if human-likeldh
not tolerate speech sound changes (Flemming, 2004), as understandavgthat
single speech sound changes may result in a different word can be aucial f
building large vocabulariesMeaning attribution, in contrast, may also engage
nonauditory, semantically relevant brain regions, as seen in humans (€tarota
al., 2017; PulvermYller, 2013, 2018) seek evidence for both processes in the
dog brain, we presented dogs (N=21) with (1) instruction words foorecti
requiring locomotion omot (L+, L-), (2) phonetically similar pseudowords
(generated from words by altering a single speech sound) and (B)ildisaon-
words (Magyari et al. 2020) innafMRI experiment. First, we searched for
lexically responsive brain regions by contrasting words to non-woffs



expected that, if understood, action instruction words will engage not only
auditory but also relevant motor cortical regions. Next, we assessed brain
responses to pseudowords in all lexically responsive brain regions to peobe th
rigidity of auditory word form representations. Finally, we looked for
representational similarities comparing response patterns to instruction words for
actions with vs. without locomotion.
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Figure 1. Results.(A) Regions of interest. (BLexical effects in a wholerain GLM. Word > non
word contrast overlaid on a template dog hré@®) Lexical effects in the ROIls. Peaks obtained in
small volume-corrected GLMs shown as black dots. Barhgragpresent parameter estimates in the
peaks. D) Representational similarity analysis for semantiateginess. Top panels: model RDMs
(semantic: semantic similarity-matched; mismatched: semantitasty-mismatched; acoustic).
Middle panels: subjeeiveraged neural RDMs for word stimuli in the auditRiOls. Bottom panels:
6SHDUPDQYTVY UDQN FRUUHODWLRQUBDKWZ'AMQ (PREBHOEB'WY DOSUBWHQW 6 (
*p<0.05, ** p<0.01, *** p<0.001. L = left, R = rightw/ = word, PW = pseudoword, NW = nevord.
Lexical effects were found in semantically relevant motor (Walker et al., 1962)
and motor control regions (Hoffstaedter et al., 2014; Paus, 2001LAF®),
indicating meaning attribution. Additionally, instruction words requiring more
similar action preparation were represented as more similar in the dog auditory
cortex (Fig.1D) suggesting that, beyond recognizing known speech sound
sequences (Boros, Magyari et al., 2021; Gibor et al., 20@Quditory cortex is
also involved in the semantic analysis of the word forms similarly thahein
human brain (Damera et al., 2023; DeWitt & Rauschecker, 2012). The gireces
of pseudowords, however, did not differ from that of words in eitifethe
lexically responsive brain regions (Fig.1B-indicating that auditory word form
representations in the dog brain are coarser-grained than in husidcis may
be related toG R Jimifed vocabulary. Thus, this study provides the first fMRI
evidence that the dog brain goes beyond auditory word form identification and
entails meaning attribution as weldespite the obvious differences in dog and
human linguistic capacities, these results raise the possibility that the cognitive
and neural architecture underlying linguistic meaning processing is simitar,
mental representations organized along semantic similarities in both species,
challenging human uniqueness accounts.
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'R )DFLDO 6LJQDOV 6XSSRUW /DQJXDJH (PHUJHQFH 'X
&RPPXQLFDWLRQ" $Q ([SHULPHQWDO $SSURDFK

/IRWY 'RG@Y @P\+ UHNXGLWK +@RDWIHHNH :RHDYG UHRRU 5DYLY

&RUUHVSRQGLQJ $XWKRU ORLV GRQD#PSL QO

OXOWLPRGDO /DQJXDDH3 @AW RHVQW. WXWH IRU 3VIFKROLQJXLVWL]
I1LMPHJHQ 1HWKHUODQGYV

/($'6 OD[3ODQFN ,QVWLWXWH IRU 3V\FKROLQJXLVWLFV 1LMPHJHQ

'RQGHUV ,QVWLWXWH IRU %YUDLQ &RJQLWLRQ DQG %YHKDYLRU 5D
I1LMPHJHQ 1HWKHUODQGYV

7KLV VWXG\ H[SORUHV WKH D@DYDFR{ HPHWIHYEEIQDQVDIUHID WKDW LV
UHODWLYHO\ XQGHUH[SORUHG®LELOPWY LLSX ODMRRRIX (OLFIIDMLRQ JDPH
$QDO\V]LQJ FRPPXQLFDWLYH VXFEWV\DQERQUMNBRIQYFHWYRMDELZH ILQG
WKDW ZKLOH IDFLDO VLJQDORQFMX HQ DAXHQRMW FRAMXINWED® LRU EXLOGLQJ
D VXFFHVVIXO VWDEOH DQG RRADHM UJP GX WRKRAX Q HVBIWUR® \?H ZLOO
H[DPLQH SRWHQWLDO FRPSHQWWRD\ KBNHD X M BIIGH W FS [DUBMDISAL SDR W K H

DEVHQFH RI IDFLDO VLJQDOV

7KH SULPDU\ PRGH RI HDUO\ KX®FEBQWRRIMFEXQLFDWLRQ |
LQWHUDFWLRQ LQYROYLQJ PXOWILFRGDO) @I PHKWR PRPP XQ
IDFLDO VLJQDOV 9LJOLRFFRHESWIBWOVLQJ HRBWURQIURP LV QRZ
ZLGHO\ UHFRJQL]JHG WKDW IDERPXOQVEDPDLRY AMQHYXSBRQYW F
ODQJXDJHV E\ H J IDFLOLWDRRPQ D IWXW WSHIUHDGELFHWL RIQH B D LXLB
EDFNFKDQQHOLQJ DQG VLIJQDO®RQWMHRI X@ROHWHWDLQW\ (PPHQ
+ PNH HW DO OLFNORV :@HQWGDBJIW %DYMHODV
&KRYLO + PNH HW DO 6ZHUWNVH.NDRBNURI
SURFHVVHV OLNHO\ DOVR SODLQDHURQHAHLQH®@KMWD S WD WD WL
FRRUGLQDWLQJ RQ QRYHO OWQDXLVWLF OMCFNLDRMV MW +BIO O H\ H

SREHUWV HW DO +REHSHUL FR®RXQWRDWLRIQP X OD W H
WKH SURFHVV Rl FRRUGLQDWLQIQN®AGVRMREYHDULDQRY RIRNMHI
RYHUORRN WKH UROH RI VXFK PHIWDOGRPRXEQRFPWUWH IDFLD
VWULNLQJO\ PDQ\ RI WKHP DD HQRW (PRQIBX\FWRGD |DBHNVRI
H[SHULPHQWDO ZRUN WKHUH GROHH LRV VW WH HREH H\) EDDRXIW DW K
HYROXWLRQ ZKLFK ODUJHO\ KWEKKOLDRMW I\WRHOD®RWADQ FW KR



WUDQVLWLRQ EHWZHHQ D JHPWKRE GRPLQDQW BQ/GVBPYRADDL
':DFHZLF] HW DO IRU DQ RK HFXYILHZQW+RRHXHDLPW DW
LQYHVWLIDWLQJ WKH UROH RRI WRB YIIDEW LLRQ V& H] HH® WWB BER 6 H
VIVWHPV PRUH EURDGO\ DQG KRIYHDFRWODVLJIJQDOV FD
PHWD FRPPXQLFDWLYH WRRO R/RQIGHIOS IHQAWHDIEIDAW KRRRPPRQ JU

7R DGGUHVV WKLV JDS ZH PDNMORMH RUDGERPPXQLFDWLF
WR H[SORUH WKH UROH RI PHRLIH® VH JOQHD 6 B QIQS ®O QWD UHF HD O
YLVLELOLW\ LQ D EHWZHHQ RWBDMHRMWOGHYLIMZR FROGVWR Q\
IDFH YLVLEOH DQG IDFH LQYRPPKQHF DWW VD BRSW DWZHHEMY HF
VKDSHY DGDSWHG IURP ODFXE®HEMYRHWLOBR DQG BXKGLR
UHFRUGHG ZLWK UROHV RI SUQRGKFHWU\ MWUG D& H WKHIUS W RIGKFFK L
LQYHQWY DQG ZULWHV D QRYH ODQIBE W® H RIX NWK/HH W D X H M WH VK|
ZKDW WKH WDUJHW VKDSH LR QUWRHHRQJDW K B\ CRDEWIOD S H YV WKSQ J
RU VSHDNLQJ LQ H[LVWLQJ3DDWLFDSD @WV SORKHLE IWWHGIDPH
XVLQJ WKH VDPH VKDSHV RYHU IRXU FRQVHFXWLYH URXQGV

‘H PHDVXUHG FRPPXQLFDWLYHXKWXRFRYW FDSWXULQJ
JXHVV FRQYHUJHQFH FDSWDALISPRWRZLQLPLODIUOOBBHO D
VKDSH DQG VWDELOLW)\ QF DG ®/LXVLIGXID IORE@ DELHPQ D DUVK S H RY
WLPH :H KDYH DOVR FRQGXFWH®Q@X MIEHDNVQY \RLPHWHVVLQ
5HVXOWV SURYLGH LQVLJKW AW WRK HKFR PP KIQD.G DW.UROQ CD/Q B3 H
FRRUGLQDWLRQ LQYROYHG LWERDOWGNVN@HP GFRYGHOUERE R WX QUFD |
D GHHSHU XQGHUVWDQGLQJRIHPKKNJIBGAMY UROH LQ ODQJXD

3DUWLFLSDQWY ZKR GR QRWRVH}F IHDF K/ IRVQ BIOY @IKANVD F F |
VXSSRUW SUDJPDWLF LQIHUH@RHIHHRGEB NP SO ANEH WWIJRO 0O

EXW DOVR FRQIGHQRH UNBHNVG LQIOWMKHWODEH O

6ZHUWV .UDKPHU ‘H SUH®IKAW HG® MR K P WYWL FOD ZR RO G
KLQGHU FRPPXQLFDWLYH VXFFHVV ZH) B OARRQ D A N OHRQ@ PHI GURIZH Y
WKH SRVVLELOLW\ WKDW S DRIWIDFAL00) WIVJ Q08 W QNVRD WK W KN
IDFLOLWDWH FRPPXQLFDWLRQYDMWHIG DDDWEHBUWL QRRER UM \P RIW
DO 7DPDUL] HW DO L YRHU YARHAD D LA R RRLUR@LME D W

5HVXOWV VKRZ FRPPXQLFDWLYH VXAFEHMOLWFRQYHUJHQI
LQFUHDVLQJ VLJQL1IFDQWO\ RYBR VRNXOQA¥DGW PDLQ RUN
LQWHUDFWLRQ H3HFW Rl FRQUGMUWLEQH +RZMY IHW L R\QK M KIRDZHHG L
VLIQLIFDQWO\ PRUH YDULDQFHSIRIW FRAKFH BRKQBHV IBH HDFK
RWKHU FRQYHUJHG PRUH XQLIRUP ®R UK LYDH LAHRQ DHURVYFH Z
SDLUV ZKR FRXOG QRW )X UWKHAWRRUHD Q/\GK B DEGIDQ /L W IRR HIV
UHYHDOHG WKDW ERWK ZHUH WORDHFW HE HIQ FSDW R/ LBESID QW
JXHVVLQJ S ODEHOLQMWEKLV H3HFWRUHRYHUDFWYV ZLWK
FRPPXQLFDWLYH VXFFHVV DQAFRQSHUJHQ MHI LW VXHWWK QJ W
LQFRUUHFW JXHVVHV RU WKIENIUM RH OH PX FR @ OREZ HHWGZR & @O
WKH IDFH ZDV YLVLEOH FRPSDUHG WR LQYLVLEOH

$ KLIJKO\ SODXVLEOH H[SODQDRWHRWLFHV WKHWEBRQJHU U]



LQFUHDVHG SURFHVVLQJ ORDGWANKDWWREOBVQZLWR BDALW DFL
VLIQDOV HVSHFLDOO\ ZKHQ WKKHH\UDIXH \O\H V\Q FORIGLIGMICRAD L@ K F
JUHDWHU YDULDWLRQ LQ FREUHUBRQGHWLR QVK X J UMW QN K B\
HPHUJLQJ FRPPXQLFDWLRQ V\VWRPYDDU B WIRRUH AKHF H 3 MLLOED H
VLIJQDOV DUH XQDYDLODEOH WH\HS RWHUW RIOVWLRE® B U YODRWLHRIDW
FRPPXQLFDWLYH VXFFHVV DQG VWRRYW WXJIQ H M VWE NWKDWH QD FRRG L
VLIQDOV DUH QRW LQGLVSHQWREGH :HR W SAKFPEGINW HR W KFIRQ Y H |
SDUWLFLSDQWY FDQ DGDSWLYHOF LFOYOH WAR BID OV K W KJRMXI® F H

DOWHUQDWLYH PHDQV VXFK DPHMAMOLLGRPPRQHFDMRQHFLW\ R
YRFDOL]DWLRQV 7DNHQ WR M WKW WIKIHVH IDFEDQJIV LV RIDIGW F
LQ2XHQFH HDUO\ FRPPXQLFDWLRY EWUIDGRQH R RAMX FHRHWH/QX\Q. D
FRPPXQLFDWLRQ V\VWHP DWPOHBVM W QD WHRH  ULXNDQHE P HG L)
XQGHUVWDQGLQJ RI KRZ WKH IDFH WQ2RHWQFHVQGERPPXQLFI
FRQYHUJHQFH ZH ZLOO H[S O RULHF DWKIHY H R/GRHF IRO LHBW DRRRP PR G
LFRQLFLW\ RI WKH ODEHOV \BVDS/RMIH & W L DIOL PRIPS 6 QR DHWIRRIL QUL C
WKH UROH RI IDFLDO H[SUHVVLYLW\ LQ IXWXUH UHVHDUFK

$FNQRZOHGJHPHQWYV

‘H ZRXOG OLNH WR WKDQN WKW DXOWKRUVIRU XVEQRBKS®WMW D H
RI WKHLU VWLPXOL ,Q DGGNWIRR® &I ZR® P B QO ILRH WKR W.KQDIQ
WKH VHW RI DOLHQ ILIXUHV WRBW LZAHUW XIMHIBV DV VWLPXOL IRL

SHIHUHQFHV

%DYHODV - &KRYLO 1 WIEREY BUPBPYWUN DXQRQDO
IDFLDO JHMWWXUHY  +
KWWSV GRL RUJ JHVW EDY

(PPHQGRUIHU $ . +ROOHU OV VKDSHDFUBOGLFWIQRQV DERXW
WKH QDWXUH RI XSFRPLQJ IBRQNQWVU.VFLRI—QS:RQJWHVSRQVHV

KWWSV GRL RUJ v

+HDOH\ 3 * 7 6ZRERGD 1 8PDW’DJD,SKLFL[QZ)]/DQJXDJH
*DPHV ,QWHUDFWLRQDO &RQVWPOR QWMWRQYHSHSUHVHQWD
6FLHQFH + KWWSV GRL RUJ

+|PNH 3 +ROOHU - /JHYLQWRQN& BUH SHURHLEHG DV
FRPPXQLFDWLYH VLJQDOV LQ RGBFDP&®2ADFH WR IDFH LQWHU

H KWWSV GRL RUJ MRXUQDO SRQH

+|PNH 3 /HYLQVRQ 6 & (PPPQGRUIHU $ .(\HEARRZ
PRYHPHQWY DV VLJQDOV RI FRPPXQLFDWLYH SUREOHPV L
IDFH WR IDFH5RQWVGI BRFWHWQ 2SHQ 6FLHQFH
KWWSV GRL RUJ UVRYV

ODFXFK 6LOYD 9 +ROOHU - 62MXUHN $ SREHUWYV
OXOWLPRGDOLW)\ DQG WKH RURQLQ\RWHPQRYHO FRPPXQLFI
IDFH WR IDFH5RQVGI GRFWHWQ 2SHQ 6FLHQFH



KWWSV GRL RUJ UVRYV

OLFNORV $ 6LOYD 9 0 )V AHQFH RTKMHSDHU LQ VWXGLHYV
RI ODQJXDJH3WRREABKELADY RI WKH WK ,QWHUQDWLRQDO
&RQIHUHQFH RQ WKH (YROXWLRTXRI(MROIXWUIRQ(YRODQJ
RI /DQJXDJH 3URFHHGLQJV RRWKKHQFH R MKGDWLRQDO
(YROXWLRQ RI /DQJXDJH (YRODQJ
KWWSV GRL RUJ

OLFNORV $ ‘RHQVGUHJIJW 0 QWHUBRWYQ Y W LOYHHF IOMGEL Y P V
IRU OXWXDO 8QGHUVWDQRILIRUGQ5&REPHBENDWLRQ ,Q
(QF\FORSHGLD Rl &RPPXQLFDWLRQ
KWWSV GRL RUJ DFUHIRUH

1|O0OH - :X < $ULDV 3 <DRJBEKVDWURG 2 -DFN 5
( OXOWLPRGDO PDUNHUV RI FRQILGHQFH DQG GRXEW
JHHOLQJ RI .QRZLQJ IURP IDFLDO PRYHPHQWYV

SREHUWV * /HZDQGRZVNL - +RRCFREWXGEEDWLRQ
FKDQJHV ZKHQ ZH FDQQRW PLPH MEHQERU®BG ([SHULPHQW
WKH HITHFW RI LFRQLFL&RJRDQWRR@&LQDWRULDOLW\
KWWSV GRL RUJ M FRIQLWLRQ

SREHUWVY 6 OLFNORV $ 6XOLEQRYDWMLWRWOMHO®HFWLRQ DQG
WKH HPHUJHQFH Rl WUDQVSDBKHQWROLXMWDROY RQ LQWHUDF
/IDQJXDJH 3URFHHGLQJV RI WKWHQWK ,QWHUQDWLRQDO &F

(92/%1~;,,

6ZHUWYV 0 .UDKPHU ( BRGL RYH.YXOD RS URYRENQ J
-RXUQDO RI OHPRU\ DQG /PQJXDJH
KWWSV GRL RUJ M MPO

7DPDUL] O 5REHUWYV 6 * DDRIWtQH] - 7KH 6DQWL
,OQWHUDFWLYH 2U&RBRUQLRNL ¥R @FEHWEQFH
KWWSV GRL RUJ FRJV

9LJOLRFFR * 3HUQLVV 3 9119 \DR/QD 'P X OW L F B Q DXOD
SKHQRPHQRQ ,PSOLFDWLRQVHRVLQD@QXBGJIJH OHDUQLQJ S
HYROXWLRRVRSKLFDO 7UDQVDFWLRQV RI WKH 5R\DO 6RFL
%LRORJLFDO 6FLHQFHYV
KWWSV GRL RUJ UVWE

'DFHZLF] 6 )\ZLF]\ VNL 3 2U]HENREONMLPBYHPHQWV
RI WKH RURIDFLDO DUHD (YLLFRGF® WRKHBHYWX RDO RU PX
ODQJXDJH HUR®XWHR Q"+
KWWSV GRL RUJ JHVW ZDF
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([SUHVVLELOLW\ UDWLQJV DV DYSUWGHFWR/ULRI FRPPXQL
UHIHUHQWLDO JDPHV

$OHNVDQGUDBXXIDHNQH :)PBRXZ DQG aiUND .DGDYi

&RUUHVSRQGLQJ $XWKRU FZLHN#OHLEQL] ]DV GH
/HLEQL] & HQWUH *HQHUD®IUP@IXLVWLFV %HUOLQ
&HQWHU IRU /DQJXDJH (YROXWLRQ 6WXGLHV 1LFRODXV &RSHUQLFXV

'"HSDUWPHQW RI &RJQLWLYH 6FLHQFH DQG $UWLILFLDO ,QWHOO
8QLYHUVLW\ 7LOEXUJ 7KH 1HWKHUODQGYV

'RQGHUV ,QVWLWXWH IRU %UDLQ &RJQLWLRQ DQG %HKDYLRXU 5
1ILMPHJHQ 7KH 1HWKHUODQGYV

8QLYHUVLW\ Rl *WWLQJHQ *|WWLQJHQ *HUPDQ\

7KLV VWXG\ YDOLGDWHYV H [FELUHOW LSELRLWY UPW EQPWPXOYLADWLYH VXFFHVV
LQ UHIHUHQWLDO JDPHV :H GNARQWW ENWIHMYURREMARWUMB D
H[SUHVVLELOLW\ MXGJPHQWY DDREURR/EM HPFRGLDYOHL WILHHW V D B VAVLWAH
YRFDOL]DWLRQ FRPELQHG FPOHIB/ ¥&NGQHMV VS IPUCDAW VWD VBFK XOWV VKRZ
WKDW JHVWXUH DQG FRPELQHGWKP®DYRWDBY]HEWURRU P) HEHBEWD AN
PRGHVWO\ LPSURYHG SHUIHFW VRBWFEBVWE X MK 1 ROV SWUHRFIDFKWR A H U V
PHWKRGRORJLFDO DGYDQWDYWWLJRW LRGRN Y QO R JXR.E V@ EWNQYHRUGDQFHV
DQG SURYLGHV DQ HIILFLHQW MRIRFX QR DAWDRQ L\QYWRAVJIHQ

SHIHUHQWLDO JDPHV L H WDYMMRWYZWHFE BHBRSQD®JKOWLH WR
QRYHO FRPPXQLFDWLYH VLJQD®WQJXDRKLIBWM HWVGEHRE® DERX
VSHFLILFDOO\ UHJDUGLQJ WKH HF® R/R.X Q DPIVWILFWHRV X F¥BIV VRKIVQ |
PRGDOLW\ FRQGLWLRQV +RZHY HWUXEWXFKQMISBIO LIPBQWNLDBTXL
WLPH DQG KXPDQ UHVRXUFHM BB GUKBEKW RV R UMKHHG RR O W KW IXG H
UHVXOWV PD\ EH ELDVHG )D\ HW DO ODHELXF K/ VB XG Y D
YDOLGDWHVY DQ HIILFLHQW DSSWRIDFXV2XXE®HFW[ISYUHVVLELO
MXGJPHQWY Rl KRZ HDVLO\ FRQFHS®WWLFABQHBMW FRPPXQLFI
PRGDOLWLHV2DV SUHGLFWRUV RI| ,DFWE DR I RPFPDQH\F DWKHY H V X
HIITHFWV Rl PRGDOLW\ FKRLFH PM)®RQVRRPSMQEADWHRTY IHHG]
HITHFWLYHQHVV

‘H WHVWHG ZKHWKHU H[SUHVVQHELRRXOGUBWHGQUFNW ROOHF
JXHVVDELOLW\ LQ ODERUDWRU\ H[SHULPHWWS KRIVFK VSHDNI



H[SUHVVLEOH FRQFHSWYV ZRXOGYRHADOL]Q W RRM®Y JRHW\BXUH V
FRPELQDWLRQ RI ERWK 6XEVHT®GW OXH U HSDHRULELLS B G WWR
WDNH SDUW LQ D UHIHUHQWLPOWXM RUALUW®RD O FRIQW HBMWWWK | U |
SHUIRUPHUV FRQYH\LQJ FRQFHSWWHWQVEVVLDYMG PREDQLWLH
WR LGHQWLI\ WKHP
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Kin terms, the set of words we use to denote family relationships, map variably to meanings.
But are there common semantic cues to category membership? Under the assumption that
wordforms map to meanings in a compressible, structure-preserving manner, we measured the
relative contribution of six semantic features to category membership. We uncovered a cross-
linguistic hierarchy in which features are more reliable cues to shared category membership,
suggesting that kinship semantics are constrained by pressures associated with efbcient com-
munication.

Systems of kinship terminology differ considerably in which semantic dis-
tinctions they encode. For instance, an English speaker distinguishelsritbir
from theirsisteron the basis of gender, while an Indonesian speaker distinguishes
kakak Oolder siblingd froadik Oyounger siblingd, on the basis of their relative
age. Here, we explore whether there are constraints determining which semantic
features are likely to cue shared category membership.

Despite an enormous amount of cross-linguistic variation, kinship terminolo-
gies are constrained by pressures associated with efbcient communication (Kemp
& Regier, 2012; Kemp et al., 2018). For a particular level of communicative pre-
cision, kin terms are maximally compressible, and for a particular level of com-
pression they are maximally precise. Lexicons achieve compression by mapping
similar meanings to similar wordforms N by being structure-preservingppo-
graphic (Brighton & Kirby, 2006). For instance, in English, the wordfouncle
maps to two concepts: OmotherOs brother® and OfatherOs brotherd. Words can also
be topographic at the morphosyntactic level, tcempositionat the English kin
term grandsoncombines the morphemea®n meaning male child, angrand-
indicating a two-generation distance from the speaker.

