BIODIVERSITY ‘i % % i% l'li 2023, 31 (1) 22318, pages 1-12
SCIENCE 7
doi: 10.17520/biods.2022318

GRike  PEIFARAINMEELNEEYEFHLEAR

W thEEsMESBRRENEEZMRPE
NASHI®
AEE, B EE

Hh [ B R A R FUAT, B 610041

WE: shit 2 M 453 175 (animal social network analysis, ASNA)&—& F T 5 st 2 PE . BRI SRt 2R
INMEAT R G EMEES BRI TR, 32 BT 2R AT N0t oe o 1% ik i e — R B TR bRt
eI H TR B B S O B A5 . AR, AR SCHE Se A T 2% S AT R S AL O S — e I ) HR b AR5
TWFHMRIE PR FL S, IR 7 WA R B ASNAZE V5 B Il I 2% L B 75 A8, DA ASNA S 3 30 7 2 I I R AR 4
M 8E T 55y B SR T ASNATE 23 BT RS 75 AL B hE 75 M AR 53 rp (R A0 38 S R RIA T ASNATE AT IS 5 25 b4 R0 v )
RIS . ASNAJTH LA RN 2 DL K 75 55 5 IR I S Ve AL R AL 1 3 RO AL A 0T 1 S

X PO, PR IEINGG; ML SRR BT, AR

], AREE (2023) WL HTVELE S A @ W AR S ST R S R AR 2 REE, 31, 22318. doi: 10.17520/biods.2022318.
Deng K, Cui JG (2023) Application and prospect of network analysis in the studies of animal vocal communication and bioacoustics. Biodiversity Science, 31,
22318. doi: 10.17520/biods.2022318.

Application and prospect of network analysis in the studies of animal vocal
communication and bioacoustics

Ke Deng ™, Jianguo Cui
Chengdu Ingtitute of Biology, Chinese Academy of Sciences, Chengdu 610041

ABSTRACT

Background & Aim: Animal social network analysis (ASNA) is a toolbox used to examine animal sociality, quantify
various social relationships between individuals, and uncover links between individual behavior and dynamics of social
structures, which is widely used in studies of animal behavior across a variety of taxa. In addition, a series of
measurements in ASNA are very suitable for investigating vocal interactions and song structure. Here we reviewed the
applications of