Using these insights about the expected relationship between meaning and
form, we explore whether kin terms exhibit universal tendencies in which se-
mantic features tend to predict shared form. We start with the assumption that
kinship terminologies are indeed topographic and use this to uncover their under-
lying semantic structure. We measured the extent to which a variety of seman-
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Figure 1. Final weight values for a sample of each semantic feature, ordered by median value.
four languages in our dataset. Generation is re¥Veights signibcantly decrease between succes-
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tic features are associated with shared wordforms in 1182 languages (data from
Kinbank: Passmore et al., 2023) by identifying six semantic features of interest:
Generation: which generation kin belongs tGender: gender of kinLineality:
whether kin is in EgoOs direct lineage or r@&nder of Connecting Relative:
gender of individual who connects kin to EgRelative Age: age of kin relative

to their counterpart (e.g. elder vs younger siblings); 8pdaker Gender:gender

of Ego (the person using the term).

We measured topographicity as the correlation between semantic similarity
(the weighted proportion of semantic features shared) and wordform similarity
(the proportion of each string that is identical, i.e. inverse normalised Levenshtein
edit distance: Levenshtein, 1965) for all pairwise combinations of kin terms in a
language (e.g. Kirby et al., 2008; Monaghan et al., 2014). We then used gradient
descent to maximise this correlation by searching the space of semantic similarity
weights, determining the relative contribution of each feature to topographicity.
This left us with a metric that specibes how much each feature contributes to
structured form-meaning mappings in a particular language; i.e. the extent to
which kin who share that feature are referred to by a similar term.

Our results show that languages differ in which semantic features cue shared
category membership: Figure 1 shows the optimal weights for each feature for
four languages in our dataset. Figure 2 shows that across the full dataset that there
is substantial variation between features, but nevertheless demonstrates that this
variation is constrained. Accounting for shared ancestry between languages, we
found a signibcant decrease in weight between each successive pair (e.g., Gen-
eration is reliably weighted higher than Gender, and Gender is reliably weighted
higher than Lineality, etc.), revealing a cross-linguistic hierarchy in the encoding



of semantic features in kin terms. We propose that the relative ordering of features
represents an adaptation to efbcient communication, a trade-off between how easy
a feature is to learn and the amount of information that the feature provides about
the referent.
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How precisely does human eye colour characterization follow colou
naming convention: An experimental study

Vojtech Fial&2, Juan Olvido Pered-D U tAnna Szalh Theresa MatzingérKarel
Kleisne? -LQG LFR %BUHMRKABDZ )\ZL6RED ZRMRLU ‘DFHZLF]

*Corresponding Author: viiala@umk.pl
1&HQWUH IRU /DQJXDJH (YROXWLRQ 6WXGLHYV 1LFRODXV &RSHUQLFXV

2Department of Philosophy and History of Science, Charles University, Prague,
Czechia

3Institute of Biomedical and Health Research, University of Las Palmas de
Gran Canaria, Las Palmas, Spain
“Department of English and American Studies, University of Vienna, Vienna,
Austria

Eye (i.e. iris) colour is a salient personal trait for which language may assign naming

patterns different than for other object categories. To test this possibility, we developed a

survey in which participants specify the colour of the stimuli irises in a questionnaire and

select the colour itself in a colour chart. We investigate to what extent labelling eye colou

is top-down (driven by linguistically established eye colour categories) vs batiom-
GULYHQ E\ WK HeveWsyehoghysibkhgbdRptoperties).

1. Introduction

Compared to other mammals, colour perception is particularly well-developed

among Old World primates, including humans (Vorobyev, 2004; Jacobs, 1993).

Even though our biology constrains colour perception (Skelton et al., 2017), there

is substantial variation in colour categorisation across individuals and populations

(Gibson et al., 2017). Beyond individual differences that may cause variations in

chromatic perception of the same colour (e.g. Bosten, 2022; Emery & Webster,

2019; Paramei et al. 2004), research suggests that both culture and language
systematically influence how speakers categorize and cognitively process
SHUFHLYHG FRORXUV g¢g]J]JHQ HW DO FI' .D\ B5HLJHU
culture-related factors (local conditions, lack of knowledge of foreign facial

morphology) have been claimed to lower agreement in facial characterisation

GXULQJ ILUVW LPSUHVVLRQ IRUPDWLRQ 3DYORYLpPp HW DO
Together, lack of knowledge, different adaptations, and variability in naming

conventions may lead to cross-population variations in the perception and verbal
characterisation of certain facial features.

Eye colour naming patterns may present such an example: The cross-
cultural agreement can be lowered both by the lack of knowledge of different eye
morphologies and colour categorisation differences. However, it may also present
a special case of a crosglturally stable naming convention. When Fiala et al.
(2024) asked participants from distant countries to distinguish eye colour into



VLPSOH FDWHJRULHY B3EOXH" B2EURZQ" 3*RWKHU"~ WKH\ UHVSHF
and eye colour variance measured in CIELab predicted assigned eye colours
similarly across cultures.
Even if certain iris colours were absent in a population due to limited iris
colour variance (e.g., subequatorial Africa, South-East Asia) and related
expressions were historically uncommon, terms like 'blue/brown’ and 'light/dark
eyes' may have been adopted through exposure to globalised culture. They may
DOVR EH XQGHUVWRRG YLD QRQKXPDQ DQLPDO VSHFLHVY H\H F
in (sub)tropical mammals (Tabin & Chiasson, 2024; Per&a FtD HW DO
The highly salient and cross-culturally appteb WHG H\H PRUSKRORJ\ :L FHN
2015) may then facilitate the creation of naming patterns that diverge from the
naming pattern for other surface colours and that is partly, or completely invariant
between individuals and cultures.

2. The current study
We asked the following questior(®: ,V LW MXVW WKH 3XPEUHOOD FRQFHSWV" (
YV EURZQ RU 3GDUN YV OLJKW"  WKDW DUH VKDUHG EHWZHHQ
cross-culturally? The agreement may be limited to simple iris colour categories,
but it can remain even for detailed categorisatignWhen participants are asked
to pick the iris colour from a chart, what is the distribution of, and cross-cultural
agreement in, the colours selected?
We identified a list of common human eye colour names being used to
describe iris colour variance in English scientific literature (Mackey et al., 2011)
obtained RGB values of these colours, or their best-fitting analogues according to
ISCC-NBS system (Judd & Kelly, 1939), converted the values to perceptually
uniform CIELab L*a*b colour space (McLaren, 1976), and created a
corresponding 2D colour chart with a range of the candidate iris-related colours
Using faces of a population with highly variable iris colour as stimuli (N = 195),
we will ask participants to choose the dominant iris colour before selecting it from
the chart.
This way, we intend to test whether participants agree on the iris colour
naming, on the colour selected from the chart and whether the level of congruence
DQG YDULDQFH GHSHQGY RQ WKH FRXQWU\ RI SDUWLFLSDQW
residence. We will code the names chosen by participants into appropriate
categories, and measure variance in naming and variance in selection from the
plot (the latter using Manhattan distance). We will analyse the data with Poisson
generalised models. We expect that participants will generally agree on the colour
they pick; however, there will be a larger variance and distance in raters
originating outside Europe. The survey is currently being prepared and will be
distributed in Europe, South-East Asia, and (via Prolific) through English-



speaking non-European regions, in English and in languages with similar colour
grids (at this stage, we do not plan to consider differences due to a different colour
grid in different languages). Results will be available at the time of the conference.

3. Supplementary Materials
https://osf.io/pwajh/?view_only=0b2d7df5dbda4bc6a88dd151eadblc4c
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Iconicity and compositionality can co-develop in communication
across modalities
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Previous work suggested that gestural and vocal coneation show different degrees of
iconicity, and thatigh iconicity may hinder the development of compositicstalicture.
Here wetested the evolution a€onicity and compositionality across modalities using
VR communication gameResults show thategtureonly pairs were more iconic and
communicatively successful than vocalizatmmly pairs yet pairs in both conditions
developedcompositionalanguagesoften reusing iconic elements. Our findirmsgport
the idea thaiconicity facilitatesthe emergence of structure across modalities.

Iconicity can help bootstrap emerging communication (e.g., Fay et al., 2013;
Perlman et a).2015. It is widely present in gestels and recent work shows that
it is also more prevalent in the vocal modalityrttmeviously assumed (e.g.,
Dingemanse et al2015 Perlman, 2017)At the same time, iconicity in acoustic
signals seems to hinder the developrmantompositional structure (Verhoef et
al., 2016), whichis considered central to language evolution (Kirby et al., 2008
Motamedi et al., 2019). Crucially, only few studies have directly compared novel
signal creation in the vocal and gestural modalities (Fay et al., 2013, 224, 2
Lister et al., 2021Macuch-Silva et al., 20200 RW L H N D W\ W}, dhthhoD O
study to date has examindwbw compositionality evolves over time across
modalities and how it relates to iconicity in manual vs. vocal communication

To test the (co-)evolution of iconicity and compositionality across modalities,
we conducted a dyadic communication game in an immersive Virtual Reality
CAVE environment(CruzNeira et al., 1992)Pairs of participants interacted



faceto-face using either gesture or non-linguistic vocalizations to refer to novel
creatures appearing around them in a virtual forest. The stimuli consis3@d of
fantasy creatures varyiran four semantic features: shape (4 different creatures),
size (small vs. big), movement (walk vs. jump), and speed (fastors). We

used PRAAT and ELAN to annotate the emerging communication systems of 6
vocalization-only and 6 gesture-only paiemalyzing signal for their duration,
number of syllables/gestures, speech/gesture rate (i.e., signal duration divided by
number of syllables/gestures), iconicity (measured as guessing accuracy by naive
participants Grosseck et al., 2024andcompositionality (measured as pair-wise
correlations between meanings and signal annotations).

Preliminary results showed that gesture-only pairs communicated more
successfully and created more iconic signals than vocal-only pairs (replicating
Fay et al., 2014; Macuch-Silva et al., 2020), yet accuracy and iconicity were also
significantly above chance in vocal-only pairs (Grosseck etal., ORWLHNDW\W
et al., 2024). Importantly, we found that compositionality emerged to differen
degrees in both modalities and increased over time, with different pairs
systematically reusing and combining iconic gestoaregocalizations to denote
GLIIHUHQW VHPDQWLF IHDWXUHY )RU H[DPSOH FUHDWXUHVT !
in the production rate of signals (i.e., faster movements exprégstaster
vocalizations and gestujedNotably, iconicity remained stable over time, and
emerging compositional languages often relied on iconicity (see Fiyureeke
results Bow tha iconicity and compositionality can emerge through
communication alone (extending Motamedi et al., 2019). Furthermore, our
findings support the idea that iconicity and compositionality @aaxist (Little
2017a,201).

Shape (“A") " Size (“big")

Shape (“B") ' Size (‘small'j

Shape (“A')V . Size (‘small“) -

Figurel: Example ofacompositionakystem thateusesiconic gesturefor size and shape.
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4! Discussion

Apes are known to gesture intentionally across lgegtural repertoires and
evidence ofntentionalityin nonprimates is restricted to one or two gesture
types selected for specific purpogBen Mocha & Burkart, 2021; Pika &
Bugnyar, 2011; Vail et al., 2013}lere weshow that semtaptive elephantsse
38 different gesture types only in the presence of an attentive raudance,
that they persist gesturing more when their goal is partially met compared to
fully met,while elaboratéoy using newgesturetypes after previouones
completey failedto meet their goalFuture studies should investigate
intentional gesturing between elephawotfurther our understanding tie
evolution ofthis capacity across socially compldistantly related species
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Humans tend to use the least effort possible when communicating, which leads to the reduction
of frequently used phrases over time (Oreducing effectO). While reduction benebts speakers, it
must operate without causing communicative chaos. We built an agent-based model to simulate
this process, and found that communicative stability is only guaranteed when speakers estimate
their ability to be understood as hearers, echoing Hockett and Hockett (1960). This requirement
highlights how debning principles of human communication also debne its further evolution.

Humans are notoriously lazy. Even though communication systems are known
to evolve spontaneously out of a common need between speakers and hearers
(Oliphant, 1997), the process of linguistic selection (Steels, 2012) states that
speakers will still select utterances that reach common communicative need with
as little effort as possible. That principle of least effort (Zipf, 1949) translates into
speakers using the least effort possible in their pronunciation, as long as the hearer
still comprehends their message (Ocommunicative successO).

One instantiation of this principle is the reducing effect (Bybee, 2006). This
theory states that words with high frequency are eligible for a fast process of
phonetic erosion, causing distinctive sound information to be removed from a
construction. An example of this is the highly frequent Englikinng which
eroded from the sequendedonOt know Reduction can also happen to lower
frequency forms, but to a smaller extent and at a slower pace.

The reduction process is benebcial to speakers, as it allows them to consume
less energy in reaching their communicative goals. However, the reducing effect
also shows how linguistic selection affects language as a whole, as reduced forms
can also become conventionalised within the linguistic system itself. Through
self-organisation (Steels, 2012), the system can reorganise itself to express the
same meanings using less complex representations. The self-regulatory aspect
of language is a reason why language is typically characterised as a complex-
adaptive system (Kretzschmar, 2015), which means language lacks a central au-
thority, and arises out of local interactions which shape the entire system.



The reducing effect raises interesting questions about the necessary require-
ments for speakers to maintain communicative success throughout the reduction
process. If the hearer misinterprets the form spoken by the speaker, this can cas-
cade into communicative chaos. Since language has no central control, this chaos
avoidance has to arise out of simple rules implicit in local communication.

To Pnd the minimal requirements for successful reduction, we built an agent-
based model in Python with MESA (Kazil, Masad, & Crooks, 2020). In our
model, we let a society of virtual speakers OtalkO to each other, and have the words
they use follow the distribution typical of natural language: a few highly frequent
words with a long tail of more infrequent words (Zipf, 1965). Each language user
has a memory of words with multiple exemplars (Pierrehumbert, 2001), repre-
sented by vector representations. Such vector representations are popular in the
Peld of machine learning, to represent both meaning (Mikolov, Chen, Corrado, &
Dean, 2013) and acoustic information (Baevski, Zhou, Mohamed, & Auli, 2020).
When a language user OspeaksO to a hearer, a random exemplar is selected from
the speakerQOs repertoire. That vector is compared to the vector repository of the
hearer. With the cosine distance metric, a vector neighbourhood from the hearerOs
repertoire is selected, and its associated words are tallied. The word most rep-
resented in the neighbourhood is the word OheardO by the hearer. Note that the
hearer does not know which word the speaker intended, so mishearings are possi-
ble. Of course, communication is more complicated in real life, but focusing on
the core of the problem is standard practice in any type of modelling (Smaldino,
2023).

To simulate the loss of acoustic information, we allow for a speaker to lower
the values in an exemplarOs vector at speech time. With this operation, the infor-
mation that was initially represented in that vector is expressed using less energy.
As words are used more, they have the chance to gradually erode into more efp-
cient representations.

Through our simulation, we found that bve requirements are imperative for
reduction to occur in the way described in empirical studies:

1. Language users should spontaneously reduce forms;
2. There should be shared vocabulary;

3. Vocabulary frequency should follow ZipfOs law;

4

. Language users should be able to remember multiple forms heard of the
same word;

5. Speakers should check whether they would understand a reduced form
themselves before speaking.

The Prst requirement is necessary to have reduction at all. While the next
three requirements come naturally from usage-based linguistics, we nonetheless



disabled them iteratively to check whether they were really necessary to give rise
to the reducing effect. (2) If agents use wholly different acoustic forms to refer

to the same concepts, communication is impossible; (3) if words do not follow a

Zipban distribution, reduction is equally strong regardless of frequency, which is
not what we see in corpus data; (4) if language users only know a single exem-
plar for each word, the representation of very frequent words shifts too fast, and
becomes too varied among agents to still lead to successful communication.

The Pnal requirement is the most interesting theoretically. If the requirement
is left out, the language system evolves into a state in which most reduced words
are consistently confused with the most frequent word. This is due to the avail-
able phonetic space becoming more restricted as more words become reduced,
with the most frequent words taking up the most exemplar space due to their
sheer frequency. As less frequent words creep into the busy phonetic space, their
representations become outnumbered by more frequent exemplars in the neigh-
bourhood. This leads to mishearings and mass communicative confusion.

This communicative confusion can be avoided by having speakers check brst
whether they would correctly categorise the reduced form they are about to speak
themselves. If not, the reduction process is reversed. This simple step avoids most
wrong classibcations and is roughly related to interchangeability as debPned by
Hockett and Hockett (1960). This requirement highlights how debning principles
of human communication also debne its further evolution. More generally, the
interaction of our bve simple requirements proves that even complex behaviour
can be brought back to a few simple debning features.
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We test the hypothesis in the literature that linguistic diversity hinders disease spread: peo-
ple speaking different languages contact less. We brst analyze Covid-19 transmission data in
countries differing in linguistic diversity, controlling for factors such as development level, ge-
ography, and climate. We then simulate the disease transmission in societies varying in size,
degree of contact, and network density - three sociopolitical factors impacting language diver-
sity. Both studies suggest that language diversity correlates with reduced transmission rates.

Moro (2016) hypothesized that language diversity might have helped mitigate
the problems of population growth when food supply and healthcare were lim-
ited. Combined with the more general idea that language diversity is shaped by
physical and social factors external to language (Nettle, 1999; Lupyan and Dale,
2016), here we investigate potential correlations between language diversity and
disease spread. We follow two complementary approaches. First, we compared
the spread of COVID-19 in regions that show opposite linguistic landscapes. Fol-
lowing Kirkeby et al. (2017), we calculated the average daily COVID-19 trans-
mission coefbciert for 101 countries using data from Johns Hopkins University.
We then compared disease transmission in countries differing in linguistic diver-
sity index (LDI) (from Eberhard et al. (2024)), while controlling for factors that
could impact disease transmission: temperature, precipitation, elevation, latitude,
human development index, road and population density, drawn from Global Data
Lab, Wikipedia, and the World Bank. A linear regression was done between the
difference in LDI ( LDI) and the difference in COVID-19 transmission raté ,
with other factors as predictors. Second, to clarify the mechanism of language di-
versity on disease spread, we simulate the behavior of a pathogenic vector in the 6
society types discussed in (Trudgill, 2011), hypothesized to impact differentially
on language features and language diversity. These 6 types vary in community
size, network topology, and degree of contact. Specibcally, we implemented an
SEIR disease transmission model (Bj¢ rnstad et al., 2020) for each of the 6 societal
types. In our model, each type consisted of 4 societies, each with 4 communities.
Size was modeled by changing the population number. Network topology and the



degree of contact were modeled by modifying the average number of people trav-
eling from one community to another, or from one society to another, respectively
(See Table 1). We implemented the model outlined in Lee and Jung (2015) with
MATLAB (R2024b). To quantify disease spread, we assumed a single exposure
case in community 1 from society 1 and measured the number of days for the
number of susceptible people in each community to drop below 50%.

Table 1.: The six basic types of society simulated in the study

Type Size Network Contact Population Within-society contact Between-society contact

1 small tight low 1000 [1,1.5] [0.1,0.15]
2 small tight high 1000 [1,1.5] [1,1.5]
3 small loose low 1000 [0.1,0.15] [0.1,0.15]
4 small loose high 1000 [0.1,0.15] [1,1.5]
5 large loose low 4000 [0.1,0.15] [0.1,0.15]
6 large loose high 4000 [0.1,0.15] [1,1.5]
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Figure 1.:a: Difference in transmission coefbcient () vs. difference in Lan-
guage Diversity Index!(LDI). b: Time (unit: daysx-axis) for the susceptible
population to drop below 50% in each community across scenariasi§). Com-
munities from the same society are represented by the same color.

Our brst analysis (Figure 1a) found a signibcant, negative effécL&fl on
'l (r =-2.665*10 4, p = 0.021), suggesting language diversity reduces disease
transmission independently of physical environment or social development. Our
simulation (Figure 1b) showed in general, larger population sizes, looser social
networks, and reduced contacts slow disease spread. Interestingly, scenarios 1
and 4/6 correspond to esoteric and exoteric languages, respectively (Wray and
Grace, 2007; Chen et al., 2024). Esoteric languages are typically spoken in areas
with high linguistic diversity. As shown, disease spread proceeds differently in
both cases, with slower ingroup transmission in the esoteric scenario but slower
intergroup transmission in the exoteric scenario. Overall, our bndings give sup-
port to the view that a barrier effect to disease spread could be one of the factors
promoting language diversity.
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We investigated whether rhythm discrimination is madryen by the native language of

the listener or by the fundamental design of the humaditory system and universal

cognitivemechanisms shared by all people irrespective of rhytpatierns in their native

language. The results showed that rhythm change ietésta fundamental function of a

processing system that relies on general auditory mesrha and is not modulated by

linguistic experience.
The existing literature is consistent with two plausible and reasonable hypotheses:
(LWKHU D OLQJXLVWLF H[SHULHQFH SULKDPULO\
processing, or (b) prosody in general (and rhythmic structurparticular) in
natural languages is shaped by the general design of the auditory system,
cognitive mechanisms, and neural physiology. On the one hand, rhythm
perception is essential for speech processing and for language acquisition in
infancy (Langus et al., 2018). Rhythmic patterns differ between languages
(Gervain et al., 2008; Ramus & Mehler, 1999; White & Mattys, 2007) amsl th
individuals may differ in their experience with different rhythms. Non-native
(Polyanskaya et al., 2017; Tajima et al., 1997) or pathological (Kent et al., 1989)
rhythm affects speech accentedness and comprehensibility. These observation
suggest that rhythmic patterns in speech might be processed via théogloaho
filter of the native language. In the other hand, rhythm perception relies on a
fundamental design of mammalian auditory system (Gitza, 2011; Greenberg &
Ainsworth, 2004; Hickok et al., 2015; Howard & Poeppel, 2012) that underlies
rhythm discrimination by animals (Tincoff et al., 2005; Toro et al., 2668)pre-
linguistic babies (Nazzi & Ramus, 2003; Ramus et al., 1999). This mechanism is
not unique to humans and is shared by all people irrespective of their native

RQHTV QDWL



language. We performed multiple experiments to pit these two hypotheses, both
logically coherent and plausible according to prior empirical evidence, against
one another.

We asked participants to listen to two continuous acoustic sequences and to
determine whether their rhythms were the same or different (AX discrimination).
Participants were native speakers of four languages with different rhythmic
properties (Spanish and Frenghegular rhythm; English and Germatirregular
rhythm), to understand whether the predominant rhythmic patterns of a native
language affect sensitivity, bias and reaction time (RT) in detecting rhythmic
changes in linguistic (Experiment 2) andnon-linguistic (Experiments 1 and 2)
acoustic sequences. Linguistic sequences were resynthesis of Welsh sentences
using Italian phonemes and substituting those speech sounds that distniot e
Italian by the closet matching sounds of Italian langusigelsh intonation was

lifted from the original sentences and imposed on resynthesized sentences. Non-
linguistic stimuli were monotonous syllabic sequences randomly concatenated.
Rhythm was manipulated by modulating variability in the vowel durations, higher
variability means less regularityUsing a post-test naturalness evaluation
experiment, participants rated linguistic stimuli as natural speech in a language
they did not understand, similar to natural language resynthesized in the same
mannerNortlinguistic stimuli were rated as less natural and not speech-like.

We examined sensitivity and bias measures, as well as RTs. We also computed
Bayes factors in order to assess the effect of native language.

All listeners performed better (i.e., responded faster and manifested higher
sensitivity and accuracy) when detecting the presence or absence of a rhythm
change when the first stimulus in an AX test pair exhibited regular rhythm than
when the first stimulus exhibited irregular rhythm. This result pattern was
observed both on linguistic and non-linguistic stimuli and was not modulated by
the native language of the participant.

We conclude that rhythmic cognition is based on general auditory and cognitive
mechanisms and are not modulated by linguistic experience and are shared by all
mammals. We suggest that the mechanisms are related to vocal learning, beat
induction, and rhythmic entrainment (the ability to coordinate motor output with
sensory input). The ability to discriminate rhythmic patterns in not ordy pr
requisite of speech development in ontogenesis, but also underlied speech
emergence in phylogenesis of the homo genera. Irregular rhythmic pateerns a
marked, in a sense that any communicative system that exhibits irregular rhythm
also exhibits regular rhythmic patterns, while there are communicative systems
that only exhibit regular rhythms. Also, regular speech rhythms are m
typologically common across languages, and the same markedness relations can
be applied to speech rhythms. Regular rhythms allow better coupling between the



acoustic and neural oscillations and facilitate processing of the auditory input.
Thus, switching from regular to irregular rhythm can be explained pgrehing

the repertoir of meanings to be expressed by prosodic means and faciditate th
transition to the referentiality of the signals.

These results raise a series of further questions about rhythm perception and
language evolution. We indeed suggested that the results are likely to be
generalized across mammals (based on common rewaabustic entrainment
mechanism), yet we cannot say how far back in evolution we camhgher it

is generalizable across vertebrates (e.g., songbirds, who also exhibit rdenarkab
vocal learning ability). These questions require dedicated empirical studies to be
answered.
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In this work, we hypothesize that the navigation sysseipported by the hippocampus
could have served as the evolutionary origin of dorgaimeral recursive computation in
humans. Reviewing navigation and recursion abilitiesnivertebrates and vertebrate

suggests that they correlate with each other. Neolagital studies also show that the
hippocampus plays a crucial role in both abilitieevBopmental and clinical research
supports our hypothesis as weWe further propose a key role of Human Self-
Domestication in the hippocampal refinement.

Clarifying which aspects of our cognition can be regarded as specific tanisum
and how they could have evolved from precursors otherwise shatredther
animals is a big concern for many disciplines from psychology to ethatogy
neuroscience. Recently, two lines of research have offered some promising
insights into this complex issue. On the one hand, several studies laavieex

how concepts are computed by the brain, with a focus on the hippocantpits

role on navigation abilities (e.g. Courellis et al., 2024; Kazanina & Poejij2s).2

On the other hand, ongoing research has identified a domain-general ability for
processing recursive hierarchies, which manifests itself in language, music,
mathematicsand other human-typical abilities (Dehaene et al., 2022; Fitch, 2014).
This work aims to bridge these two disparate narratives of our cognitive
unigueness. We propose that the hippocampal mechanism for navideding t
world could have served as the scaffolding for the evolution of ouraitiem
general ability for computing recursive structures. Instead of suppaingngew
WKDW KXPDQV LQGHSHQGHQW Oieldted Rnechi&hism EdR W K
computing recursion and a hippocampal mechanism for computingguage

of Thought, we suggest that we improved the hippocampal navigation system
(intra- and inter-hippocampal connections) and later applied to different dgmain
in line with the domain-general nature of most if not all representational and

D
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computational brain devices, in line with Poeppel and Embick (2005) and many
others.

For achieving this goal, we first review navigation abilities and recursion-like
behaviors in other species, both invertebrates (ants, bees) and vertebraggs (bird
including mammals (rodents) and primates (including humans). We fodbhg on
navigation toolbox (Wiener et al., 2011; Jeffery et al., 2024) and Gtjoms
hierarchy (Heinz, 2016), respectively. We found that the more sophisticated
navigation abilities one species has, the more complex the recursive-like
behaviors it also exhibits. This supports the view that our advanced navigation
abilities could have improved our recursive abilitiesfasid, most notably, in
language).

To provide additional support to this view, we review selected neurobiological
studies on navigation and recursive-like behaviors in animals including humans
We found enough evidence of a functional connection between, specifibally,
hippocampus and brain areas known to be involved in (domain-general
recursion(-like) abilities

Next, we provide further support to our view by reviewing evidence tfe)
parallel improvement of navigation abilities and recursion abilities during child
growth, and ii) the comorbidity of navigation impairment and recursion
impairment in human prevalent cognitive disorders, such as Alzh&iDerease
(Coughlan et al., 2019; Ekstrom & Hill, 2023), particularly, in cases of
hippocampal lesins

Finally, we hypothesize that Human Self-Domestication (HSD), that is, our
evolutionary trend towards more prosocial behaviors (this also impacting on ou
body and cognition), might have played a crucial role in this proce¥sddining

our hippocampal activity and ii) enhancing the connections between the
hippocampus and other brain are8ghavioral, neurobiological and genetic
evidence support this view (see Ben'tez-Burraco, 2021 for detailssome
extent, this process can be construed as extending our sophisticated navigation
abilitiesfrom foraging to navigating a more complex social world

In conclusionpur cognitive(non)uniqueness has certainly bewildered cognitive
scientists for decades.ubhypothesis provides a potential answer to the origins
of one of our distinctive features, namely recursive processing, which hagét
evolved from navigation abilities with precursors in other species.
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During speech segmentation, hureagly more orthe lexically loaded¢onsonargthanon
the acoustically salientowels. To investigate whethehis consonant bias human
unigue, we comparedonsonant vs. vowetbased speech segmentation in humamd
family dogs living in the speechich human envionment.Neural evidence demonstrates
that in dogs, like in humans, consond#ased segmentation is more efficieBeing
exposed to speech may thus be sufficient for linguistses on statistical computations
to emerge, even ianevolutionarily distantnammal

Across languages, consonants carry more lexical infoomathan vowels
(McCarthy, 1979; Nespor et al., 2003). This may explain why inamsm
statistical computations underlying automatic word efistacfrom continuous
speech streams (Saffran et al., 1996) rely more heavitposonant than vowel
patterns (Bonatti et al., 2005; Mehler et al., 2006; Toad.£2008a)But it is yet

unknown whether consonant bias reflects a prelinguistiend processing
preference in humans. Such preference might have pronhetegteater lexical
informativity of future consonantdlternatively consonant biasould emerge
experientially in language-exposed non-humans as well and erafdre be the
consequence, rather than the cause, of the greater leddabf consonant3.o

test this, we directly compared the EEG responses of mauNe18)anddogs



(N=24) to continuous 7-min speech streams consistingisyll&abic nonsense
words defined by either consonant or vowel patterns (consstraictured
condition: e.g. muzit, mozite, mozYtavowelstructured conditione.g kemuba
fezuba kezuda). Neural entrainment to the word-level frequency (HB33
reflecting speech segmentation efficiency, was assessidepyrial coherence
(ITC), a measure of phase consistency across triatliffatent frequencies
(Batterink et al., 2017). We found stronger word-level (1.33Hz)rateu
entrainment for consonant- than vowel-structured speteehAnss not only in
humans but also in dogs (Fig. 1.)
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Fig 1. Electrode placementgA, C) and results. (A) Median ITC values for the human suliein
the frequency spectrum between 0 and 5 Hz. The miebdrequency spectrum includes word
frequency (1.33 Hz), its first harmonic (2.66 Hz), aytlable frequency (4 Hz). (B) ITC values at
1.33 Hz, for each conditiam humans(C) Median ITC values for the dog subje¢i) ITC values at
1.33 Hz, for each conditiom dogs

These results provided the first neural evidence thatareamt bias during speech
segmentation is not unique to humans but is also praseiugs Our findings
suggest that exposure to speech may thus be sufficient doiidiit biases to
emerge, even in evolutionarily distant, non-speaking spdeigthermore, this
raises the possibility that in the early human brain repeech processing
mechanisms may have developed as a consequence of rapidoeeojuti
adaptation to the emerging, socially relevant stimulus,speech.
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Prominence in Protolanguage

T. Mark Ellisor
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We are prediction engines, and have been for longer than we have had language. Understanding
language is a Bayesian inference task needing us to predict language production behaviour. To
be efbcient communicators, in terms of effort expended, producers must predict how under-
standers will interpret their productions. Linguistic prominence behaviour arises naturally as
language producers use minimum effort to guide understanders. The prerequisites for promi-
nence phenomena may have been already present in protolanguage.

1. Prediction and Prominence

Human beings are prediction engines, in fact, this may be a property of all living
beings (Friston, 2010, 2012; Friston et al., 2023). Pickering and Garrod (2013)
offer an account of how language understanders use their production capability
to enhance their predictive capability during perception. In this paper, | describe
model of communicative understanding and production relying on audience de-
sign and efbciency, enabled by prediction and social cognition. To the extent that
these prerequisites are substantially present in great apes, the consequential fea-
tures of communication likely arose early in protolanguage.

1.1. Bayesian Interpretation

The simplest model of communicative interpretation, relates the the prior expec-
tationPy (m) by the understandés of the communicator referring to something

m, to the likelihoodP (f |m) that they express it using a forfn given the prior
likelihood P (f ) thatf is used at all. Bayes theorem brings these into an expres-
sion for the likelihoodP (m|f ) that the language producer intended meamng

).

P = S Pu(m) )

The expectatioy (m) of a referenim being referred to next can be equated
with its discourse prominenceon Heusinger and Schumacher (2019).



The remaining term on the right-hand side of (i}%, balances surprisal
VP (f ) of the formf with the aptnesP (f |m) of it expressingn. This combined
term is called thdorm prominencef f . Note that the form prominence cannot
be determined apart from its aptness for expressing a meaning.

1.2. Audience Design

Producers communicate better if they model the recipientOs interpretation process.
Avoiding uncertainty in interpretation, they may maintain a thresholével of
interpretative conbdend@(m|f ) in their intended meaninm. To do this, they

need to model the understanderOs expectafigfim) about what meanings are
coming up next, i.e. their listeners discourse prominence levels. Then they should
choose a form with the right level of specibcity to ensure understander conbdence
at or above the threshold (2) for the correct meaning.

P(f Im)
P(f)

At the same time, FristonOs notion of uncertainty minimisation suggests that
language producers will reduce their uncertainty in their own choices, i.e. choos-

ing the most likely form which satisbes the threshold. This will be an expression
which minimises thdorm prominence

. Pu(m) )

1.3. Implications

Form prominence minimisation by producers means that as far as the options
available in the language allow, the inequality in (2) will approach equality. Thus
form prominence will trade off against discourse prominence: unexpected mean-
ings will be expressed with less common, more precise forms. This behaviour is
found at many levels of linguistic structure, e.g. syntax (Jaeger & Levy, 2006),
lexical choice (Mahowald, Fedorenko, Piantadosi, & Gibson, 2013), phonetics
(Aylett & Turk, 2004). As an example, pronouns become key tools in commu-
nicative efbciency. Referents with high discourse prominence is efpcient with a
high-frequency, ambiguous form (i.e. one with low form prominence).

2. Prominence in Protolanguage

The above model of communication requires only that the communication pro-
ducers and interpreters are both predictive agents, able to model each othersO be-
haviour. Given that great apes have substantial social cognition, including the
ability to understand that otherOs access to information is different to their own
(Tomasello, 2023), it is reasonable to expect that as our ancestors moved into the
proto-language stage, the implications of prominence also applied. Consequently,
many prominence-phenomena, such as pronominalisation, may have arisen early
in the proto-language stage.
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Reconstructing linguistic proto-forms using phylogenetically-aware Neural
Networks

Frederik Hartmanf
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Reconstructing proto-forms of lexical items using computational models is a notoriously difb-
cult task. Although attempts have been made to reconstruct proto-forms from a set of descen-
dants using Neural Networks, these models do not account for phylogenetic information of the
language family in question. The paper at hand tests Recurrent and Transformer Neural Net-
work architectures that can take the linguistic family trees into account. The results show that
incorporating the family tree can give a minor boost.

The computational reconstruction of proto-forms of lexical items has been at-
tempted in recent years with various different methods and model types. Chief
among those, there has been a rise in Neural Network approaches (Hartmann,
2021), (Fourrier, 2022), (Lu, Xie, & Mortensen, 2024), (Fourrier & Sagot, 2020).
This task is notoriously difbcult since it combines a small-data problem with
under-labeled data, with very little data for training and testing. Most studies
focus on reconstructing an ancestral form from a set of descendant items without
adding information about the family tree. However, information on the relatedness
of the languages the lexical items were drawn from, could enable the Neural Net-
work to detect language-specibc sound changes and account for those. The paper
at hand tests a Neural Network model that can take into account the tree structure
of a reconstruction problem to gauge whether such an architecture is feasible.

Specibcally, a model was created that can take as input phonetically tran-
scribed descendant words split into individual segments, a language family tree
in the Newick format, and branch lengths for the associated tree. The model was
prst trained on a simulated dataset obtained through the following process. The
Indo-European lexical cognate daféELex) (Dunn & Tresoldi, 2022) database
was taken as a basis for a cognate-annotated lexical dataset. To be able to accu-
rately check the accuracy of the model predictions, sound changes were simulated
in a language family over time to have full control over the linguistic patterns
in the dataset. For this, we can create a random family tree with varying branch
lengths and six terminal nodes using the R paclgmEParadis & Schliep, 2019).
Simultaneously, the Python libralingpy (List & Forkel, 2021) was used to align
the words in the dataset by segments for each individual cognate. Merging those



by bigrams to capture the immediate phonological environment of each sound
provided a list of existing sound variations and their immediate environment in
the languages in the dataset. To simulate the sound changes in a tree, the original
lexical dataset was taken and assigned as the Oancestor lexiconO to the root of the
tree. For each edge in the tree, a number of bigram pairs from the bigram varia-
tion list were randomly selected, proportional to the edge length, with a maximum

of 20 changes per tree, and applied to the lexicon. This was done iteratively for
every branch until an ancestor lexicon and six descendant lexicons, which have
gone through a series of consecutive regular sound changes, remained. Lastly,
those cognates where less than 80 percent of descendants have changed to avoid
having a large number of unchanged words in the dataset were Pltered out. This
was repeated 100 times, which gives 100 simulated trees, each with approximately
2,500 cognate sets. This procedure has the advantage that the Pnal dataset con-
sists of a known ancestor lexicon and a known tree structure, so the model results
can be directly compared to the exact response (however, see discussion on the
drawbacks below).

The models themselves are custom-built graph-based LSTMs and Graph-
Transformer NNs. Both take the descendant words, the tree structure as an ad-
jacency matrix, and a branch lengths matrix as inputs. Both networks brst embed
the characters in each word before The Graph-LSTM model does this by having
the individual LSTM cells move over each cognate individually, sharing informa-
tion from the cell and hidden states with LSTM cells of words at adjacent nodes in
the tree. The Graph-Transformer, on the other hand, derives a soft attention mask
from the adjacency matrices and thus attends more to segments in words that are
connected nodes in the tree. Both networks receive as input the descendant words
and predict both words at the descendant and ancestor nodes. Having the net-
work predict all words at all nodes, even those it has received as input, improves
training, while accuracy is only calculated on the unseen ancestor nodes.

Both models reconstruct on average 94% of all segments in the ancestor words
correctly, on a validation set with 10 unseen trees (10% of trees in the dataset,
random baseline! 1%). When running the models on the data without the
tree-attention / tree-memory architecture, accuracy drops to 76% for the trans-
former model and to 42% for the LSTM model. This shows that incorporating
phylogenetic graph structures into the attention mechanism of a transformer or
the memory of parallel LSTM cells enables the models to learn structured rela-
tionships between cognates and to apply family-independent reconstructions to
unseen trees.
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S5HYLVLQJ +RFNHWW{V p'HVLIQ )HDWXUHV RI /DQJXL

OLFKDHO 30BDUHFXY 3HWORDRS\RAQ GH IHXE /LPRU 5DYLY

&RUUHVSRQGLQJ $XWKRU SOH\HU#XPN SO
&HQWHU IRU /DQJXDJH (YROXWLRQ 6WXQIFERUXLFRODXV &RSHUQLF)
7RUX 3RODQG
'HSDUWPHQW RI /LQJXLVWLFV DQG &RPPXQLFDWLRQ 8QLYHUVLW\
%LUPLQSKDP
'"HSDUWPHQW RI 3V\FKRORJ\ 8QLYHUVLW6RI :LVFRQVLQ ODGLVRQ
&RPSDUDWLYH %L RDFFXODWQIERY, QWRWSNV XWH IRU 3V\FKROLQJXLVWLF
ILMPHIHQ
$UWLILFLDO ,QWHOOLJHQFH /DERUDWRU\ 9ULMH 8QLYHUVLWHLW
%BHOJLXP
'RQGHUV &HQWUH IRU &RJQLWLRQ 1HDGERXG 8QLYHUVLW\ 1LMF
/($'6 *"URX®[30DQFN ,QVWLWXWH IRU 3VMIWFKROLQJXLVWLFV 1LMPH

+RENHWWTV GHVLJQ IHDWXUHW R L @IDXHDY HDIODIY®! EBIOIDXRIH HYROXWLRQ
UHVHDUFK DQG FRPSDUDWLYH ZRQN RRZHXYGUPDD PRBRXQ@LFDWL
XQGHUVWDQGLQJ RI ODQJXIHWKQB R QY LRV DMKLW D UFPLHAZIRAIND WHUH ZH
IRFXV RQ WKUHH LPSRUWDQW JERB DRSO MFKOIWAL RCDW HRZIL & R FLNHQV W TV
GHVLJQ IHDWXUHV L PXOWHRPRGWOLWL D\@KCHVIKRIFRWIRFRQ G LRI ODQJIXDJH
DQG LLL ODQJXDJH DV DQ DGRBIVIMKHVH WHE® EHVQWHWKBBEIOHFW WKH
FXUUHQW UHVHDUFK ODQGVAMSHFR@SODEVYRQWDWH FURVV VSH

/IDQJXDJH LV VHHQ DWKIRRWWRGHLL @R WUDLWV RI RXU VSHFL
ZKDW LV ODQJXDJH DQG ZKDW PD&KDNUDWVVRRERHTXM" ,Q
SXEOLVKHG 37KH RULJLQ RI VSHEFK{DWQXPWWDKDLM JDUHGH VL
DOOHJHGO\ VKDUHG DFURVV KXP MR IO-DDKKD JIGLVIQQIXKNKR WL
ODQJXDJH IURP RWKHU FRPPXQLFDWKRW®Q IRWWHPWLREBRHWW
ZRUN PDUNHG D UHQHZHG HY RGWVEL RRY DAD MIKXDURID BKQ &/ K WK H
EHHQ KLJKO\ LQIOXHQWLDO HRWRSMAW fH/ JS XRFINFDWLRQV RQ V
KDYH EHHQ FLWHG WKRXVDQGWDRVXWHRHVH DI KLV GHV
PDLQVWD\ RI FODVV VI\OODEL D@IXIDWHLBWIBQE RI® IL\QLFBIQ\
VFLHQFH WH[WERRNV FI :DFHZLA] SRSXXODU SUHNY ZHOO L



SXEOLFDWLRQV HJ -RKDQVVRQ WLRQWRUHRNHHQWRWWYHQHU
+RFNHWWfV GHVLJQ IHDWXUHWPRKGONE ERHHE YWIOK BBMLRI DD GR V
FRPSDULQJ QRQ KXPDQ DQLPDO FRPPRQRBRQRWARIHV\VWHPV ZLW
+RZHYHU LQ WKH URXJKO\ \HDURSRVEBH WHHHY HZ HRUDIWIX U N W
KDYH EHHQ FULWLFL]JHG HJ DOMGI D *QRDQGNHYWBUFD
'DFHZLF] )\ZLF]\ VNL ([WH®G WDIQRQFW KW VHXHRS KHUH
ZH DUJXH WKDW +RFNHWW{TV GHMXIIKONUMHYULNWGOBRG WR El
XSGDWHG WR EULQJ WKHP LQ\OLDRMVZEW KQROMLYGFWNVL HQ FH. Q@
DQLPDO FRPPXQLFDWLRQ DQG RRRIRM MWLHRQ QVRLLDFLQWRDWH
ODQJXDJH HYROXWLRQ 6SHFLILEADRDG &RIPDROXV WK® WV KU HH
FKDUDFWHUL]H RXU PRGHUQ XG> MWUK\DWD B B E K JK RJ KE®D.Q B XD WHK HE
QHHG IRU D IXQGDPHQWDO UHDOY.DIDWDRQ R) BRENHWRRIQFHS
GHVLJQ IHIPXMO®WHWRGDOLW)\ DQG VHIPKIR WXEFGULLYRHUW RW \
ODQJXDIHS ODIQUXDJH DV DQ DGORSWH[DHP YOUWWHARLOH RQH RI
+RFNHWWV GHYVLJQR FHDIDWDXXGIVW ERRGEHEIQ QHYHDUFK KDV
VKRZQ WKDW ODQJXDJH LV IXQ&BRBQWIFEQD PKORRPKEGDO H
g]\*UHN /IDQJIXDJH H[KICAIWIVDRRGPMQIEGH[UHDOLVHG
LQ GLIIHUHQW PRGDOLWLHV H J (WHQQ/SBOBKDLIHWEWKRWAH
LQWHJUDWHG ZLWK VHPLRWLF FKH QIXHEYV D/XE K IDALF® VSHHFF
H[SUHVVLRQV /HYLQVRQ +ROOHWLPDO ®&ISHFRLBWO\ PDQ\
FRPPXQLFDWH XVLQJ PXOWLPRGDO VKLIKIANV KWK IDQ IJW KIDH\HU
SUHYDOHQFH RI PXOWLPRGDOLWY D§FQURW K HARFAPXREGEBWVYRQ V\\
+REFNHWW VVISHDARLRORJBRWIL@D WKDW WKH IXQFWLRQ RI ODQJXD.
WUDQVIHU RI VHPDQWLF LQIRUPDWRRBYKXVULQPROHBIQ/ FUHWH 3
UHVHDUFK VKRZV WKDW ODQJXDFK BMUNRALPXO/WILGSDE LIXDFWL

6PDOGLQR 7XUQHU DQG FRIQWDMLYH DOIPGHQWBWLRQ
PHDQLQJ PDNLQJ UHOLHV KHDYLIDQ®RQQIHDBHRFWMLFHLRWYHQVL
BFRWW 3KLOOLSYV ,Q IDFW FRVWBHIFWHBERQVLQJIFKRMIUD O ||

ODQJXDJH DV LW HQDEOHV LQWHUODORBXWRKUQY WW XQMWFR @ EH
FRPPXQLFDWLYH DFW :H WKHURIRRHN MYV HYWY LWVOK H UHREWR UDAVD Q
FRPPXQLFDWLRQ IRU UHYLVLQXDVUKH GHUGIBLWHRWYXZKYORI OD
+RFNHWW FRQFHLYHG ODQJXDJHVBAD WKBUBBWMXUHVH® REG HU @ H \
UHVHDUFK YLHZV ODQJXDJH DV D DEQSWRMOWDUWHR\QDPLF
%HFNQHU HW DO ZKLFK LYQFW® N @KRXHO \WKKD Q BIVQ J Q
IHDWXBXORIXUDO WWWDWOQVRQYVKRQSURFHVV WKDW LQ LWVHOI
FUHDWLRQ RI RWKHU @HMLLIW UIB D MOHINMEGY B O R\PWR F L W\
SDWWHU@PLQQWHUDFWLRQ DQG WUDQVIPQ WHWRKD DAK VKRZQ LQ
RQ WKH FXOWXUDO HYROXWLR® R| ODIQUKDHBMW DRWDPHGL HW
5DYLY HW DO ‘H RITHU DXMDRPLSRUH RH @ REWH WW HYGBVLJIQ
IHDWXUHV LQ OLJKW RI WKHWN \BRGHWKR Y HWDDWKWEL\S QHZF L !
IUDPHZRUN QRW RQO\ EHWW IHK OB QDGMRD\E MV KEHX WX D O M R W HUHWHH
DV DQ LPSURYHG URDGPDS IR W IXYXRIMOFIRPFSMXUDLWDYWH. RRUN L
DQG FRIJQLWLRQ



SHIHUHQFHV
%HFNQHU & %O\WKH 5 %\EHRURIVRGKULYOQDWQVHQ& 0 +

+ROODQG - .H - /DUVHQ )UHHPDQ 6FKRHQHPDQQ
/IDQJXDJH ,V D &RPSOH[ $GDSWLYH/BQUWBPH 3RVLWLRQ 3I
/JHDUQLQJ + KWWSV GRL RUJ [ M

&RKQ 1 BFKLOSHURRWEOWLPRGDO /DQJXDJH )DFXOW\ $
&RJIJQLWLYH JUDPHZRUN IRU +9%© B R PRERRIX BLXFEDON VR Q Q J

+HLQW] & 6FRWW 3KLOOLSWHDVKHG {[ISH HIW\RLRQVKRQ D U\
DQG FRJIJQLWLYH IRXQGDWLRQV KO YK RRDQ@ RFP ¥QLIFIDQV L R Q
6FLHQFHYV H KWWSV GRL RUJ 6 ;

+RFNHWW & ) 7 K H6 RIVHLQ MQ. IR F \$SPHHHURLKE D Q

+RFNHWW & ) 7KH SUREDID RH X,QLY HU VDY Q DHU J

(G 8QLYHUVDOV RI /BGIXDJIH 0,7 3UHVV

-RKDQVVRQ ®BKH 'DZQ RI /DQJXDJH 7KH VWRW\ RI KRZ ZH FDPH
) 3HUU\ 7UDQV ODF/HKRVH 3UHVV

.LUE\ 6 7DPDUL] 0 &RUQLVK +&RPBPHWKLRQ DQG
FRPPXQLFDWLRQ LQ WKH FXORWWXW D BARMNRUGWORIORQ RI OLQJXI

+ KWWSV GRL RUJ M FRIQLWLRQ

IJHYLQVRQ 6 & +ROOHU - XPDQ7RMORWLBRGDR K
FRPPXQLFBMLARRY¥RSKLFDO 7UDQVDFWLRQV RI WKH 5R\DO
%LRORJLFDO BFLHQFHYV
KWWSV GRL RUJ UVWE

IXS\DQ  * :KDW GR ZRUGV GR" RIRZDUGV D WKH]
ODQJXDJH DXJPHQWHG WKRXJKWH ,3V\%BKRORIRVRI (G
/JHDUQLQJ DQG ORWLYDWIRQ * $FDGHPLF 3UHVV

ORWDPHGL < 6FKRXZVWUD 0 - 6PLWKE\. 6 &XOEHUWVRQ
(YROYLQJ DUWLILFLDO VLJQ CPBQURYILMHG LIHWKXUEBDWR )URP
V\VWHPDWRBQLWQRQ

200HU ' . 8QGHUSLQQR®PXQIRAD W LWKHRYR RXVFLRQ ,Q
' . 200HU 8 *ULHEHO (GV LEFDRALRWLRY\WHFERPBXQ
FRPSDUDWLYH DSSURDFK SS  # 0,7 3UHVYV

g]\*UHN $ &RQVLGHULQJ R\GKHD /DW XXBIJR 10RO WL P
&URVVOLQJIXLVWLF-RS8HQUOHFRILYBRIJQLWLRQ
KWWSV GRL RUJ MRF

5DYLY / OH\HU $ /HY $ULLRQDO VVEBRBSWXUW FDQ HPHUJH
ZLWKRXW JHQHUDWLRQDO WUDQVPEVVLRQ &RJIQLWLRQ
KWWSV GRL RUJ M FRIQLWLRQ

6PDOGLQR 3 ( 7XUQHU 0 $DOLQJ L¥RNEUMNGVEWQYH
FRPPXQLFDWLRQ VWUDWHJ\ 3MQFERDRUNVFHD G RBKVIHEZLRQV

6WRNRH : & -U 6LIQ HMO2XIVIH @MW R PWKKHI KLV XD O
&RPPXQLFDWLRQ 6\WWHPV RI7TRHKHREXPIODIOFRQ "HDI
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KWWSV GRL RUJ GHDIHG HQL

‘DFHZLF] 6 J\ZLE]J\ VNL 3 OXWDRQXDKH +RIRNHWW |V
'HVLJQ )HDWXUHV DUH %DRVIHRRQ BW DEWVH U
KWWSV GRL RUJ Y%

'DFHZLF] 6 30H\HU 0 6]F]HSDZYNDVN®D $ZD 3RQLH

J\ZLF]\ VNL 3 7KH UHSUHRPEWOQWAIRQLRQ MDPLEP D O
ODQJXDJH HYROXWLRQ LQ LQWNVGXFRKRIDDOLAIXLVWLFV
/IDQJXDJH (YROXWLRRWWSY £RL RUJ MROH O]DF

=KDQJ ( 4 30H\HU 0 SORQDUG , @MHILDIWIERQ LQ WKH
BWXG\ RI &RPSDUDWLYH &RJQLWIMRKH (PRDXW\RQURIP 6W X G\
OXOWLPRGDO &RERRODEDWILRE &RIJQLWLRQ %HKDYLRU 5HY

+ KWWSV GRL RUJ &&%5
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6DGDW 7DZDKHU 6LJQ /DQJXDJH (PHUJHQFH GHYHORSPH(
WASRORJLFDO QRYHOW\

6H\W\HG +DWDP 7DPIRPQQELHI @& :LOEXU

&RUUHVSRQGLQJ $XWKRU VKWDPLPL #JPDLO FRP
,QGR $PHULFDQ &HQWHU ,$& &KLFDJR 86$%
'"HSDUWPHQW RI /LQJXLVWLFV 3XWEXH6SQLYHUVLW\ :HVW /DID\HW

$SSUR[LPDWHO\ VL[W\ \HDUV DR R{PDI WV1H @ OWKL@ IV N LEHIDH) KR XVHKR O G
LQ D VPDOO ,UDQLDQ YLOODJHXQR[SHEMOG DOGFRPIREBHQORVV RI
KHDULQJ 'HYHORSHG E\ KHDUUQJOD®1®D PH PEKIBL WAVKLYDWPLP DWLFDO
IHDWXUHVY WKDW GLIIHU IURP WKH WMXMHPEOMG WKR VIS RRHQ GSUDELF \HW
HVWDEOLVKHG VLJQ ODQJXDJHWXWKIW DV IQHZ FIDQUKIRIB\ FRR QVMQ J X D J H
HPHUJHQFH2RQH WKDW QHLWKHO DQWXD2HWKLSR &/KH BRWUKDW BEHHQ
SUHYLRXVO\ UHSRUWHG

$EVWUDFW

,Q WKLV VWXG\ ZH SUHVHQW D LQUWWBDKN Q@S KURWRDMFHD®\ DFFRXQ W
VL[ GHFDGHV DJR GHWDLOLQJ D HARDUMOQE R IHY QM WKDW OHG
VLIJQ ODQJX®DEDW/ 7DZDKHU 6L6J@//DRHRDILHFDOO\ ZH

SXUVXH D WZR IROG REMHFWLYH UHYDWGQWDF6NIBF L WR H[DPL
GLYHUJHQFHV IURP WKH VXUURXQGLGWNMERNG® ODYIXDIJH DQG
SODFHPHQW ZLWKLQ WKH EURDGHU W\SR®ELFRI VLIJQ ODQJXDJH
/IXJKDW ,VKDUDW 6D/GI/WH POUIBIGD RBWXUDOO\ DURXQG VL[W\ \HDU
ZLWKLQ D VLQJOH KRXVHKRODG DLW WKXAHIKPDM®R FRWEODBJH RI

LQ VRXWKZHVWHUQ ,UDQ IROORZLQJ WMH WX®GHQ DQG FRPSOHWF
\HDU ROG PPRQDPIEHG $W WKH WLPH +DQDVK KDG QR UHDGLQJ OL
DQG WKHUH ZDV QR DFFHVV WR GHDH NGRFDRHIR@V @HDYLQJ uJHVW
FRPPXQLFDWLRQ EHWZHHQ KLP DQGVKLIVQUXRVEHD QBKLWLHQGV :KD
FDVH LV WKH VXEVHTXHQW GHYHORSHTHMVRQL G WRHW DEVHQFH RI
NQRZOHGJH RI RU H[SRVXUH WR DQ\ 6/0 WKBUZIQD| LQGLYLGXDOTYV
QDWLYH VSHDNHUV Rl .KX]JHVWDQL $OBBHR DKB 2LQJHQLRXVO\
HODERUDWH JHVWXUDO VI\VWHP WR FRPPKQERBWGHAM WK +DQDVK 2
676/ KDV JUDGXDOO\ HYROYHG LQWRFIVUXBO\ GHYHIORISHG ODQJXD.
D ZLGH UDQJH Rl VRFLDO DQG SHUVRQD ® GRKRXIKFDWLRQ QHHGYV
LW LV ZHOO HVWDEOLVKHG WKDW WM @ X U Q ROOQHBQARHVVSRNHQ OD (



WKH GHYHORSPHQW RI D QHDUE\ 6 QRHLU 6D®GOHU 3DGGHQ  $UJ
LV QRWXDOO\.KRREXME UDWKHU D W\SRORJLFDOO\ GLVWLQFW ODQJ.
ZHUH FROOHFWHG IURP QDWLYHHVLJQBQVLQJHRDDHY DQG PDC
IURP WR XVLQJ D YDULHW\ Rl HOLROWDMHER Y MWBFHIGQLTXHV2LQF
VHQWHQFH SURGXFWLRQ IUHH VWRURDH®ONQY PIFWXUH DQG YL
JUDPPDWLFDOLW\ MXGJPHQW WHVWYUHDKH QHQBWQYW UHYHDO Wk
PDUNHUV DQG ZK ZRUGY DSSHDU LWLBOHSRVEWDR®WG FODXVH
UHVSHFWLYHO\ LQ .K$ D D WKH\ SUBOGRPIRMLQWRQRFFXU LQ VH
LQ 676/ E E B5HJDUGLQJ WKH VLJQLQITRRBABQLW\ 676/ KDV El
DFURVV WKUHH JHQHUDWLRQV HQFRBSWWKWLGHDODPLO\ PHPEHUV
LQGLYLGXDOYV VLEOLQJV FKLOBVHRQDXPUODPBFEHOBUHQ DV Zt}
VXFK DV FORVH IULHQGY DQG QHLJIQERWVUDIQXUHY DJH 7KH VL
I[URP W R \HDUV ROG ORVW IDPLO\ PHWPEHUV DFTXLUHG 676
KXJHVWDQL $UDELF .K$ DV WKHLUWIRRWKDBV BLRRECHY WKHUHE\ T
ELOLQJXDOV L H FRPSHWHQWDRQJERWK B7%3$RNBQHNYG D VLIQHG
QRW RQO\ SURGXFH VLJQV FRQFXUUHRWP\SDIRN KVZBHHFK EXW DOV
GLVWLQFW ZRUG RUGHUV VLPXOWDQKRXWKHUPIRMK PLQLPDO HIIRL
676/ GHPRQVWUDWHY QRW RQO\ V\BX¥M FDMOL\WFR GRRIWDEQHAHY IURP K
VLPLODULWLHY WR RWKHU |XO &\ DO/HWHBG RS\HG RLY 8 QODHIRIBDIHV VX
ILQDO QHJDWLRQ DQG ZK VLJQV =HVBRW ILW ZLWKHQWKHOHVV L\
WKH FXUUHQW VLJQ ODQJXDJH W\SRORJ\ HJ GH 9RV 3IDX
31D X =HVKDQ DV LW ZDV XQLTYGHOLGKHIEBORBRIG E\ KHDULC
IDFLOLWDWH FRPPXQLFDWLRQ ZLWKWX I® IBMID IGHDUNRBG DGXOW Ol
GLG QRW VLJQ KLPVHOI DV KH VHMDA QWKGH UXORUWSE DG LAQRWD EL O L W
SOD\ D GLUHFW UROH LQ WKH FUHDWLWRHRR@D6/GHRWDEO\ +DQD
SHUVRQ LQ WKH YLOODJH RI 6DGDWSADHFLRHD \ §Y W X\FKKH 676/ GRHYV
GHILQLWLRQ RI D KRPHVLJQ GHDI FRPPXQIRW\ VKDUHG HPHUJ
DOWHUQDWH VHFRQGDU\ 6/ HJ *ROGLQ30BIRGRZ OHLU HW
UDWKHU LW UHSUHVHQWYV D XOQMW XH $FRPEPX QURDWLRQ V\VW
FRQVWLWXWH LWV RZQ SUHYLRXVO\ XQRGR FXWHEHMHDG FDWHJIRU\2R(
DGGUHVVHG LQ WKH H[LVWLQJ OLW HUDYHUML DIMVELRMUUDQWYV IXUW

BHIHUHQFHV

GH 9RV & 3IDX 5 6LJQ $QMADD BHH WL HER BRR J\
/JLQIXLVWLFV

*ROGLQ OHDGRZ 6 +RPHVLJQ ,Q % 3RO 0 B6WHLQEDFK
HGVWLJQ /DQJSBJIH %HUOLQ %RVWRQ 'H *UX\WHU
ORXWRQ

OHLU , B6DQGOHU : 3DGGHQ & $URQRII 0 (PHUJLQ

ODQJXDJHV ,Q 0 ODUVFKDURI[IBUG KBRGERBNHRGYV
GHDI VWXGLHV ODQJXB3H DQG HEXGEDWLHIRUG
2[IRUG 8QLYHUVLW\ 3UHVYV



3DGGHQ & $ 6LJQ ODQJIJXDJH JHRJUIDSIROLQ * ODWKXU
(GV'HDI DURXQG WEBH ZRUOXIRUG 2[IRUG 8QLYHUVLW\

3UHVV

3IDX 5 0DQXDO FRPPXQLFDWLRQ ¥KXWWHPV ,Q 5 3IDX 0 6WF
'ROO HGVQ /DQJISHJIH %HUOLQ %RVWRQ 'H *UX\WHU
ORXWRQ

=HVKDQ 8 1HIJDWLYH DQG L QWLHQ WCRI@IXIDYIHH VR ANV WUXFWLR Q!
8 =HVKDQ,QMGIUURJDWLYH DQG QHJDWLYH FRQVWUXFWLRQ
ODQJXIBIHV 7KH 1HWKHUODQGV ,VKDUD 3UHVV

=HVKDQ 8 5RRWYV OHDYHV DQ®EUHBRFRHY ,Q 5 0 GH 4XDC
ODQJXIBIHV 3HWUYSROLV $UDUD $]XO

(IDPSOHV
D .K$ % ® DEHGP W U%O%E

WKH SHRSOH QHJ KDUYHVW SHUI  ULFH 6 1HJ ¢

E 676/ 3(23/( +$59(67 127 6®RWLHJ
H7KH SHRSOH GLGQIW KDUYHVW WKH ULFH

D .K$ %Qla@Gii %O T O P
WKH ER\ ZKHUH SXW VP SHUI WKH SHQ 6 1K O
E 676/ %2< 3(1 :+(387 629 :K

pH:KHUH GLG WKH ER\ SXW WKH SHQ"{
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In this contribution we attempt to identify recursipatterns in stone toolmaking
behaviours, reconstructed from archaeological andrempstal evidenceWe wish to
clarify the extent to which elements from the archegical record meet linguistic
conceptualizatios of recursionWith case studies from throughout the Stone Agefind
evidence that the sequences of gestures, tasks, andigadied in some stone tool
technologies are hierarchicahd fractal, but not necessarily recursive sensttastiVe
exploresome possible candidates of elements of stone toolmdidahgitght morelosely

fit linguistic recursion. Tanslating linguisticrecursion to the technological domain
remains a key challenge for archaeologists seekingsti@icée evolutionary history of
language through material remains.

1. Abstract

Stone toolmaking, observed archaeologically from at least 3.3 million years ago,
involves fashioning implements out of stone with different sequences ofegstur
tasks, and goals. Many of these sequences are hierarchically complex (Mahaney
2014; Moore 2011; Mulleet al. 2017; Shiptoret al. 2013; Stout 2011), and
potentially recursive too. Here, we draw on experimental and archaeological
evidence to explore complexities of stone toolmaking behaviours, witlyean e
towards using the archaeological record to test the gestural origins oatgng
hypothesis (Arbib 2012; Arbiket al. 2008; Corballis 2003; Hewes 1973;
Meguerditchian 2022; PulvermYller 2014; Rizzolatti & Arbib 1998). There is
abundant proxy archaeological evidence, especially via symbolic material culture,
for the possibility of a deep antiquity of language (Barham & Everett ;2021
Bender et al. GT(UdLER GY(UULFR 9DQKDHUHQ



Henshilwoodet al. 2001; Henshilwood & Dubreuil 2011), potentially supported

by theories of grammaticalisation (Heine & Kuteva 2007). Recursive reasoning,
sensu lato, has even been linked to toolmaking in the archaeological record
(Haidle 2010; Hoffecker 2007; Lombard & Haidle 2012; Pelegrin 2009; Shipton

et al. 2013; Shipton 2024; Stout 2011; Stout & Chaminade 2009; Wadley.2010)
Yet, some of these behaviours might better be described as repetitive, nested, and
fractal, but not necessarily recursive sensu stricto. Even for very costplex

tool technologies, it can be difficult to contradict the null hypothesis that they
could have been parsed iteratively with a complex, but not recursive, chain of
steps.

In an attempt to trace the chronology of recursive reasoning we drdwtb
experimental and archaeological evidence. We reconstruct the minutia of the
actions recorded from videotaped stone toolmaking experiments, in expeint

stone toolmakers manufactured Early Stone Age bifaces and Middle Stone Age
cores with controlled raw materials and hammerstones (following methods
outlined in Mulleret al. 2017). The resultant flakes were collected in sequence
and analysed, and the footage was used to time the duration of gestures and tasks
These data are used to reconstruct the size of flakes produced throtighout
sequence, as well as the time spent focussed on different goals and sub-goals
helping to quantify the complexity and structure of the toolmaking sequéfiees.
seek to ground truth these experimental observations with analyses of 3D scans
of bifaces and cores from African Stone Age sites. These scans are used to
precisely measure the size of flake scars preserved on the surface of these
archaeological stone artefacts. Doing so quantifies the patterning in the size and
location of scars, providing insight into the stages, goals, and sub-gaaiseihv

in these toolmaking sequences. We explore instances of biface and core
manufacture where skewed scar proportions reveal similar sets of actionsl enacte
on smaller and smaller scales.

We first quantify the ways in which some of these sequences are repetitive and
fractal, but not necessarily recursive sensu stricto. Next, we ask whether the
gestures and goals of some of these stone toolmaking sequences are recursive in
a linguistic sense? In particular, we highlight specific sub-sequences of some
technologies where stone toolmakers make counter-intuitive detours to solve
unexpected problems as they arrive, before returning to the overagbahg

Others have shown that imparting the significance of these actions to observers
requires careful gestures (Lycett & Eren, 2019; Shipton, 2q®sibly even
pantomime (see Abramova 2018; Arbib 2002). Using the filmed expatah
sequences, we explore how these diversions create similar nested sequences on a



smaller scale, highlighting processes like platform preparation, where intricate
steps of the toolmaking process are scaled-down several times to achieve
successive sub-goals

With these case studies from Early Stone Age handaxes and Middle Stone Age
Levallois cores, we chart the evolution in the complexity of these stone
toolmaking sequences throughout themolineage. We explore the challenges

in translating recursion to the behavioural and technological domain and the
extent to which these sequences of toolmaking gestures can be thought of as
recursive, if at all.
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7KH VWXG\ IRFXVHV RQ WKH URICHGRH® fi\ SRGHW VWDOWEURAY RQWKH RUGHU
of events in an oral story. A series of experimeritis two groups of Russian monolingual

children, aged 49 to 73 months, shows that whilepnéting the orderfoevents, children

rely on temporal conjunctions, iconicity and natneas. Another significant factor is the

distinction between a human and a robot: a humawoges much higher accuracy rates

than a robot companion. Temporal gestures played grfisiDQW UROH LQ FKLOGUHQTV

understanding of the order of events.

The focus of our study is the metaphoric representation of time as space, th
development of this cognitive category in children and the assistive role of
gestures in its understanding. Time is an abstract concept, metaphorically
interpreted as space due to its intangibility (Lakoff, Johnson, 20@3).
communication this metaphor can be expressed via temporal gestures that
represent time concepts as having spatial extension. In our study, weridbas o
evolution of language time/space metaphor in phylogenesis and its acquisition vi
verbal and nonverbal means in ontogenesis. Our goal is to check whetheatempo
gestures improve the understanding of the sequence of events in taxadigrR
native children. Bottini and Casasanto (2013) state that children are able to
metaphorically relate time and space by the age of 4, but the formatiois of th
ability continues until the age of 15 (Burns et al., 2019). The rolemfverbal
behavior in speech development is, generally, not entirely clear: researckers tal
about both the help of gestures in speech acquisition (Hostetter, 201heand t
interference with the use of gestures during speech development (McNeil, Alibali,



Evans, 2000), or even propose a model of parallel developmenbaf aed non-
verbal communication means (Lewis et al., 2000).tBe age of 5, children
successfully recognize the order of events in speech distinguibkioge and

after relations. At the same time, the violationrafturalnesgwhere the events
have some regular order or cause-and-effect relationsicanitity (where the
order of clauses corresponds to the order of real-life evisrit®) factor that may
prevent preschoolers from interpreting the event order correctly (Wagner, Halt,
2023). Basing on the previous studieMatoun, Sweller 2016; Abner,
Cooperrider, Goldin-Meadow 201L%e hypothesize: while non-iconic and non-
natural érbitrary)sentences are difficult for preschoolers, temporal gestures of a
tutor compensate for the text complexity and help children correctly recognize the
order of events.

To test this hypothesis, we used the emotional robot F-2 (Malkina, Kotov,
Zinina 2022) in a series of two experiments. In an experiment the robot ca
SLVRODWH” WKH WHVWHG FRPPXQLFDWLYtHussFXHY IURP RWKHU
providing a reliable experimental setup. In the first experiment, we tested the
prospects of using temporal gestures by the robot, as an assistive nreans fo
preschoolers. The experiment was executed within the program of development
of communicative cues for the F-2 companion robot. In the experirhenplbot
told children two stories and accompanied them with three types of gestures:
(a) left-directed gestures for the preceding action and right-directed gestures fo
the subsequent action (see Fig. 1); (b) the same groups of gesturesyedc
on the horizontal axis, and (c) neutral symmetric gestures, with no pointing to the
left or right (control group). Within (a) we assumed that the listener adapts th
VSHDNHUYV PHWDSKRU 3SDVWR QVWKMH WKHK@WH | WRIVRE IEKWY XDUDH  +
2024), while in (b) we represented the same metaphor from the point of the
participant +so, both spatial representations of time on the transverse axis were
tested.

Each story consisted of 4 sentences with two types of construcKons:
before Y(B) andY after X(A). In addition, the stimuli could be either iconic (1)
or norriconic (N) and either natural (N) or arbitrary (A). For examflee boy
put on his socks before he put on his stisewatural (regular order is naturally
determined for the events: people put on socks before shoes) and icoaidé¢the
of events in text corresponds to their order in reality; it correspondsitmBig.
3)._Arbitrary non-iconic:Before the girl jumpedshe clapped hehands(the
actions can be performed in any order; the sequence of events isedgvier
corresponds to BAN in Fig. 3). Children were randomly divided in 3ggpeach
was presented with stories accompanied by only one of 3 mentioned types of
gestures. After each stimulus a child had to name the first of two events. 71
Russian monolingual right-handed children (31 male, mean age 38shtwok




part in the experiment. Each child was interviewed in person. Correct answers
were assigned 2 points, incorrect answetspoint, and no answer was assigned

0 points. We used ANOVA and T-test for statistical processing of the data. The
experiment confirmed that children better understaefdrethanafter sequences
(Paired Samples T-Tesp<0.001), but the overall results showed a rather low
number of correct answers regardless of the condition. The usage ofaempo
gestures by the robot did not have any significant effect on the numberexftco
answers.

To test the possible influence of the robot on the acquired results, we
compared it with a human tutor in the second experiment. The same stimuli were
performed by a tutor and presented as mini-videos (see Fig. 2). &8aRu
monolingual right-handed children (29 male, mean age 61 monthsp&rbkn
the second experiment. The procedure remained the same. Much highacyaccu
rates in the second experiment proved the influence of the type ofdélianuthe
understanding of event order (ANOVA, F (8, 126) = 10.592, p081) see Fig.

3). However, no role of gestures was found either.

Fig. 1. Robot F2, rightpointing gesture Fig. 2. Human tutor, a screenshot from a mii
video stimulus
Wilks lambda=,59790, F(8, 126)=10,592, p=,00000

04 EN
Human tutor Robot F-2 =i BAI

conditions “E ANN

Fig. 3. Accuracy rates in both experiments in all tloeeditions

We suggest that for children of preschool age the simultaneous processing
of temporal conjunctions, possible non-iconic and arbitrary sequences t¢$ even



in speechs a complicated cognitive task, thus children tend to block out other
communicative input channels, such as non-verbal, relying solely onl verba
messages. Choosing a robot as an illocutor only complicates the task.
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In speech, sequences of speech sounds (or phonemes) are combined into words and sentences.
In recent literature, great apes have been shown to possess several vocal capacities previously
believed to elude them, including voluntary control of the articulators, and a capacity to pro-
duce several speech-like sounds. We identify a core constraint on syllabic speech, downstream
of sequence representation capacity, the ability to remember and maintain representations of
arbitrary sequences of auditory stimuli.

1. What could primates say?

As early as the 1970s, Lieberman, Crelin, and Klatt (1972, p. 298) argued that
the lack of speech in primates Omay reRect the absence of required neural mech-
anisms.O It has been known for decades that primates possess the potential for a
range of vowel sounds (Lieberman et al., 1972; Fitch, de Boer, Mathur, & Ghazan-
far, 2016). Great apes also evidently possess a stark degree of freedom in move-
ments of articulators, facilitating the production of B for example P labial stops
(Ekstem, Gannon, Edlund, Moran, & Lameira, 2024), clicks (Eséstr 2023)

and trills (Lameira, 2017). Apes also possess control over the voice (Lameira &
Shumaker, 2019), necessary to produce voiced utterances. Yet great ape vocal
repertoires are typically highly limited, bearing little resemblance to speech. A
comparison with syllabic speech illustrates a stark difference. Phonemic forms
available through four labial consonant sounds (all of which have been reported
in apes), with a single unstressed vowel sound, can be expressed as the total num-
ber of combinations 8", where n is the number of permissible syllables. This
results in a minimal number of 24 (4 CV combinations, 4 VC combinations, and

4 44 CVC combinations) total possible syllables. Thus, even incremental phone-
mic combinatoriality would allow for a dramatic increase in the range of available
signals. Yet, there is little to no evidence supporting such combinatoriality in the
vocal domain (Girard-Buttoz et al., 2022) in the wild; only exceptionally and in
captivity (Fischer & Hammerschmidt, 2020; Elestn et al., 2024).



2. What limits primate speech?

Several ostensible neural limitations have been suggested to answer why apes can-
not speak like humans. For example, Brown, Yuan, and Belyk (2021) speculated
that, unlike humans, apes did not possess a cortical somatotopic overlap between
regions representing the larynx and jaw, precluding ObabbleO-like utterances B a
potential OprecursorO to speech in human development. Recent evidence of chim-
panzees uttering voiced productions of the phonetic form Omama@Ekstl.,

2024), shows that either such an overlap exists in apes, or it is not necessary for
production of speech-like signals. We argue that instead of inferring the lack
of capacities from human experimental data, we may seek to posit specibc con-
straints on linguistic expression. Here, we posit one such constraint relating to the
combination of potentially Ospeech-likeO behavior.

3. Sequence representation as prerequisite for speech

Faithful sequence representation refers to the ability to instantly recognize and
remember the order of stimuli or events that are experienced from oneOs surround-
ings. This ability has been suggested to be uniquely human and a fundamental
prerequisite for language, thinking, and cumulative culture on a large scale (Jon-
And, Jonsson, Lind, Ghirlanda, & Enquist, 2023). Reviews of animal memory
reveal that there is little convincing evidence of faithful sequence representation
capacities in non-human animals (Ghirlanda, Lind, & Enquist, 2017; Lind & Jon-
And, 2024). Nonhuman animals, from birds to mammals, struggle to distinguish
between short sequences of stimuli. For example, they may confuse a red-green
sequence with green-red or green-green sequences even after extensive training.
Notably, great apes do not perform any better than other animals (Lind, Vinken,
Jonsson, Ghirlanda, & Enquist, 2023). In contrast, humans can learn to distinguish
such sequences with minimal training, demonstrating a more robust and accurate
encoding of sequential information.

Speech sounds occur in rapid succession, and a language requires the ability
to process and recall sequences of sounds to understand and produce words ac-
curately. With a reduced memory for sequences, a speaker would struggle with
phonological awareness P essential for distinguishing between pairs, such as OtapO
and Opat,0 where the order of sounds changes the meaning. The ability to accu-
rately store and retrieve sequences of speech sounds is fundamental to the com-
prehension and production of language. Without it, efbcient processing and use
of language would be markedly impaired. Primates possess the control necessary
for executing several speech-like sounds, but may be limited from ritualized use
through constraints on sequence representation. If multiple arbitrary sequences of
sounds cannot be recognized and represented with precision, a system of speech
would likely be out of reach.
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Patterns oSpeech rhythm in vocalization of animals and in huseech are correlated

with the degree of the cooperative urge of the amtiimg agents and their mutual goodwiill.

However, there is little evidence whether the tifiedty observer is able to make pragmatic

inferences regarding the cooperative behavior ofritezacting agents or their hostility.

We set up a series of studies to understand whethemisuraa map rhythmic patterns in

LQWHUORF X W Rptdedtialitg &hH Eoldpéra@wd iRclinations.
Patterns of speech rhythm in vocalization of animals (Rek & Osiejus, 2013) and
in human speech (Pickering & Garrod, 2004) are correlated with the aédghee
cooperative urge of the interacting agents and their mutual goodwill (Mehy et al.
2021; Savage et al., 2021). However, there is little evidence whether the third-
party observer is able to make pragmatic inferences regarding the cooperative
behavior of the interacting agents or their hostility. We set up a sersdgdids
to understand whether humans can magwbK PLF SDWWHUQV LQ LQWHUORFXWRUYV
ontopro-sociality and cooperative inclinations.
For the analytical purposes, we consider rhythm at two levels: pulse (salient
acoustic events, which may recur at regular or irregular intervals) and meter
(hierarchical structuring of pulses into groups based on their relative salignce).
the first series of experiments, we explored whether regularity in rhythm at the
level of pulse (exp.1) and at the level of meter (exp.2) is perceived azahdig
cooperation and social bonding between the interlocutors. Participaative
Spanish speakershad to listen to a pair of artificial language sentences and they
had to report whether the interacting agents are friendly and cooperating with each
other, or hostile to each other, and then indicate the confidence in theingesp
at a 4-point scale. In experiment 1, we manipulated vowel durations. Higher
variability in duration of vowels leads to lower syllabic isochrony, i.e., less



rhythmic regularity (and predictability when the next syllable staris

experiment 2, we createds$llabic groups, in which either the first or the second

syllable was made more prominent by FO increase and lengthening compared to

the other two vowels in the group. Some sentences consisted of rhythmis group

with the same syllable (either the first or the second) that is more prominent than

the others, and such sentences were referred to as having regular meteerOn oth

sentencestreferred to as sentences with meter irregularittessomesyllabic

groups had the first, and the other syllabic groups had the secwmd more

prominent.

We found that regular pulse is indeed mappedo the social bonding and

cooperative urge, however, regularity at the level of meter is not associated with

perceived pro-sociality and cooperation between interlocutors. We suggest that

pulse isochrony allows better interpersonal motor and vocal coordineaiéo

motor coordination with the acoustic signal emitted by a different individual,

which strengthens social bonding and promotes pro-social behavior.

Additionally, we analyzed whether humans are aware of the pragmatic inferences

they are making based on patterns of speech rhythm. Analysis of awareness

indicators show that participants are more aware that isochrony at the level of

pulse signals cooper®®Q DQG VRFLDO ERQGLQJ $ZDUHQHVV RI RQHTV
reflected in a feeling of confidence reported on each particular decision

(Maniscalco, B. & Lau, 2012). Higher awareness enables assigning higher

confidence ratings to correct responses than to incorrect responses, and

consequently assign more or less credit to different information sourciss(in

case, particular rhythmic patterns), thus calibrating the behavior accordingly.

%HLQJ DZDUH RI RQHYV GHFLVLRQV UHJDW3LQJ WKH PHQWDO
and cooperative inclinations within a group under observation) promotes

development of intentionality and theory of mind, which is beneficial for the
LQGLYLGXDOVTYT ILWQHVYVY EHFDXVH WKH DELOLW\ WR XQGHUWV\
allows active manipul® LRQ RI WKHLU EHKDYLRU DQG G\QDPLFDOO\ LC
behavior through selective attention to the relevant properties of the

communicative signal during language evolution (Dunbar, 2004).

Isochrony in vocalizations may signal cooperative urge by facilitating social

entrainment, which is the entrainment of behavior, including verbal behtwior,

the signal emitted by a different conspecific individual (Phillips-Silver et al.,

2010). In social entrainment, mechanisms of rhythmic cognition and

synchronization of the motor output with the input signal are activated by the cues

from the social environment and allow coordination of movements and

vocalizations, including speech production, and even entrainment of neural

oscillations (Bowling et al., 2013; Stephens et al., 2010). This furthergbesm

social bonding (Haidt et al., 2008; Kirschner & Tomasello, 2009), andsigasl,



to the third-party observer, that the communicating individuals are socially
affiliated. We tested this hypothesis in two further experiments, exploring
whether rhythmic entrainment is speech of interacting agents will be perceived as
a cue to the cooperative inclination of the the individuals. The results suggest that
rhythm convergence can be a marker of social cooperation at the levds®f p

but not at the level of meter. The mapping of rhythmic convergence arith so
affiliation or opposition is important at the early stages of language acquisition.
The evolutionary origin of this faculty is possibly the need to transnudt an
perceive coalition information in social groups of human ancestors. Thangap

of vocal rhythm convergence onto social affiliation is important for the
development of social cognition and for language acquisition in ontogeaegis,
probably was an important facilitating factor for speech emergence in
phylogenesis.
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This paper shows that people use longer words wheogipilg (Study 1) and interpret

apologies withlonger words as more apologetic (Study 2). This suppsignaling

accounts that propose that apologizers should in@ast(greater production effort) to

indicate their sincerity. This behavior illustrateseavrtype of iconicity: dynamic iconicity

+iconicity that is context6 HSHQGHQW UDWKHU WKDQ LGQKHVHQW WR D ZRUGYV PHD(
studies have implications for our understanding of thergence, prevalence, and role of

iconicity in communication.

Iconicity in language refers to the non-arbitrary link between form andingean
Research typically focuses on specific word forms (e.g., indsg and their
meanings (Blasi et al., 2016). This set of studies explyramic iconicity

the selection of words from the general lexicon whose form conveys intended
meaning in context. Specifically, it tests whether people use hargeoduce
words when apologizing to express greater apologeticness.

$SRORJLHYV DUH 3FKHDS® $SRORJL]JHUV FRXOG HPSKDVL]H WKH
apology by incurring a cost visgseof longer or low frequency words, as skee

are harder to produce. To test {158 apology tweets (25 from celebrities, 25
from regular users) were compared to control tweets by the same usexedA m
effects model revealed that apology tweets consisted of significantly longer
ZRUGV WKDQ FRQWURO W Z48B/;\8&é Figure 1). Gdlebrity W
status did not influence word length and did not interact with Content Type.
Further analyses revealed that the effect was not driven by differences in
valence. The effect also remained after removing explicit apology words,
indicating that it is not the case that apology words are longer (fixed iconicity)
but that individuals select longer words from their general lexicon to signal
effort when apologizing. In contrast with word length, apologies and control
tweets did not differ in word frequency.

Study 2 tested whether people interpret apologies with longer or less frequent
words as more apologetic. Fifty-one participants ranked the relative
apologeticness of apology triads consisting of versions using shbrt hig
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frequency words (e.gl,did not mean to answer in_a hostil&y), short low
frequency words (e.gl,did not mean to reply in a combative s)ykend long

low frequency words (e.gldid not mean to respond in_a confrontational

mannej. 7TKHUH ZDVQYW D YHUVLRQ ZLWKo@Righ) KLIJK ITUHTXHQF\ ZF
frequency words were too rare to fikpologies were matched in meaning
(M=0.94 cosine similarity with the Bert tokenizer in Scikit-learn; Pedregosa et
al., 2011)and ttests confirmed that conditions matched/differed in frequency
and length as intended. An intercept-only mixed effects model showed that
apologies with long words were ranked as more apologetic than those with short
words matched for frequency 6 ( w apadgie Ovtith

short low frequency words were not perceived as more apologetic than those
with short high frequency words. That is, in line with Study 1, word lergth,

not word frequency, influence how apologetic apologies are perceived.

The studies show that incurring a production @ysproducing longer words

signals and is interpreted as greater apologeticness. In contrast, producing lower

frequency words does not have the same effect, potentially because lower

frequency words, unlike longer words, are harder to processirden the

addresseeThese studies suggest that iconicity might exist in language not only

in the relationship between specific forms and their meaning but also in

LQGLYLGXDOVY G\QDPLF OH[LFDO FKRLFH ,W WKXV RSHQV D Q
iconicity and its role in communication.

Non-celebrity Celebrity

Median word length
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Figure 1 Median word length in tweets by Tweet Type and célebtatus. Each color indicates
a different individual. The diamonds indicate condition mean.
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Although statistical learning mechanisms are recyd@dthe purposes of language
acquisition and speech processing, they are also eatblaynon-language domains and
shared by non-linguistic species. That is why such mesimarmight be more efficient on
processing non-linguistic stimuli, for which they inlty evolved.We provide an explicit
within-subject comparison of the utility of statistical ldagh in language versus
nonlanguage domains across the visual and auditorglities, and discuss the adaptation
of statistical learning for language from evolutionpeyspective.

1. Rational of the study

Statistical learning (SL) is a set of neurocognitive mechanisms underlying the
ability to extract regularities from the environmemécurrent patterns and
sequencegransitional probabilities (TPs), probabilities that one event predicts a
subsequent event (transitional probabilitiesTPs + between the events or
recurrent patterns)rhe neurocognitive mechanisms underlying SL are engaged
when humans listen to natural speech, and performance on SL tasks is cbrrelate
with linguistic abilities (Erickson& Thiesse2015) However, SL also operates

on nonlinguistic material (Gebhart et al., 2009) and has been observed in a range
of taxonomically different species that do not have a language faculty (Kikuchi et
al., 2018; Milne et al., 2018WWe suggest that SL mechanisms are evolutionarily
ancient, making it highly unlikely that they evolved specifically to process
linguistic input, and hence they might be more effective for processing
environmental stimuli than linguistic stimuli. We tested this hypothesis in an
explicit within-subject comparison of the utility of statistical learning in language
versus nonlanguage domains across the visual and auditory modalities.

2. Experimental Design

We used a Saffran-style paradigm to explore SL in a 2*2 design dalites +
visual and auditorytand 2 domaingdinguistic and non-linguistic). Formrguistic



material, we created a continuous stream32éyllables, 24 were arranged into
recurrent triplets with TPs between syllable within triplet is 1.0, and the other 8
syllables used as fillers between triplets (following Gervain é2@0§), to model
function words and to create a stream more language-like. The TPs between fillers
and triplet-initial or triplet-final syllable was 0.125. Additionally, intonational
contour was imposed to create prosodic frames for phrases and utterances
(utterance is made up of 2 phrases). Non-linguistic stimuli included
environmental sounds (footsteps, waterdrops, creaks, animal cries) follineing
same statistical structure (ramping was used for hierarchical structuring instead
of intonation, which made the stimuli as rich in prosodic cues as linguistic stimuli,
although prosodic cues were not those typically employed in natural speech).
For the visual linguistic stimuli, we used syllables (set of syllables was different
from that used in the auditory modality), and for non-linguistic stimuli weetdea
fractals: units were concatenated following the same statistical structure as the
auditory stimuli, with punctuation marks (linguistic) or squares (non-linguistic)
used for hierarchical structuring in the same positions where boundasy don
ramping occur in the auditory modality. Visually, the syllables or fractals were
presented one by one in the middle of the screen for the familiarization. Fgllowin
the familiarization, people had to do the test, when they listened/saw a triplet or a
IRLO FRPSRVHG RI WKH VDPH HOHPHQWY DQG KDG WR UHSRUYV
from the alien language they were exposed to or not.
3. Results and Interpretations
The results clearly showed that SL in the visual modality was significantly better
ZKHQ PHDYV XU HGnihguific@gn oR fihguistic domain, while in the
auditory modality statistical learning was better in linguistic tharoimlinguistic
domain. These results were further replicated in three other groups (4 groups
total: Basque bilinguals, Catalan bilinguals, Spanish monolinguals, and mixed
group), with two different sets of experimental materials. We suggest that the
speech faculty has been important for individual fithess for an extended,perio
leading to the adaptation of statistical learning mechanisms for speech pracessing
This is not the case in the visual modality, in which linguistic material presents a
less ecological type of sensory input. SL was shaped for processing notiinguis
environmental stimuli and only later, as the language faculty emerged, recycled
for speech processing. This led to further adaptive changesiretnecognitive
mechanisms underlying speech processing, including SL. By contrast, asta rec
cultural innovation, written language has not yet led to adaptations.
Further inter-group analysis showed that auditory SL can be further modujated b
exposure to a bilingual environment, in which speakers need to processra wid
range of diverse speech cues. This effect was observed only in language domain.
We conclude that ontogenetic factors modulate the efficiency of already existing



SL ability, honing it for specific types of input, by providing new targets for
selection via exposure to different cues in the sensory input.
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Human language is uniquely compositional, sequential, and open-ended. Traditional theories
of language evolution focus on the communicative advantages of language, but struggle to ex-
plain why language has evolved only in humans and not in other species. This paper proposes
that sequence representation, the ability to recognize, store, and recall ordered sequences of
information, constitutes a crucial early step in the evolution of language. By integrating formal
evolutionary analyses and computational simulations, we demonstrate that while sequence rep-
resentation is highly costly in terms of memory and learning, it is a fundamental prerequisite
for the emergence of language and other cognitive abilities unique to humans.

1. Sequential Abilities in Animals and Humans

A debning feature of human language is compositionality, the ability to build
complex expressions from smaller units(SzaB012). Humans are able to in-
sert unknown linguistic elements in known structures (Berko, 1958). This open-
endedness of linguistic compositionality would not be possible without faithful
sequence representation. Although certain animals exhibit rudimentary forms
of combinatorial communication(Suzuki, Wheatcroft, & Griesser, 2017; Zu-
bertxhler, 2002; Leroux et al., 2023), these lack the open-ended and productive
compositional structure seen in human languages(Townsend, Engesser, Stoll, Zu-
berkuhler, & Bickel, 2018). Studies suggest that non-human animals recognize
sequences approximately rather than faithfully, relying on mechanisms like trace
memory, which does not retain precise order information(Ghirlanda, Lind, & En-
quist, 2017; Enquist, Ghirlanda, & Lind, 2023; Lind, Vinken, Jonsson, Ghirlanda,
& Enquist, 2023). This limitation might explain why language, which requires an
accurate representation of sequential order, has not emerged in other species.



2. The Costs and Evolutionary Constraints of Sequence
Representation

Mathematical modeling and simulations reveal that learning and retaining sequen-
tial information is highly costly due to the combinatorial explosion of possible
sequences that an organism must learn to recognize and respond to. Recognizing
and responding to single stimuli is signibcantly more efpcient in most environ-
ments. Sequence representation is benebcial only when the environment contains
an abundance of sequentially structured information and when organisms have
prolonged learning opportunities, conditions that were likely met during human
prehistory. The sequence hypothesis postulates that these conditions need to reach
a critical limit in order for sequence representation to evolve, a limit so unlikely

to reach that it has only happened once. Once this threshold is passed, it allows
for language and other cumulative culture to emerge over generations, creating a
selective advantage for even longer learning times. This co-evolutionary scenario
is compatible with the unusually long childhood of humans.

3. Approximate vs. Accurate Sequence Representation

While a trace memory strategy is effective in most nature-like environments, it
fails in environments where sequence order carries critical meaning. We introduce
the concept of OFlexible Sequence Representation,O which implies the ability to
Rexibly represent and respond to all subsequences within a sequence of a given
length. This allows for retaining sequential information efpciently while blter-
ing out irrelevant information. Learning simulations demonstrate that this rep-
resentation signibcantly reduces learning costs compared to more rigid sequence
storage methods, making it a plausible early evolutionary step towards language
(Jon-And, Jonsson, Lind, Ghirlanda, & Enquist, 2023). Such a Rexible sequence
representation mechanism can generate parsimonious hierarchical representations
when processing linguistic input (Jon-And, Michaud, et al., 2020; Jon-And &
Michaud, 2024), and combined with generalization it enables the emergence of
rudimentary grammatical categories, necessary for productive compositionality
(Jon-And, Michaud, et al., 2024).

The Pndings suggest that the evolution of accurate sequence representation
provided a minimal foundation for uniquely human cognitive abilities, including
complex language, planning, and cumulative culture (Enquist et al., 2023; Lind &
Jon-And, 2024). This aligns with theories that give cultural evolution and learning
a central role in the emergence of these abilities (Heyes, 2018; Kirby, Cornish, &
Smith, 2008). This paper offers a novel perspective on the evolution of language,
arguing that the development of sequence representation was a critical brst step.
By overcoming the inherent costs of sequence learning through an unusually long
childhood and 3exible representation strategies, early humans may have unlocked
the cognitive capacities necessary for language and cultural transmission. These



insights bridge the gap between animal cognition and human linguistic abilities,
providing a plausible trajectory for the evolution of language and higher-order
thinking.
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We suggest that linguistic recursion is an exaptation from nonlinguistic a@gniti
faculties. Recursive center-embedded patterns appear frequently in ritual-basesd cul
practices: music, narrative, visual arts. We present the results o&laTswiter-based
corpus study showing the predominance of emoji strings with center-embedded structure
and an iterated-learning study showing attrition of center-embedded patternslan sim
sequences. These results suggest that center-embedding may emerge, letseatilye
persist, in transmitted human culture, a pattern with possible parallel&achronic
language change.

1. Introduction

The question of how linguistic recursion originated has long been conten
Hauser et al. (2002) raised the possibility that it was exapted from priggx
cognitive faculties, such as numeracy, navigation, or social cognition. Her
discuss a possible origin in ritualistic behavior. Recursive center embedd
defined as nested non-adjacent dependencies of matched elements, a®fn
brackets ({[]1}, {[ <>1]}) or palindromes (ABA, ABCBA, ABACABA),
appears in several domains of human activity and artistic practice linke
ritual. Center embedding requires recursive rules in both linguistic and
linguistic sequences (Chomsky, 1957; Pullum & Rogers, 2006; Rohrmeier
2015) and figures prominently in experimental studies of recursive pa
recognition/generation in both animals and LLMs (Ferrigno et al., 2020; Li¢
al., 2022; Hao et al., 2024). We present evidence that center-embedded str
icons appear naturally in social media usage, yet seem to disappeaural |
and experimental iterated transmission. These opposite tendencies suc
possible evolutionary scenario for the rise and fall of center embedding i
evolution of linguistic recursion.

2. Recursive patterns outside language: Rituals and art

In a series of papers on Vedic ritual, Indologist Frits Staal (1979, 1
1984a&b, 1990) identified patterns of embedding strikingly parallel to lingui
recursion: performances of one ritual can be embedded in another (Staal,
16) like the constituents of a sentence. A ritual may also be precededwmefbl
by pairs of activities that correspond to each other in some way (¢
1980:133). Staal proposed that center-embedding in ritual was exapte(
language, giving rise to recursive structure. Comparable patterns occur in
non-human primate and avian behaviors, a possibility suggested by
(1984:410) and confirmed by quantitative evidence (Sainburg et al., Z
Lameira et al., 2024), suggesting that these abilities are not unique to hums



Recursive patterns appear in other domains of human culture, inc
music (Hofstadter, 1979; Rohrmeier et al., 2015), narratives (Van Otterlo,
Welch, 1981; Forte & Smith, 2014), and dance choreography (see Kluer
Davis, 2020 and Kluender et al., 2022 for further discussion). In we
classical music, for example, the sonata form follows a palindromic ABArp
(the development, elaboration, and recapitulation of a theme), and there i
more elaborate structures such as ABACABA and the complex ternary
ABA-CDC-ABA (DeVoto, 2017; Naylor, n.d.). Recursive forms also occL
epic narratives. The nested frame story structure of Indian epics lik
Mah! bh! rata, in which stories are repeatedly embedded one within the
prior to their completion, has been shown to reflect the structure of the
that serve as the narrative framework for the recounting of those
(Minkowski, 1989). These embedded patterns may also serve to elucid:
justify ritual structures (Witzel, 1987). Other narratives derived from Ir
culture such ahe Arabian Nightexhibit a similar multiply center-embedd
frame structure (Irwin, 1994). Another type of recursive pattern in liter
involves scenes that form parallel prologues and epilogues to a central &'
found in many classical epics, such as life and theOdysseyvan Otterlo,
1944; Whitman, 1958), and medieval works IReowulfand La Chanson di
Roland (Niles, 1973, 1979). Music and narrative are both historically
culturally linked to ritual (Minkowski, 1989; Merker, 2009), suggestin
common origin for these symmetric patterns.

These recursive symmetrical patterns in literary, musical, and perfori
arts also have parallels in the visual arts, in the form of bilaterahsymy For
example, as discussed by Mackay et al. (1999), the narrative ring structur
Homeric epics are analogous to the symmetry and nested frames
(contemporary) Geometric style of Greek art. Likewise, mirrored symme
an important principle in architecture, ranging from the ancient Indian sch
vl stu "l stra with its close links to Vedic ritual (Chakrabarti, 2013; Meis
1983), to many modern examples. Like recursive cognition, symme
construction may not be unique to humans: for the purpose of courtship
bowerbirds construct symmetric stages (Keagy, 2021) and pufferfish crea
circles (Matsuura, 2015).

Symmetrical center-embedded strings of emoji or other special chal
also appear in modern-day internet popular culture. These may be L
bracket words, adding emphasis or tone (McCulloch, 2020:127), !
supplement or illustrate text (McDonald, 2024). Interestingly (especially in
of StaalOs observations of ritual ObracketingO), such nested emoji setpee
play a role in contemporary online occultism, among Tumblr and Twitter
pagan communities, in the form of Oemoiji spells.O In this practice, ao$l
emoji representing the casterOs intention is bracketed on either sidtciyjap
emoji such as a crystal ball or a star, or the whole string of emgji ba
palindromic (Towers, 2015; Duca, 2016).

To examine the occurrence of recursive patterns in emoji usage on
media quantitatively, we searched a publicly available Twitter corpus
2017) containing ~5 million tweets from 2016-2017, and extracted
containing multiple emojis. These strings were in turn classified interpa



including palindromes, Obrackets,O and repeat substrings. 2701 of 22,56
emoji strings (12%) contained a palindromic or bracketed pattern (1-2),
(9%) contained an M8 pattern (3), and 981 (4%) showed a repeating '/
pattern (4), suggesting a preference for mirror symmetry over simple repet

1) 2254 W3¢ 22
2) L)+ &omy darlingsle <5 &)
(3) LOLYVYY

(4) (/\,oo(‘,oo(‘,oe(\’oo

3. The emergence and attrition of center-embedding: Observational and
experimental evidence

While prevalent in nonlinguistic contexts, center embedding presents proce
and working-memory challenges for language, in which semantic reference
time pressure impose greater processing demands. Compared to branchin
patterns, center embedding is particularly difficult to learn in meaningful
artificial languages (Davis & Smith, 2023). Center-embedded non-semantic
sequences (e.g. nonsense syllables or letters) are likewise difficult to learn
et al., 2015; odden et al., 2012; Moreton et al., 2021).

Similar considerations apply to center-embedded emoji sequences on
media. Informal observations of group text threads in which we were incl
suggested that palindromic emoji sequences acconmganyritten text
messages emerge spontaneously under such circumstances. These strir
sometimes picked up in modified form by other members of the group in re
but otherwise tended to disappear and revert to simpler sequences, as sl
sample thread sequences of emojis stripped of accompanying text in Figur

vou S

v WA AL
A'+® i
V<Y :

4

> P9V L

Figure 1: Evolution of center-embedded emaoji strings in text conversations

We further investigated both of these phenomena, the emergence &
disappearance of center-embedded sequences, in an iterated learning p
with strings of nonlinguistic icons. We hypothesized that the occurrence



repeated icon in the input strings (as opposed to a string composed enti
different icons) would lead to the formation of further center-embedded pat
like those which occur in emoji sequences. This hypothesis was confirme
embedded strings did not occur at above chance rates. A follow-up study s
that if initial input strings contain center embeddinig disappears ir
transmission, and is not stable if it re-emerges (Davis, 2023b).

These findings may have parallels in diachronic language change: mi
center-embedding is more prevalent and tolerated in languages with ver
word order (Davis, 2023a), and there is a general tendency for languages
from verb-final to verb-initial order (Givon, 1979, Gell-Mann & Ruhlen, 201
a change that may be motivated in part by avoidance of center embe
(Ogura, 2001, 2004; Lorido, 2022). B

We conclude that center-embedding has deep roots in humanNand pc
nonhumanRculture and cognition, with examples spanning space and time
millennia-old ritual traditions to modern social media. From these fasu
recursion may have been exapted to language in the form of center-embe
However, compared to the ubiquity of center-embedding in art and perforr
bfrom rituals to emoji stringsNit is relatively restricted in language. In ghy:
media such as sculpture, pottery, and painting, embedded sequences ar
and thus not subject to time or memory constraints. Performance art (
narrative, music, dance) unfolds in real time, but follows an establishedater
dependent only on long-term memory. In temporary artmforlike
communicative emoji, such sequences do face both time and working m:
constraints, and therefore tend to be shorter-lived. Yet by virtue of the fac
they exist in a visuospatial medium, emoji sequences still alldal search for
matched pairs when center-embedded. The processing pressures impose
more ephemeral nature of real-time language use, whether signed or ¢
afford no such luxury: there is no external cultural artifact available totéaei
serial search independent of working memory. This is probably the main r
that center-embedding in language tends to yield in favor of branching pe
over time. The working memory burden of processing subgediject-
predicate-predicate sequences can easily be avoided by simple repetitic
concatenated subjeepredicate subject-predicate sequencesNlikely
facilitated by processes of cultural transmission. We thus speculaterthea
longer time scale, linguistic recursion may likewise have started otgrasr-
embedding before largely shifting to the use of branching structures instea
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We exploe how socio-cultural associations influence as how appg@imerican (ASL)
and French (LSF) Sign Language are perceived. \Wethgsize that LSF will be rated
more appealing than ASlbut only when participantknow which languages they are
rating reflecting a "LatiAlover" effect seen in spoken languages. Additionaly
investigate how the meaning of sigffects their perceivedappeal. Findings contribute to
understanding how aesthetic appeal and cultural asismsiamay shape language
evolution inbothsigned and spoken systems.

Are some languages perceived as more appealing than others, and/tify8o,
While some research suggests intrinsic differences in langflagess $&D O
Kogan & Reiterer 2021; Winkler et al. 2023), others argue that appeal is largely
socio-culturally constructed (Anikin et al. 2023). Prior research hpkrex
those questions for spoken languages, but similar endeavors amegnfiis sign
languages. We address this gap by investigafirsign languages, specifically
American (ASL) and French (LSF) Sign Language, are perceived differantly i
terms of appeal antdow socio-cultural associations shape these perceptions.
Previous studies on spoken languages have found a "Latin-lo¥ect, ef
where Romance languages are perceived as more beautiful than, e.g., Germanic
or Slavic languages (Kogan & Reiterer, 2021; Reiterer et al., 2020; Burchette,
2014).This effect likely stems from the fact that many (largely WEIRD#gtu
participants were familiar with Romance languages, possibly tiiggpositive
cultural associations. Based on this, we hypothesize that when participants are
unaware of the languages being rated, ASL and LSF will be perceived as equally
appealing. However, when participants are informed about the languages, we
predict that LSF will be rated as more appealing than ASL, reflecting cultural



associations that may drive the "Latin-lover" effect for spoken lamguag
As a secondary aim, drawing on the iconic potential of sign largu@gg.
Mineiro et al., 2017; Pizutto & Volterra, 2000), we tesfeithe meaning of a sign
influences its perceived appeal and valence (cf. Louverse & Qu.201@ur
experiment, half of the signs convey positive (e.g., love, peak)he other half
negative concepts (e.g., hate, war). We expect that signs representinge positiv
concepts will be rated as more appealing than those representing negasive on
even though participants will be unaware of their meanings.
In ourexperiment, 200 WEIRD participants who are unfamiliar with sign
languages or deaf culture are presented with short, standardized video clips of an
experimenter performing signs for the same 20 concepts (10 fpasitgyely and
10 being negatively valenced) Q ERWK $6/ DQG /6) 7KH VLIJQHUYV IDFH LV E
to remove facial cues. Participants rate each sign on two Likert s¢Bldsow
appealing they find the look of the signs and (2) how pesitiey perceive the
meaning of the signs. One half of the participants is uninformbite the other
half is informed whether the presented signs are part of either ASISIer L
Preliminary results of a cumulative link mixed model for the unmfmxt
group (n=40) show, as predictady significant differences in the intrinsic appeal
of ASL and LSF. However, signs representing positive concepts received
significantly higher ratings for both appeal and valence compared &e tho
representing negative concepts (Fig. 1). This suggests that even without
knowledge of the language, participants can differentiate signs based on their
emotional content, and that perceived valence correlates with perceived appeal.
We will complement these initial findings with data from the informed
participant group, predicting that this group will perceive the two languages
differently in terms of appeal. This research offers new insights mto dign
languages are perceived aesthetically and the extent to which socio-cultural
associations influence these perceptions. The perception of linguistic assthetic
can shed light on the cognitive and social processes involved in language
formation and change. Additionally, the influence of cultural assocgtion
linguistic perceptions may reflect broader patterns of language evolutiere wh
certain features are more likely to be favored or maintained due toriaioaal
or social appeal (Matzinger et al. 2021). By examining these processes in th
context of sign languages, we can gain a deeper understanding dfitit@asary
forces shaping both spoken and signed communication systems.
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(rating scale from 17). Participants were not informed about the languageseanings of the signs.
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This paper connects two theories of language evalitiat have developed in parallel
one linkingthe emergence of modern speech to changés épeech organand the other
linking language complexificatioio changesin human behavior and cultur®©ur
contention is that selected changes indpeech organaccounting for modern speech
particularly,in the hyoid bonemight have resulted (dreingfavored) byour evolutionary
trend towards a more prosocial phenotype (&kenan self-domesticatiopy which
complexifiedlanguage through a cultunaechanismif correct, his approachvould offer

a more parsimonious explanation of modern speechigmland make hypotheses about
speechlike abilities in other hominin species more testable.

Introduction

Language evolution studies have flourished during the last years. Languege do
not fossilize, but its evolution can be inferred from indirect evidenceetmes
NQRZQ DV 3SUR[LHV"~ 3ZLQGRZV’  RU 3IRVVLQV Rl ODQJXDJH
this paper, we focus on the evolution of modern speech, a favgiteiothe
language evolution literature. Speech is the usual way in which humans
exteriorize their linguistic thoughts, it is easy to analyze (in contrast to e.g.
language processing by the brain), and there are true fossil remainseobkthe
speech organs, like parts of the hard palate, or the hypoglossalsawih most
proxies or windows, the consideration of these remains has resulted in different,
sometimes opposite views of the emergence of speech (e.g. the reconstifction
the Neanderthal vowel space by Lieberman and Crelin, 1971 vs Bo' and
colleagues, 2002). At the same time, after decades of extensive research on
language evolution, most researchers would now agree that languaget did no
emerge from scratch because of some abrupt change in our biologsgrbu f
myriad of changes that gradually impactedbon body behavior, and culture. A
corollary is that any fruitful hypothesis about language evolution must be

F



grounded on a solid narrative of the evolution of the human species. Our aim
the paper is to provide an evolutionary rationale for the attested changes in our
speech organs that resulted in modern speech, and ultimately, to contritieite t
together two narratives of language evolution that have run in parallel for the mos
time: the evolution of speech via biological changes, and the sophistication of
languages via a cultural mechanism. More specifically, we will examine the
potential effect on the hyoid bone, which is a robust anatomical proxpderck
evolution, of our purported self-domestication, which reshaped our ioelzend
culture mostly

The hyoid bone and the evolution of speech

The hyoid bone is a floating bone that provides anchoring to musclesftafaihe

of the mouth and the tongue, and the larynx, contributing to the firiegtwf
tongue movements, and ultimately, to the diversity of speech solimelyoid

bone has changed notably in the geHesna The Neanderthal hyoid was like
ours (Arensburg et al.,, 1989), with similar internal architectures and micro-
ELRPHFKDQLFDO FDSDFLWLHV 'Yf$QDVWDVLR HW DO %\ F
Homo erectushows some archaic features and differences with the human and
the Neanderthal hyoids, which could be indicative of a reduced capability for
modulating the length of the vocal tract, and accordingly, of differemceeir
speech-like abilities (Capasso et al., 2008).

The human self-domestication (HSD) view of language evolution

The HSD hypothesis argues that the human phenotype is the outcome of an
evolutionary process similar to animal domestication. Domestication involves an
initial selection for tameness and tolerance to contact with hymiauns
interestingly, it usually brings about a set of co-occurring distinctive #raits
physical, cognitive, and behavioral: the domestication syndrome (Wilkins et al.,
2014; see Sanchez-Villagra et al., 2016 and Lord et al., 2020 for critical views).
Most of these features are observed in modern humans compared to extant
primates and extinct hominins (Shea, 1989; Leach, 2003; Somel et al., 2009;
Zollikofer and Ponce de Le—n, 2010; Plavcan, 2012; Fukase et al SRbtfer,

2016). The behavioral changes (and to some extent the cognitive andaphys
modifications) brought about by HSD have been hypothesized to havedavore
the evolution of human-distinctive traits, such as our enhanced social cognition
and increased cooperation, and ultimately, our sophisticated culture and advanced
technology (Hare, 2017; Hare and Woods, 2020). Ben'tez-Burrac@ragdvac
(2020) have further suggested that also language evolved under the effects of
HSD, gaining structural complexity and functional versatility with time. This
sophistication was seemingly achieved through a cultural process that was
favoured byourincreased HSD, including increased contacts between people and
extended playing behavior, which are mechanisms that promote the



complexification of languages through a cultural process (Ben'tez-Buarato
Kempe, 2018; Langley et al. 2020).

Linking changes in the hyoid bone to HSD

Wilkins and colleagues (e.g. 20120210 have hypothesized that the co-
occurrence of similar traits in most domesticates can be explained if attenuated
aggression responses (and ultimately, low stress levels), as found in domesticated
animals, reduce the input to the neural crest, an embryonic structure thatsuppo
the ontogenetic development of numerous body parts (see again; Sinchez-
Villagra et al., 2016 and Lord et al., 2020 for critical views). HSD might have
entailed similar changes in neural crest functiewen if it was triggered by
external factors (see Ben'tez-Burraco, 2025 for a recent review), since
neurocristopathies in humans result in clinical features that resemble traits found
in domesticates (Stnchez-Villagra et al., 2016). Interestingly, the voice-producing
structures, specifically the larynx and hyoid, depend on neural crest cells for
correct formation during embryonic development (Tabler et al. 2017¢cént
publication by Lesch and Fitch (2024) suggests that in domesticates, feweadr ne
crest cells arrive at target sites relevant to the formation of these voice-producing
structures, this resulting in an overall smaller larynx and hyidits would mean

that, corrected for body size, and despite species specific adaptations,
domesticated mammals will have a smaller larynx and hyoid bones compared to
their ancestral wild population. Therefore, if humans indeed underwent HSD, our
hyoid pattern changes should share certain overall patterns with other
domesticated mammals across the phylogenetic tree (Fig. 1). In our contribution
we will further discuss an analysis pipeline aimed at comprehensively testing the
putative role of the hyoid proxy of HSD via the Neural Crest Domestication
Syndrome hypothesis. Linking the changes in speech organs/proxies like the
hyoid bone to HSD offers a more parsimonious explanation of mogestis
evolution and makes hypotheses about speech in other hominin species more
testable.

tympanohyoid

epihyoid stylohyoid

Smaller cornu
thyrohyoid

ceratohyoid

basihyoid

Greater cornu -
thyrohyold basihyoid

Figure 1.lllustration of the hyoid bone and apparatus in a@anis familiari§ and a human
(Homo sapiens
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Abstract

Humans maintain upright posture on a minimal base of support, rely-
ing on continuous postural control to stay balanced. We propose that the
evolution of higher-level postural control, driven by bipedalism, shaped mul-
timodal communication. To test this idea, we experimentally manipulated
adultsO postural stability to assess how it affects speech and gesture produc-
tion in an interactive Taboo game. Participants communicated with a partner
while standing on solid ground or on a wobble board, increasing demands on
their postural control during communication.

1. Introduction

Maintaining an upright posture requires constant neuromuscular control to
stabilize the body against gravity on a minimal base of support. We propose
that these postural mechanisms not only support balance but also contribute
to multimodal communication production.

Evidence across multiple domains demonstrates that articulators involved
in posture overlap with those used in speech and gesture. For example, clini-
cal studies reveal mutual inBuences between jaw-head motion and body pos-
ture (Alghadir, Zafar, & Igbal, 2015; Sakaguchi et al., 2007; Yamabe, Ya-
mashita, & Fujii, 1999). Furthermore, kinetic studies show that upper limb
gestures alter the center of pressure and postural stability (Pouw, Raphael,
Burchardt, & Selen, 2025) and may affect acoustic speech signals (Pouw,
Paxton, Harrison, & Dixon, 2020). Furthermore, a recent machine learning
study reveals that vertical gesture kinetics predict speech prosody (Momsen
& Coulson, 2025). Together, these bPndings suggest that speaking, gesturing,
and postural control are biomechanically interconnected processes.

Human communication involves overlapping muscle systems that are
more interconnected than traditionally recognized. While respiratory and
laryngeal muscles handle speech production (Simonyan & Horwitz, 2011),
gestural muscles include secondary respiratory musclesbabdominals, back
muscles, and shoulder girdlebthat also support vocalization (Pouw et al.,



2025). We propose that evolutionary development of sophisticated postu-
ral control, following the transition from quadrupedalism to bipedalism, was
crucial for rebPning coordination between these systems in multimodal com-
munication. Although bipedalism predates language, early hominins pos-
sessed only rudimentary postural control (Ruff, 2015). The precise postu-
ral stability necessary for coordinated speechbgesture communication devel-
oped gradually throughout human evolution. Thus, while bipedalism did not
directly give rise to language, it served as a precursor that prompted anatom-
ical and neurological adaptations, laying the groundwork for the coordinated
vocal and gestural systems that underpin human multimodal communication.

2. Methodology

To test this idea, we manipulated adultsO postural stability by examining how
standing on stable versus unstable surfaces inBuenced multimodal commu-
nication during an interactive Taboo game. Players attempted to get their
partner to guess target words without using specibc OtabooO words (e.g., for
Oapple,O taboo words included Ofruit,®O Ored,0 Otree,0 Opie,0 and OeatO). While
players were restricted from saying target or taboo words, they could use
other verbal descriptions and were encouraged to use gestures, facial expres-
sions, and body language.

Sixty pairs of adult participant®\(= 120) played the game while standing
on solid ground (stable condition) or on a wobble board (unstable condition).
Within each dyad, participants took turns giving clues and guessing, and clue-
givers alternated between standing on the solid ground and wobble, following
a within-subjects design.

3. Predictions

We formulated several predictions for clue-givers® speech and gesture pro-
duction as a function of postural stability.

For speech production, we expect slower speech, increased pausing, and
reduced articulation on the wobble board compared to solid ground. Acoustic
analysis using PRAAT (Boersma & Weenink, 2002) will allow us to measure
speech rate, pausing, fundamental frequency (f0), amplitude, and peaks of
the amplitude envelope.

For gesture production, we expect reduced gesture frequency due to in-
creased postural demands. When gestures occur, we hypothesize they will
be produced closer to the center of gravity, favor bilateral over unilateral
movements, and exhibit greater symmetry to minimize balance disruption.
Movement analysis using pose2sim (Pagnon, Domalain, & Reveret, 2021)
will allow us to quantify the kinematics of the center of mass, velocity, and
upper extremity.

This study will provide original empirical evidence for how postural con-
trol shapes multimodal communication, contributing to theories of language
evolution.
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This paper discusses how lexical items emerge through demonstration, focusing on iconic lin-
guistic signs, particularly interjections and ideophones. These items illustrate how expressive,
non-arbitrary signs enter the lexicon through demonstrative usage. Demonstration allows in-
terjections, ideophones and loanwords to become grammatically integrated, forming predicates
and acquiring stable category labels required for syntactic merge. Thus, iconic signs initially
introduced demonstratively can evolve into fully established lexical items, highlighting the role
of demonstration in lexical emergence and grammatical integration.

1. Introduction

Human language is typically characterised by an extensive lexicon coupled with
a relatively limited set of functional categories. Unlike pidgin-based creole lan-
guages, which inherit their extensive vocabulary from source languages (e.g. the
lexiper (Mufwene, 2001))(Bickerton, 1981; Aboh, 2015), emerging languages
such as Nicaraguan Sign Language provide a compelling example of how lexicons
develop without direct linguistic predecessors. One prominent feature observed in
these cases is iconicity; signs often arise through imitation, capturing meaning by
mimicking their referents. Motamedi et al. (2019) debne iconicity as the perceived
resemblance or motivated relationship between the form of a linguistic signal and
its meaning. It is not limited to ideophones but is seen as a widespread feature
across modalities (spoken, signed and gestural languages). According to them,
there are two key dimensions of iconicity: operational iconicity and functional
iconicity. The former is about perceptual similarity, the extent to which the form
resembles meaning. The latter concerns how usable the signal is for guessability
or learning, the extent to which a naive listener infers the meaning from the form.
The following table is a summary of their discussion.



Aspect Summary

Debpnition Resemblance or motivated link between form and meaning

Two Types Operational perceptual similarity
Functional ease of guessing meaning

Measurement Methods 1. Intuition-based (e.g., expert coding)
2. Behavioural (e.g., rating, guessing, production)
3. Data-driven (e.g., corpus/statistical patterns)

Key Insight Iconicity is multi-dimensional and context-dependent
Purpose of Toolbox To help researchers choose appropriate methods

Winter et al. (2024) argue that iconicity is a widespread and variable feature
of the lexicon. Their point is summarised in the following table.

Feature Iconicity Systematicity Arbitrariness

Debpnition Form resembles meaning Form predicts class/category No link between form and meaning
Mapping Type Motivated, intuitive Probabilistic, statistical Conventional, random

Measurement Rating tasks (e.g., 1-7 scale) Corpus/statistical models Residual category

Examples buzz wiggle gl-(e.g.,glow) dog chair

Language Modality Strong in sign/sound-symbolic languages Common in morphology/syntax Typical in general vocabulary

This talk discusses the nature of grammatical integration driven by iconicity,
arguing that lexical items forming natural classes become targets for grammatical
operations due to their categorical identities.

2. Symbolic items

It is generally assumed that most lexical items are arbitrary and conventional,

despite acknowledging the existence of sound symbolism. According to Knoeferle

et al. (2017), sound symbolism rel3ects a motivated relationship between sound
and meaning, structured by specibc acoustic cues that differ depending on the
semantic dimension involved (e.g., size vs. shape). However, lexical items with

iconicity present interesting cases for linguistic analysis.

2.1. Different modules

Following Davidson (2015), demonstration can provide insights into the interpre-

tation of symbolic items. Demonstrative expressions, introduced by constructions
such ade like illustrate how non-verbal and expressive aspects of language con-
tribute to semantic interpretation, as shown in the examples below:

(1) a. My catwas like Ofeed me!O
b.  Bob saw the spider and was like Oaliinia scared voided



An advantage of demonstration theory is that it explicitly captures expressive
nuances. In (1a), the catOs imagined utterance is conveyed in human language, in-
terpreting the catOs behavior through linguistic means. Similarly, the exclamation
ahh! in (1b) communicates BobOs emotional state through vocal tone and expres-
sion. Demonstrative constructions can also incorporate non-verbal signals such as
gestures and facial expressions, indicating their role in the emergence of lexical
meaning. These demonstrative expressions ref3ect cross-modality integration in
lexical development and offer valuable perspectives on language evolution.

A notable class of symbolic linguistic items are ideophones, which are par-
ticularly abundant in languages across Asia, Africa, and the Americas (Akita
and Dingemanse, 2019). In Japanese, ideophones commonly function as ad-
verbs, often optionally marked by the quotative partitte which typically does
not affect their semantic interpretation. Howew#g becomes obligatory when
ideophones are employed in non-idiomatic contexts. Furthermore, ideophones or
phonomimes likeaazaaOpouring heavilyO) show stronger associations with au-
ditory contexts (e.gkikoeruOaudibleO), but have a more indirect relationship with
visual perception, as illustrated below (Akita and Usuki, 2016):

(2) a. Ame-ga zaazaa(-to)hut-te iru no-ga kikoeru.
rain-NOM IDEO-QUOT fall-coNJbe NMLZ-NOM be.audible

Ol hear the rain pouring heavily.O
b.  Ame-gazaazaa(??-tohut-te iru no-ga mieru.

This indicates that the quotative particl® interacts closely with modality-
specibc sensory interpretations, ref3ecting the iconic origins of such expressions
(Kawahara, 2022). Demonstrative expressions, by themselves, have some illocu-
tionary force. Like the exclamatioahh!, the interjections such ages, no, huh,
ehcan stand alone to have some force. Hence, they are the primitives of auditory
signs and cannot be categorised, or grammatically inRected.

2.2. Ideophones

The fundamental usage of ideophones is typically holophrastic or adverbial; how-
ever, a considerable number of ideophones also function as predicates. Predicative
ideophones primarily belong to the category of phenomimes, describing states,
motion, or psychological conditions, as illustrated below:

(3) a. *wanwan-suru O(lit.) bowwow-dé@angan-suru O(intended) *bang,
(possible), a splitting headacheO
b. subesube-suru OsmoothO, burabura-suru Ostroll®

Since oral languages are fundamentally based on sound, audio-related ideophones
(phonomimes) can be hypothesised to be most iconic (Dingemanse, 2012). In this
context, Akita (2009) proposes that strongly iconic ideophones generally resist
functioning as predicates. This claim appears justiPed given that phonomimes
typically exhibit limited grammatical integration. | suggest the following implica-
tional hierarchy.



(4) An inverse relation between (operational) iconicity and lexical integra-
tion: More iconic items tend to be less lexically-integrated and vice versa.
(SOUND < VISUAL PATTERNS and MOVEMENT< OTHER SEN-
SORY PERCEPTIONS and COGNITIVE STATE)

Incorporability Arbitrariness

Auditory items Weak (NO SOUND-EMITTING VERBS) (Strong) Link between form and meaning
Visual items Relatively weak (e.qg. kirakira-suru Osparkle®, NO MOTION VERBS) Some link between form and meaning
Other items Strong (e.g. dokidoki-suru Othrilledd, wakuwaku-suru OexcitedO) No link between form and meaning

Demonstrative expressions Weak Strong link between form and meaning

2.3. Neologism

Japanese has a productive mechanism for verb formation through the use of the
light verb (su)-ru For instance, during a recent trend involving tapioca drinks,
many young people coined the vetdpi-ru (Oto enjoy tapiocaO). Similar verb
formations can be seen historically, suchryasu-ru (Oto cookO), derived from the
nounryouri (OcooklngO) which originated around 350 years ago and remains in
use in certain regions of Japan. Loanwords higtationandsabotagehave also
undergone this process, resulting in the vetisru (Oto ag|tate0) asabo-ru(Oto

skip oneOs dutiesO), respectively. Such lexical conversions occur when loanwords
are sufbciently integrated into the linguistic system. Another example includes
kisi-mu(Oto creakO), formed from the phononkiisi&isi (Osqueaking soundO).

This process demonstrates that non-iconic ideophones or frequently used loan-
words can be integrated into predicate structures, thus becoming central compo-
nents of sentences. Such lexical items initially gain linguistic acceptance through
demonstrative usage, which allows them to enter the general lexicon and form nat-
ural categories. Through repeated use, they become categorised clearly enough to
serve as targets for grammatical operations (Chomsky, 2013), solidifying their sta-
tus as established lexical items. Linguistic items that are sorted out based on their
common characteristics can be a target of another grammatical operation, because
they are integrated into some lexical categories.
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Imagination, the ability to generate mental simulatiossaikey cognitive capacity underlying
planning, problenrsolving, and critically, language Despite its centrality in human cognition, the
evolutionary origins of imagination remain underexpth This paper argues that imagination
emerged in early mammaknablingcomplex behaviors such as episodic-like memafgrenceand
theory of mind This evolutionary transition was facilitated by a sfgr@Eint development in the
neocortex and hippocampuwghich together form the core neural network supportinggimation in

all mammals, including humans.

Human imagination is a complex, rich and highly developed cognitive ability,
constituting an important part of human experience. It is a critical compadhent o
human linguistic abilities and was probably an evolutionary pre-requisite t
developing symbolic language (Corballis, 2019). Furthermore, a wedtifuning
imaginationis critical for mental health and well-being, and foundational for
creativity and empathy. Nevertheless, imagination is critically understudied as
such, with little systematic, in-deptbr interdisciplinary research addressing it
directly. Adopting an evolutionary approach, this paper presents a comparative
study of imagination across mammals and reptiles, considering both lrahavio
evidence and differences between neural organization in these two lineages.
According to Tomasella2014, p. 9) ifhagining is nothing more or less than the
SRIOLQH" VLPXODWLRQ RI SRWHQWik Dadinit®or tahHS W X D O
theoretically apply to non-human animals, although the major challenge lies in
measuring such mental simulations in the absence of verbal report. Deliberate
planning is suggested here @ strong, testable behavioral marker of off-line
simulations in non-human animals. Additional behaviors that may support the
claim that non-human animals can and do imagine include theory of mind,
inferential and causal reasoning, episodic-like memory, and dreamiege Th
behaviors are most robustly documented in great apes, with sparser evidence in
other mammalian species such as monkeys, rodents, and bats. In contrast, no

H[SHULH



published results demonstrate these behaviors in reptiles, hinting at a qualitative
difference in cognitive abilities between reptiles and mammals.

A core neural network supporting imagination has been identified in the human
brain (Schacter et al., 2012), which overlaps significantly with the Default Mode
Network (DMN; Raichle, 2015; Schacter & Addis, 2020)terestingly, this
network spans two different cortical architectures: the hippocampus and
association areas belonging to the neocortex. Understanding the evolutieseof th
two neural architectures is critical in understanding their functaom
involvement in complex cognition, including imagination and language. While
both neocortex and hippocampus have homologs in reptiles, they untderwen
significant expansion and reorganization in the base of the mammalian lineage.
The reptilian medio-dorsal pallium consists of a thin layer of interconnected
principal excitatory cells. In mammals, both the neocortex and hippocampus
increased in size, neuron numbers and neuron density. This was achyeved b
transforming the original reptilian 2D sheet of neurons into a 3D steudiuthe
neocortex, this meant stacking multiple layers of neurons, while the hippocampus
folded upon itself to create its characteristic S-shape. These two structures also
gained new organizational principles that form the basis of the canonical cortical
column microcircuit and the hippocampal trisynaptic loop. This architectural shift
was accompanied by the emergence of new cell types, notably large pyramidal
neurons with multiple, distinct dendritic zones. The resulting modularity of the
neocortical architecture opened an opportunity for further evolutionarngeban
seen in the multiple mammalian lineages in which neocortical territories
proliferated and gained new functions.

Behavioural and neural findings point to a significant cognitive transition between
reptiles and mammals. While it is recognized that mammals vary widely in their
imaginative abilities, they all seem to have a forrmafimalimagination, absent

in reptiles. This ability would have conferred a substantial adaptive advantage to
mammalian ancestors and constitutes a critical step in the evolution of human
imagination and language.
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The tendency to exploit suffixes more often thariipes to express grammatical meanings

LQ ZRUOGTV ODQJIXDJHV ZD VheuadeQymyLchusesiobthis Buixing U\ D JR

bias are not clear. Moreover, there is contradictmilence whether this bias is domain-

general or restricted to natural languages. We addretbesg questions in a three

behavioral and one EEG experiments. The data confirmagespecificity of the

phenomenon, and absence of cognitive bias that &addo the emergence of typological

suffixing bias.
Appending an affix to the word stem is one of the most frequently exgpploikans
to express grammatical meaning (e.g., tense-aspect, number, case, person,
interrogation, subordination). Most common affixes are suffixes (appented af
the stem) and prefixes (appended before the stem), with infixes and ciresimfix
being relatively rare phenomena. Linguists have identified a clear prefdéoence
suffixing in world languages (Cutler et al. 1985; Greenberg 1957; Hawkiths
Gilligan 1988; Sapir 1921). In the World Atlas of Language Structures (WALYS),
Dryer (2005) there are 8 strongly suffixing languages for 1 strongly prefixing
language. This asymmetry is often referred tatgpological suffixing biasThe
origin of this bias is still debated.
One potential cause of the typological bias might be an existing cognitive bias,
making memorization and/or processing of sequences with variable endings
easier than those with variable beginnings. Language might be shaped by domain-
general cognitive constraints on memory (Gibson 2000), learning (9@ll; 1
Kersten et al. 1998), auditory perception (Blevins 2D0zgth, 1993; Macintosh,
1975. These constraints define domain-general cognitive mechanisms, which act
to select those variants of language code that are more easily processstirgy ex
cognitive mechanisms. The selected variants are modified and passed ®n to th
next generations by means of social learning and cultural evolution (Christiansen
& Chater, 2001; Lewis et al., 2006; Saygin et al., 2003). If the cognitive bias
explains typological bias, we should observe its existence across language and



nonlanguage domains. Alternatively, it can be argued that suffixes can be more
easily processed by the language-specific cognitive machinery. For exémple,
beginning of the wordnay bemore important for lexical access than the end of
the word, because the pool of potential word candidates becomes increasingly
narrower as more and more segmental information is becomes available (Erdeljac
& Mildner, 1999; Marslen-Wilson, 1987; Rodd, 2004). Therefore, refst
segments are most critical for the word activation, and variation at the left edge
of the word impedes word recognition, disfavoring variable beginnindbseof
words. Speech production machinesjlows for better preservation of the
phonetic contrasts at the beginning of the speech units than at the/teol,

might also restrict the suffixing bias to language domain. | am going to &port
behavioural and 1 EEG experiments in an attempt to resolve the origin of the
typological suffixing bias.

We used an atrtificial language learning paradigm (Saffran et al., 1996) to study
how adding a prefix or suffix to the recurrent stem-like constituents will argerf

with learning and recognition of these constituents by statistical learning
mechanisms. In Experiment 1, we ran the study with Spanish monolingdals an
Basque-Spanish bilinguals, the latter are more familiar with grammatical prefixes,
esp. in verbal paradigms, the former do not have experience with grammatical
prefixes. In Experiment 2, we ran the study with German and Slovak participants,
both languages are strongly suffixing in regard to inflectional morpholmgy,

both make extensive use of verbal derivational prefixgst in German verbal
prefixes can be detached and used separately from the stem. We studyea revers
effect tthe effect of language typology on general suffixing bias, and whether it
can extend from inflectional to derivational morphology. In Experiment 3,ié\rab
speakers, who are used to express most grammatical meanings are expressed b
vowel alternations inside the stems rather than appendix affixes, did the
experiment with artificial language composed of prefixed and suffixed estturr
words in the familiarization stream. In Experiment 4, we measured EEG signal in
Portuguese speakers during familiarization and during learning, to understand
whether ERPs are stronger to violations of prefixed or suffixed sequesrces
3ZRUGV" RI DQ DUWLILFLDO ODQJXDJH :H H[SORUHG 3 DW WKI
as a neural response to morphological violations and N400 as a response to foils
during the test. All experiments were run on linguistic and non-linguistic material
to explore across-domain transfer.

The data did not show any evidence for pre-existing cognitive suffbiagy On

the contrary, the typological linguistic features affect how prefixed and suffixed
sequences are processed. The effect is weaker or non-existent kmgnistic
material, suggesting that the phenomenon is language-specific ratheefinad d

by general cognitive machinery.
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Past research shows that larger communities developsoonel symbolic languages to
overcome their greater communicative challenges. Stidy tests whether the results
extend to sign languages, as it is debated whetbricity plays the same role ipsken
and signed languageBarticipants from five different countries guessedntieaning and
rated the iconicity oBocial and non-social signs from 11 different sigryleages Non
social signs from larger sign languages were rated as iwmmic than those from small
languages.

Communication is harder in larger communities: Members of larger
communities experience greater linguistic variability, more interaction with
strangers, and greater bottlenecks for information spread. Largernucoti@s
overcome the greater communicative difficulties they encounter by creating
languages that are easier to learn and use (Lupyan & Dale, 2010). Inlaarticu
languages spoken by more people are more iconic (Lev-Ari et al., 2021),
presumably because iconicity facilitates language acquisition and processing
(e.g., Imai et al., 2008; Sidhu et al., 2020). We tested whether larger sign
languages are also more iconic, as it is debated whether iconicity plays the same
role in spoken and signed languages. We also tested whether the effect of
community size depends on semantic category.

Non-signers from five different countries (N=178) guessed the meaning and
rated the iconicity of signs from five large sign languages (>500,000rs)gne


mailto:shiri.lev-ari@rhul.ac.uk

and six small ones (<3,000 signerBjeraters lived in different countries to
those in which the sign languages are used. Twenty concepts were filmed in
HDFK VLJQ ODQJXDJH WHQ VRFVRGELBIOI HWULH@EDPLFGG WHQ
matched for frequency and concreteness. As predicted, participants rated signs
from larger sign languages as more iconic, but this effect was limited to non-
VRFLDO WI43,EK¥=0.05, z=-8.07, p<0.001). This effect was mainly
driven by the fact that signs rated as low in iconicity were almost exclusively
from smaller sign languages (See Figure 1). Furthermore, iconicity ratings and
guessing accuracy were more aligned in signs from larger sign languages
6 ( W SRWHQWLDOO\ EHFDXVWHVLJQV IURP ODUJF
less likely to rely on culture-specific iconicity.

Lastly, exploratory analyses revealed an interaction between concreteness and

LFRQLFLW\ 6 ( ] S VXFK WKDW LFRQLFLW\ ZD\
FRUUHODWHG ZLWK FRQFUHWHQSE+ V16, @38 DOO ODQIXDIHV
p<0.001) but was not associated with concreteness in large sign languages. This

finding suggests that, contrary to prior proposals (e.g., Lupyan &Wi2018),

the prevalence of iconicity is not constrained by the difficulty of representing

abstract concepts iconically.

The study supports the claim that social structure shapes language. Specifically,
it shows that community size can influence lexical form, leading larger
languages to be more iconic. It further shows that iconicity plays a parallel role
in spoken and signed languages.

Non-social Social
ASL
Chinese SL 1
Indian SL A
LIBRAS 1
&  RussiansLy Community size

% Adamorobe SL 1 large

S Estonian SLA small
Icelandic SL
Kata Kolok
Kufr Qasem SL
Miyakubo SL

-1 0 1 2 -1 0 1 2
Normalized iconicity

Figure 1.Normalized average iconicity of signs by Language $@thantic Domain. Each dot
represents the normalized average iconicity ratingofwe sign. The y-axis indicates the
language Sgns from languages with large communities appeagrey and signs from

languages with small communities appear in yellowgnSito the left of the vertical line
received an average iconicity rating that is more th&D below the mean.
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We argue that physical models and demonstrations can contribute to more informed discussions
on the evolution of vocal tract morphology and its phonetic potential. Here, we present the pPrst
physical models of non-human vocal tracts, based on chimpanzee vocal tract imaging data. The
purpose of this exercise was not performing physical experiments but educational, with the goal
of highlighting differences in vocal anatomy.

1. Introduction

Physical vocal tract models are useful for demonstrating the mechanics of speech
production, providing a tangible way to understand how sound is generated and
modibed. Potentially, such modeling allows even audiences unfamiliar with
speech acoustics to visualize the shape and movements of the vocal tract com-
ponents (Arai, 2012). We present physical models designed to emulate vocal
tract conbgurations employed by chimpanzé&®&n(troglodyteswhile producing
ooGd b an apparently vowel-like call acoustically overlapping with close back
rounded vowel [u] (Grawunder et al., 2022). We argue that making such models
more widely available may educate a broader audience about the signibcance of
inter-species vocal tract physiological differences.

2. Modeling

A subadult chimpanzee vocal tract was traced after Nishimura (2005), and par-
titioned into equidistant sections after Fant (1992). We modeled a set of four
vocal tract shapes, corresponding to (1) the tracing without any additional infer-
ence or addition, (2) the tracing with added lip protrusion (inferred from Fant,
1971); (3) the tracing with retracted tongue body (see Takemoto, 2008); and (4)
protruded lips and retracted tongue body D i.e., a model combining (2) and (3).
Area functions were implemented in thebeNsoftware, which implements the
Liljencrants-Fant algorithm to predict resonance frequencies from the area-length



relationships of a vocal tract represented as a concatenated tube sequence (Liljen-
crants & Fant, 1975). Lip protrusion was conservatively modeled using dimen-
sions from human [u] articulation (Fant, 1971), while tongue body retraction was
simulated by narrowing the oropharyngeal segment areas in a stepwise manner.
The full modeling considerations are available elsewhere (&ksét al., 2025a).

3. 3D Printing

The TubeNsoftware allows for the semi-automatic transcription of an input tube
sequence to 3D-printable material (Zhang et al., 2024). We used a Prusa MK 3.9S
3D printer, and models were printed using polylactic acid (PLA). Figure 1 displays
the printed version of the fourth conbguration (combined lip protrusion and tongue
retraction), which best approximated the acoustic properties of chimpanzee [u]-
like vocalizations (Ekstim et al., 2025a).

4. Future work

Recent literature has highlighted roles of realistic biomechanics in explicating
call behavior in living primates, and any relationships call production may have
to speech production (Berthommier, 2020; E&sty 2024). We suggest that the
integration of more general speech production and speech acoustics-based mod-
eling (Fant, 1992) and teaching (Arai, 2012) may facilitate consilience toward
this end. A plausible next step would be the incorporation of modeling the chim-
panzee nasal tract (Samarat & Matsuzawa, 2016; Bastir, Sanz-Prieto, & Burgos,
2022), the inBuence of which has been widely recognized (Lieberman, 1984), but
never incorporated into modeling effortsf.(Havel, Sundberg, Traser, Burdumy,

& Echternach, 2023).

While literature on primate call acoustics and their contextual use is extensive,
comparatively little is known about the constraints on vocal production. Through
Oreverse engineeringO paradigms, such as that illustrated here, this may be sub-
ject to change. Modeling primate vocal tract physiology may help advance the
Peld of primate vocalization and communication toward more integrative work in
the future. For example, an exhaustive collection of physical vocal tract models
corresponding to vocal tract estimates for nonhuman primates (Nishimura, 2005;
Takemoto, 2008) and human ancestors (Lieberman & McCarthy, 1999;efkstr
et al., 2025b) may facilitate the integration of such data into the broader literature
on the evolution of vocal production behavior.
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Figure 1. 3D-printed tube chimpanzee vocal tract model, modeled on a tracing after Nishimura
(2005). Approximate positions of the lips, and horizontal and vertical sections of the vocal tract
(SVTy, SVTy) are annotated. S{Tencompasses the oral cavity and back of the throat; the modeled
section of the SVY corresponds to the oro- and laryngopharynx. Like all nonhuman primates, the
chimpanzee SV{ is markedly longer than the S\YTLieberman, 1984; Nishimura, 2005).
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This study investigates the conditions under which syntactic alternation encoding different con-
ceptualizations of the same situation emerges through cultural evolution. We incorporated con-
ceptualization into the Iterated Learning Model, modeling meaning as the specibc way an in-
dividual construes a situation. Simulations show that alternation emerges only when a learner
perfectly infers the speakerOs conceptualization. The result suggests that the inferability of
conceptualizations determines whether any conceptualized meaning is linguistically encoded
through cultural evolution. This study may contribute to understanding how the boundary be-
tween syntax and pragmatics arises in language evolution.

1. Introduction

Human language not only denotes objective referents in the external world but
also encodes subjective meanings shaped through conceptualization Nthe pro-
cess by which individuals perceive and interpret the world. Conceptualization
is often ref3ected in linguistic structures, with syntactic alternation serving as a
common means of encoding different ways of conceptualizing the same situa-
tion. As Cognitive Grammar (Langacker, 1990) has shown, conceptualization
partially determines linguistic structure (e.g., A resembles B vs. B resembles A).
Such alternations may not have existed from the origin of language but rather
emerged through cultural evolution. A key model of cultural evolution, the Iter-
ated Learning Model (ILM), has demonstrated how language gradually becomes
systematic through intergenerational transmission, even if the initial language had
no structure (Kirby, 2002; Kirby, Tamariz, Cornish, & Smith, 2015). However,
most previous research on ILM has adopted a Osituation = meaning® framework
instead of Oconceptualization of a situation = meaningO, making it insufpcient for
explaining the cultural evolution of syntactic alternation. This study extends ILM
by introducing conceptualization to examine the conditions under which syntac-
tic alternations that encode different conceptualizations of the same situation can
emerge through cultural evolution.

2. Methodology

We developed a novel ILM that models meaning as Oconceptualization of a sit-
uationO, focusing on binary relations (e.g., A is above B vs. B is below A). We



debne syntactic alternation as follows:
¥ Both forms have a common set of lexical elements.

¥ Morphosyntactic differences (e.g., word order or morphological marking)
correspond to differences in conceptualization.

Thus, we introduced two evaluation metrics (specibcally to evaluate the role of
word order in morphosyntactic differences):

¥ Lexical dissimilarity: The mean edit distance between lexical sets.
¥ Word order dissimilarity: The mean edit distance between word sequences.

Our model modibed the Debnite Clause Grammar in Kirby (2002) to incor-
porate conceptualization into semantic representations. In this model, language is
represented as a mapping between meanings and forms. Meanings are formalized
aspredicate; (argument; , argumenti:; )/CV , whereCV (Conceptualization
Value) is a binary value (0 or 1) capturing the essence of subjective construal in
binary relations (e.g., trajector/landmark selection, active/passive voices). Agents
use three rule-based learning algorithmsNChunk, Category-Integration, and Re-
placeNto generalize linguistic rules. Chunk learning specibcally generalizes rules
with distinguishing CVs, whereas other algorithms learn independently of CVs.
This means that rules for entire events incorporate CVs, while rules for the parts
of events do not. The production algorithm generates forms in accordance with
CVs by combining learned or invented rules, which enable parents to express
the entire semantic space. Children receive only half parental productions, sim-
ulating a Obottleneck effectd. Assuming childrenOs reliance on extralinguistic and
paralinguistic cues (e.g., gaze and pointing gestures) to infer parental CVs, we
investigated the inBuence of inference accuracy on the emergence of alternation.

3. Results and Discussion

The simulation results revealed that syntactic alternation can emerge only when
children can perfectly infer the parentOs conceptualization. Even a slight imper-
fection in the accuracy of inference prevents the emergence of alternation. Specif-
ically, such imperfection hinders the childOs correct chunk learning of parental
linguistic rules with distinct CVs. Consequently, the child acquires erroneous gen-
eralized rules that confuse originally distinct CVs. Low inference accuracy ampli-
pes the childOs pressure for simplibcation within cultural transmission, where the
parentOs pressure for expressing distinct conceptualizations is also present. Con-
versely, perfect inference accuracy establishes an equilibrium between these two
pressures.

This suggests that information easily inferred from extralinguistic and paralin-
guistic cues becomes integrated into a syntactic system (e.g., word order or mor-
phosyntactic marking) through cultural evolution, eliminating the need for further



inference. Conversely, information that is difbcult to infer from extralinguistic and
paralinguistic cues fails to integrate into the syntactic system through cultural evo-
lution and instead remains within the domain of pragmatic inference. Therefore,
conceptualizations that are difbcult to infer remain implicit and rely on contextual
interpretation rather than explicit grammatical coding. Our bnding suggests that
the ease of inferring information determines whether it integrates into linguistic
structure through cultural evolution. This study may contribute to understanding
how the boundary between syntax and pragmatics arises in language evolution.

4. Conclusion

By integrating conceptualization into ILM, this study demonstrates that syntac-
tic alternation encoding subjective meanings can evolve culturally if children can
reliably infer the conceptualization behind linguistic expressions. However, the
current model focuses solely on intergenerational transmission, neglecting the ef-
fects of social interaction and communication. Future research could explore how
interlocutorsO mutual understanding inRuences the grammaticalization of concep-
tual distinctions.

Our bndings advance the discussion of why human language encodes concep-
tualization beyond objective referents and provide insights into the role of cultural
evolution in shaping linguistic structure.
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Using Neural Networks for part-of-speech analysis to investigate syntactic
evolution and change

Carter Smith and Frederik Hartmarin
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Using computational models to study syntactic evolution necessitates a clear understanding of
syntax in historical low-resource languages. One avenue to gain insights into syntactic pro-
cesses is employing Neural Network Part-of-Speech analyzers. This study investigates using
Bi-directional Long-Short Term Memory models to tag POS in 5 historical Germanic languages.
First, we employ mono-language tagging models, then utilize ablation to investigate class-wise
predictive patterns between languages and observed syntactic patterns. Finally, we test multi-
lingual models that utilize cross-linguistic patterns for prediction.

1. Introduction

This study investigates the value of the application of deep learning techniques to
Part-of-Speech (POS) tagging, which here refers to the assignment of a main word
class/syntactic category label to each word in a sequence, in historical Germanic
for research in language evolution. (For a discussion of POS tagging as compared
to full morphological tagging, see Scherrer (2021)). Chiche and Yitagesu (2022)
describes the various efforts and techniques made in automatic POS annotation,
however, the application of these methods to historical languages is limited. As
a test case, the models are trained on bve historical low-resource languages: Old
English, Old Saxon, Old Icelandic, Old High German, and Gothic. We Prst test
mono-language models and then analyze how syntactic patterns impact class-wise
predictability in the languages. We then investigate the trained embedding space
and predictive accuracies across all POS to infer diachronic relationships across
the languages.

2. Data and Methods

2.1. Data

The data used in this study were extracted from the following corpora: Old Saxon
from the HeliPaD: a parsed corpus of Old Saxon (Walkden, 2016), Old English
from the York-Toronto-Helsinki Parsed Corpus of Old English Prose (YCOE)

(Taylor, Warner, Pintzuk, & Beths, 2003), Old Icelandic from the Icelandic Parsed



Historical Corpus or IcePaHC (Wallenberg, Ingason, Sigson, & RSgnvalds-
son, 2011), Old High German from the Referenzkorpus Altdeutsch (Zeige et al.,
2025), and Gothic from Project Wulbla (De Herdt et al., 1997).

2.2. Models

The brst set of models constructed for this study utilizes word-level embeddings,
which are trained alongside the models to extract as much information about indi-
vidual words as possible (So as to use syntactic-level information as the primary
factor in inferring POS). This is followed by a series of Bi-LSTM layers to make
context-sensitive predictions about POS, thus drawing on the syntactic frame to
identify POS. We further train embeddings directly on the syntactic categories
with skip-gram models to analyze the relationship between parts of speech in the
different languages.

To eliminate the confounding factor of dataset size when making comparisons
between the respective languages, we conducted an ablation study. This allows
us to observe more directly which POS are more or less predictable between the
tested languages. This way, we can compare these predictions with differences in
the syntactic patterns between languages to identify where accuracies are markers
of less stable linguistic states and can point to mechanisms of language evolution.

Table 1. Accuracy of mono-language Bi-LSTM Models Overall
and by POS.

tag | OE 0s OHG ol GO

Overall‘ 91.34% 87.68% 80.69% 89.34% 89.43%

N 93.68% 88.50% 76.66% 90.14%  88.68%
VB 92.48% 82.18% 76.37% 85.95%  86.90%
AP 89.01% 96.58% 92.66% 88.14% 96.87%
PRO 94.69% 95.74% 93.73% 97.01% 95.63%

D 84.57% 87.33% 91.17% 82.20% -
ADV 84.76% 88.29% 77.63% 93.41% 85.68%

CONJ | 94.03% 93.66% 76.91% 99.13% 93.88%
ADJ 83.31% 66.28% 52.13% 64.16% 74.66%

Cc 97.16% 72.72% - 97.80% -

Q 95.59%  93.97% - 92.32% -
NUM 95.38% 70.83% 40.22% 85.53%  20.37%
NEG 99.87%  96.92% - 97.97% -

PART | 65.78% 37.50% 95.40% 48.25%  0.00%
WH 90.62% 77.77% 79.37% 76.76% -
INTJ 90.94%  0.00%  33.33%  0.00% 0.00%




3. Results and Discussion

Preliminary results have shown a high degree of accuracy on the predictions for
the monolingual models, as shownTable 1

In our skip-gram, we have identibed notable differences in the relative dis-
tances between POS between languages, with, for example, conjunctions and
complementizers patterning much more closely together in Old Saxon when com-
pared to Old English.

Additionally, comparisons of class-wise predictive accuracies ref3ect observed
syntactic patterns. For example, the corpus analysis in Bech et al. (2024) showed
that the order of adjective and noun is far more restricted in OE when compared
to OHG, OI, and OS. This is reRected in the modelOs lower predictive accuracy of
ADJ in these languages, which, in turn, indicates that this pattern is in a less stable
and learnable state.

Furthermore, the ablation study allows us to identify more notable patterns.
For example, the OHG determiner shows a pattern of learnability distinct from
the other languages. Rather than reaching peak predictive accuracy and leveling
off at a fairly low sample size (as is common for function words), predictive accu-
racy continues to grow with sample size (resembling more broadly the pattern of
learnability of content words). Ablation has also allowed us to note other impacts
on predictability, like the greater dialect diversity in OHG on the predictability of
certain POS (like conjunctions) when compared to the other languages.

4. Further Modeling

Following this analyses, we seek to develop models that adaptively utilize infor-
mation at other levels (such as at the character level, to encode morphological in-
formation), and work using cross-lingual datasets, while employing similar meth-
ods of quanititative-based qualitative analysis, as well as test full morphosyntactic
tagging schemes to gain further insight into diachronic patterns.
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The talk explores the criteria a historical linguist can use to build a vocabulary list. The main
hypothesis states that these criteria are quantibable and automatically detectable. To test the
hypothesis, the study employs the East Slavic language material and the shortened version of
existing word lists. The experiments provide supporting evidence for the hypothesis, and the
results call for further study, especially on choosing more effective automatic detection methods.

The talk examines the concept of swadeshness (Dellert & Buch, 2016) on
the material of East Slavic leétfrom a formal standpoint, not directly tackling
the controversial topic of lexicostatistics (Campbell & Poser, 2008), but rather
discussing the ways to formalise this concept in a language-aware way (Borin,
2012; Prok& & Moran, 2013). One of the purposes of such examination is to
complement the notion of low borrowability with the set of bottom-up corpus-
driven criteria (Divjak, Sharoff, & Erjavec, 2017). The study presents three main
hypotheses, one entailing the other.

H1. It is possible to dePne swadeshness, a parameter that facilitates the cre-
ation of Swadesh-like listsas a combination of the following criteria: historical
stability, relatively high frequency, relatively low degree of colexibcation, clear
monosemy, and stylistic neutrality.

H2. The main characteristics of swadeshness, givedlinare quantibable
and thus detectable in any kind of sequential data, whether word lists or corpora.

1The study uses a neutral tetectto denote any variety: idiolect, dialect, sociolect, or standard.
The purpose of this term is to eliminate the possible appearance of a language / dialect hierarchy that
signibcantly complicates any kind of linguistic study (Otheguy & Stern, 2011)

2A small (up to 400) list of meanings that are denoted in each lect, according to the author of
the original work (Swadesh, 1955), using the words that remain unchanged in a lect for the longest
period of time. This talk employs the terBwadesh-likebecause there are at least three highly used
variations of this list (Holman et al., 2008; Tadmor, Haspelmath, & Taylor, 2010; Kassian, Starostin,
& Dybo, 2010) that do not match between themselves or with the original, due to the differences in
the methods to detect the (lack of) borrowability.

30r, in terms of monosemy detection-oriented frameworks, easy detection of the lexical meaning
(Sabar, 2018).



H3. Itis thus possible to check how much the words included in the existing
Swadesh-like lists differ from the other parts of the vocabulary in terms of their
usage by the speakers.

Previous studies on the topic (Borin, 2012; Kassian et al., 2010; Burlak, 2021)
have already investigated some of the criteria mentionétllirtheir quantibabil-
ity (Dellert & Buch, 2016), and automatic (Afanasev, 2023) detectit®)( But,
due to the research design, adapted to solve other equally signibcant issues, they
did not fully explore the interconnection between these problems. The presented
study, on the contrary, accentuates the swadeshness being the set of quantibable
characteristics of the lexical iteri8).

Unlike previous studies that conducted the research on a wide scale, in terms
of both lects (Dellert & Buch, 2016) and the number of items under study (Afana-
sev, 2023), this work reduces the scope. The material is limited to the corpora
of two modern standard lects, Ukrainian and Belarusian, and one historical lect,
Ruthenian (the last common ancestor of these standards). For Ukrainian, the study
presents a new corpus, based on UA-GEC (Syvokon, Nahorna, Kuchmiichuk, &
Osidach, 2023), which is reusable for other linguistic studies. The research utilises
the corpus material because the criteria, statddlinrequire its presence for the
bottom-up linguistic study. In addition, this talk takes only one subset from the
original Swadesh 100-item word list, the concepeERSON MAN, WOMAN (the
most general words for peopl®\g, andkiLL (the words quite frequent in the le-
gal texts (Afanasev, 2023), which is crucial for the study involving historical cor-
pora). To support the analysis, the research uses a group of words that should not
match the criteria of swadeshness, being frequently borrowed (Haspelmath & Tad-
mor, 2009), but still either denote the people or their actiemsEMy, COMMAND
OR ORDER RULE OR GOVERN or represent the legal terminologyI1zEN, WIT-

NESS. The narrow scope of the material, despite severely limiting the generalis-
ability of the results, provides the basis for a more effective qualitative interpreta-
tion.

The study presents the attempt at formalising the presented criteria (for in-
stance, treating differences ipm (item per million in corpus) frequency as the
rate of change for the word presence in the lect on the (micro-)diachronic scale).
It also discusses the automatic means to test specibc words against these crite-
ria, including transformer-based neural networks (Vaswani et al., 2017). The brst
stage of the research is thus gathering the required information for the words in
Ukrainian, Belarusian and Ruthenian. The second stage is training a transformer-
based neural network for the detection of Swadesh-like list items on the material
of Ukrainian and Belarusian corpora. The third stage includes the evaluation of
the network on the material of Ruthenian, using the gathered information about
the detected items to check their swadeshness. For cross-evaluatiors(®roki
Moran, 2013; Afanasev, 2024), the study uses information-based criteria, previ-
ously employed for word list data (Dellert & Buch, 2016).



The study demonstrates that while some oftfieswadeshness criteria, such
as frequency, are formalised, easily quantibable, and automatically detectable,
the other, for instance, clear monosemy of meaning, may present difbculties for
formalisation H1) or quantibcationH2). As for automatic detectiorH2), es-
pecially in corpora, the talk underscores the need for further research into the
distribution of these words to choose the most effective algorithm. The talk con-
cludes with an analysis of differences by the given criteria between Swadesh-like
list items and other parts of the vocabulary in order to demonstrate that checking
cross-linguistic borrowability is not the only way to detect Swadesh-like list items
(H3).
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:KDW H[DFWO\ LV DOLJQHG LQZWMRBO HEWRHB\RI DOLIJQPHQV
FRPPXQLFDWLRQ" &DVH VWXGLHW RIl YSIKRWWPLPLF HQDF
VWRULHYV

.ODXGLD .DUNFFZAMND 6 L BIHURNQID )DJBX 04D DRAZUF]

&RUUHVSRQGLQJ $XWKRU NDUNRZVND#GRNWRUDQW XPN SC
&HQWUH IRU /DQJXDJH (YROXWLRQ 6WXGLHV &/(6
1LFRODXV &RSHUQLFXV 8QLYHUVLW\ 7RUX 3RODQG

$OLJQPHQW FDQ FRQFHUQ GLRBURQW GWPKDWLRHQ HOWERGELYHO\
VWXGLHG LQ OLQJXLVWLF FRRRXQDFORWRWR EBHVVIWKE IDHERYW DOLIJQPHQW |
QRQ OLQJXLVWLF FRPPXQLFDMQRQD QIQWH. Q8 VHPGIEGJYDSEIRXW DOLIQPHQW
LQ PDQXDO FR VSHHFK JHVWXVUHRRQ\WBRQAKRPOH ERGIMEGHRQ FDVH
VWXGLHV RI SDQWRPLPLF HQDWFWKHRZWWKRW VIKRIUM PHORW LIBVIRUP LQ
JHVWXUH DQG SDQWRPLPH VDWQIMKADMWAROBEOHUNRRQG IMKH VXLWDEOH IF
WKH IRUPHU DQG QRW IRU WKH ODWWHU

,QWURGXFWLRQ

$OLJQPHQW LV D IXQGDPHQW D DKPWHKED @IH P HHH DQWHDIDKE W LR C
RWKHUYV EHKDYLRXUV VR DV WRNARPRAQLFDWIREXFFHVVIXO
$OLJQPHQW FDQ FRQFHU QL GWHHWDHF QW R®L PHIQN MRHYGRIQ F\

WR XVH WKH VDPH ZRUGV RU WKHHVDPHHUFPPDWQEDO VWU >
VIQWDFWLF DOLJQPHQW LQ 3MWRIPBURYV ODWQURGJIHV HDD
+DUWVXLNHU 3LFNHULQJ 9HQRWQDWSYH |URRHERHN DIPH LR
WKH FDVH Rl VSDWLDO UHIHUHRFHYHMHLRIRHFDQNRQ VWDWH\
3LFNHULQJ *DUURG ,Q VSEWHR@®IDDLOGWH QW UHY H
OLQJXLVWLF FRPPXQLFDWLRQ WBKBERXW D/OLUQ® HDVORW WR
QRQ OLQJXLVWLF FRPPXQLFDWLRQ

2QH H[DPSOH RI D UHVHDUFK JDERXW)POHIUQPHYWQUQALQGLC
PDQXDO LQFOXGLQJ FR VSHHFKSUHVWIXR® R QWP Z\WRPXODRIG \
SDQWRPLPH $GYRFDWLQJ IRU DPR®DPH ZRUNH WIRF W WG P X O\
JHVWXUH LQFOXGHG 5DVHQEHUJ gPURIRVBGGVRQIRIRDQVH
DW DOLJQPHQW DORQJ ILYH GLPBIQVQRQWRUWLPHQGVHTXHQFH
PRGDOLW\ $V IDU DV DOLJQP HQW FID@® 3ERIUG L \L\WH F RVQIFSH UQW &
IRU LQVWDQFH DOLJQPHQW LOHOYWODRM RQ WRIG RRGIH VKIDS H SRIIF



WKH UHSUHVHQWDWLRQ2LQFOXGHQWEWQRBEGAHVYR\WKMNLRWKD S
%HUJPDQQ .RSS &KXL KH HENMRUL®LUQO LWR WDWXUH RQ
DOLJQPHQW LQ PDQXDO JHVWRUER W R VRKU W K\W DADHAY\H OV IR Q GV KR
PRGH DQG VKDSH HJ 2EHQ DQLYHIWRH GRHV:HQEWOL

QHFHVVDULO\ DSSO\ WR VLOHQM ZISPMWRRGNHERPPXQLFDWLR

J\ZLF]\ VNL HW DO FI ZLWRKUPDIEDOHDDON BRWSXIBIFFK H J
5DVHQEHUJ HW DO ORWDHPW ®IOHW DO 1|O0H

6WXG\
7R HODERUDWH RQ WKLV DVVXPSWHLRWMH ¥MWXRUHIXFANHHG D VH
DQDO\WHG D VHW RI YLGHR UHFRORH QA¥HRIHDVKKDUDGHYV

SDUWLFLSDQWY ZHUH DUUDQJHE WXWRVGPRBYQDQKPYWHG W
VWRULHV DQG PDWFKLQJ WKHP WR RHTIXHQFO®\ FFIRIORCHFMHW H & K
IRU WKH VWXG\ UHSRUWHG LD ®QEWHDWWH® \M VHDFORGHYV XVHH G E\
WKH SDUWLFLSDQWYV LQ LQGRERRPSXDOGURKE B \ZRW K QW BUDEW LR
DQG VXSSOHPHQWHG WKHP ZLWKRWBRWVEDSHRI VROAYEBDYLW\ LQ
3SQRW VLPLODU  3VLPLODU"’

SHVXOWY DQG GLVFXVVLRQ

7KH DQQRWDWLRQV DQG WKH URWHQW LK RZK MW RRVG HDRW KR X J
UHSUHVHQWDWLRQ LV IUHTXHQWH QWM VO LILH VKBB WY DR
FRQILJXUDWLRQV RI DUWLFXODWRMVM WHRRXJ KR XIK OV KIHG L R \
LQWHUDFWLRQ 7KHUH DUH VRPH/REPDWDEDRWLHEXW QVKKD SR EC
QRW FRUUHVSRQG WR WKH XQ GHYWDADDE®HQ U HRIHDAKAXS RQ L Q
DOLJQPHQW HJ %HUJPDQQ J.RSBS EH H[ZRD\L QHEGEQ
WKH GLVWLQFWLYH FKDUDFWHU LRI RRDHWRPLRID QWKHUH W
PRGH2HQDFWPHQW 0+OOHU DPB RRAWVKSHIHPRGWWY WRQO\ K
IXQFWLRQV WKH IDFW WIDWVSDGWRFLP® G BASRIDIWD QM RX V
ZKLFK OHDGV WR KLJKHU LGLRVWYGIUDW \ Z % [DWUHIG HR @/ K\DKWH VH F L
DFKLHYLQJ DOLJQPHQW2DQG E\ \H{WAHOMLRE) BRPRMNQLEDWLYH
*DUURG 2PLJKW GLIIHU LQ DWRRE ERWK ARPPSHAW WR
RWKHU LQWHUDFWLRQV :H DOVR YAKHD W KNKHR\S §RIDWRG QWA RV F
3)]JRUP° LQ VWXGLHV RQ DOLJQPHIDMW R®@ QR NHUEDIGFRRP X Q
PDQXDO JHVWXUH UDWKHU WKF®& ZKRQN LERIH 5Q GW R WLLAEK ODKUL
LQ WKHLU RSHUDWLRQDOLVDWLRQ RI 3VKDSH’

$FNQRZOHGJIJHPHQWYV

7KLY UHVHDUFK KDV EHHQ IXQGH® WUKN RH AIMODR DXAQ GHUHQFI
WKH DJUHHPHQW 802 ''+6



SHIHUHQFHV

%HUJPDQQ . .RSS 6 *HYWWXDDODGLDORHRW LQ 1
OL\DNH ' 3HHEOHV 5 3URRHRIBGILUQJIGWRI WKH WK $QQXDO
&RQIHUHQFH Rl WKH &RJQ&WILYHWAFMIHH @ FHHEEFFLBRALHW\ SS

+

&KXL . OLPLFNHG JHVWXUK¥WLER® WK H MRQIQW ERQVW
FRQYHUVD\RXRQDO RI 3UDJPDWBLSFV +
KWWSV _GRL RUJ M SUDJPD

ORWDPHGL < 6FKRXZVWUD 0 -6PLWE\ .6 &XOEHUWVRQ
(YROYLQJ DUWLILFLDO VLJQ OMDSQUIRDLIHN/G LIH WWKXUEDWER )URP

VI\VWHPDWLF VERODQLWLRQ
KWWSV _GRL RUJ M FRIQLWLRQ
0-O0OHU & *HVWXUDO P R ®HF KRQ LUK SV HRIHG WD MRR @ V

,Q & 0:0O0HU WA O/DQEXDJH &RPPXQLFDWLRQ $Q ,QWHUQTL
+DQGERRN RQ OXOWLPRGDOLWH EQXXNBDORXQWRRAUSBWLRQ
+ KWWSV _GRL RUJ

1|O0OH - G6WDLE 0 )XVDUROL 76H HPMIQIHQFH RI
VAIVWHPDWLFLW\ +RZ HQYLURQ PHARWD/OVEQ 6HF B RPRQHE DW LY
FRPPXQLFDWLRQ &RUDWWRRQ SS
KWWSV _GRL RUJ M FRIQLWLRQ

2EHQ % %U{QH * ([SORUQPEDHWQ W HPXDFNLIPRG DO DQG
PXOWLIDFWRULERXUQPPRXRIW 3UDJPIBSLFV +
KWWSV GRL RUJ M SUDJPD

3LFNHULQJ O - *DUURG 6 % D VSO L IRP HQX\F F Bl V VMK
&RPPXQLFPHWIHFDQUFK RQ /DQJXDJH DOS &RPSXWDWLRQ
KWWSV __GRL RUJ Vv

3LFNHULQJ O - *DUURG 6 LV W IZR ZPVE K B ORRH FF KIQ
GLDORTKHM %HKDYLRUDO DQG %UDES 6FEHQFHV
KWWSV GRL RUJ 6 ;

5DVHQEHUJ 0 g]J\*UHN $ %|JHOV 6 7KHQIVPMmMPAH 0
RI OXOWLPRGDO $OLJQPHQW LQ EBRQVHIRILARYHD 6KDUHG 6
SHIHUHQWWFRXUVH 3URFHVVHVSS +
KWWSV GRL RUJ ;

5DVHQEHUJ 0 g]J\*UHN $ 'LQIHNPPEQM DQ OXOWLPRGDO
,QWHUDFWLRQ $Q ,QWHRRUDWWYMH)WBEEHRRHUN

KWWSV _GRL RUJ FRJV

6LELHUVND O HW DO & RQVWAIKDH. @W 8 HRUD RARHPPH QW /DI
VWRULHV WKURXRKUSIDIDWRIPLPGJIXDJIJH $BROXWLRQ
KWWSV GRL RUJ MROH O]DG

J\ZLF]J\ VNL 3 :DFHZLF] 6 6LHLHYMNDSDQWRPLPH IRU
ODQJXDJH HYROXWLRQSRIWHVHBBFK *
KWWSV GRL RUJ Vv
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Word representation in the dog brain
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Recentneuroscientific reports on dogs' word learning raisegtnestion whether a non-

human mind can represent meaning semantically and reéden! will present

converging evidence from non-invasive, awake EEG adlffrom our lab of object

word-elicited £mantic expectations in dogs, action words evoking emthatieaning

processing, and a representational geometry organifmty ssemantic similarity.
Consideringthe huma QDORJRXV QHXUDO PHFKDQLVPWRNVNW®RIVY ZRUG SURFHVVLQ.
parsimonious explanation appears to be one that aésibsymbolic representational

capacities to dogs.

The human and dog lineages split ~100 mya, but during tB@6Q@

years of their domestication dogs have been extensively selected for

communication abilities with humanst DUH DQG 7RPDVHOOR OLNOyVL DQ
7R SiO .Nowadays, more than ever, dogs live immersed in the humcéot s

linguistic environment, being exposed to speech on a daily basistolxtheir

cooperativity and trainability, dogs provide an unparalleled case to study brain

activity in an awake, attentive, unrestrained non-human mammaldiguet al.,

2017) Studying speech processing in dogs thus allows us to track how

environmental and genetic factors may shape a mammalian brain duringdang

evolution.

With the recent surge of studies on dogs' speech processiaga(€u

al., 2022; Mallikarjun et al., 2023, 2021, 2019) and word learniiliied (Bastos
HW DO E D '"URU HW DO ) >QA® 17 DNHOW VIO )XJDI]]



2020; Griebel and Oller, 2012; Higaki et al., 2025; Kaminskbed . VIHJL
et al., 2023; Pilley and Reid, 2011; Ramos and Mills, 2019), the debate about the
nature of word representations in non-human animals has resurfaced, tfaésin
guestion of whether a non-human mind can represent meaning iy setmantic
and referential manner (Markman and Abelev, 2004). However, consideeng
humanDQDORJRXV QHXUDO PHFKDQLVPV UMRBIREWHG IRU GRJVY ZR
et al., 2016; Boros, Magyaii W D O t al. *2@R; Walgyari et al.,
2020) the most parsimonious explanation appears to be one that attributes
symbolic representational capacities to dogs.

In my talk, | will present recent converging evidence from a series of
noninvasive, awake dog EEG and fMRI experiments from our lab thgiosup
the above claim, demonstrating the capacity of dog brains to repbeghrthe
auditory forms of words and their associated meanings. | will also Hhighlig
differences and critical gaps in knowledge.

First, | will show evidence from a combined fMRI-EEG study, that adult
dogs employ sophisticated computational mechanisms to segment sp&ech.
SUREHG GRJVY VWDWLVWLFDO OHDUQLQSRDISPIFLWLHY IRU ZR
them to speech streams with various distributional cues to word &vesdAslin
et al., 1998). Their ERPs showed that, like human infants, ddgscewords
from continuous speech by computing transitional probabiliies ability not
yet observed in any other non-human mammal. Additionally, fMRI results
showed that both domain-general and modality-specific brain regions are
involved in syllable sequence processing in dogs, similarly agnrahs(Boros
Magyari et al., 2021).

Next, | will demonstrate that auditory word form representations in dogs
are coarser-grained than in humans, suggesting that dogs tatyema to each
individual speech sound within a word, possibly due to their limiteglolary.
I will present evidence from an fMRI study on action instructiondamocessing
showing that the dog brain does not distinguish between knowdswamd
pseudowords created by altering a single speech sound. This lackit¥gho
phonetic detail during lexical processing resembles patterns observed in human
infants before 20 months of age.

Finally, | will present EEG and fMRI findings indicating that these
auditory word forms are linked to human-analogous meaning represestatio
DQ ((* HISHULPHQW ZH wdrd WhHeBstaBdd \ifla ReEnlslinitid-
violation paradigm. We found that a mismatch between prime word and target
object evoked a human N400-like ERP effect, revealing that objectveard
evoke mental representations of the referred objects in dogs, su@desty KDW GRJIV
REMHFW ZRUG XQGHUVWDQGLQJ LV WKXQWYDPLQRUO\ WR K
natur¢Boros Magyari et al., 2024).



8VLQJ I05, ZH DOVR H[DPLQHG GRJVT X3Q'GHUVWDQGLQJ RI
for actions. We found stronger activations for instruction woltusn tfor
nonwords in motor and motor control regions of the dog braggesting that
dogs processed the meanings of these words. Semantic effects foraletiod
words are consistently found in sensorimotor regions in humanvedls
supporting embodied meaning representations. Additionally, in the dogrgudito
cortex, activation patterns for words referring to actions requiring locomotio
were more similar to each other than to words referring to actidrisvaving
locomotion. This suggests that, as in humans, the auditory cortegsredcodes
meaning along dimensions of semantic similarity.

Overall, these findings emphasize the relevance of hdmgan
comparisons for understanding the evolution of language-relatedesbdind
point to dogs as promising models for investigating word praegssid symbolic
capacities in non-human species. The unexpected parallels in the cognitive and
neural mechanisms of word processing in dogs and humans rajse for
interpreting these capacities within a symbolic framework.
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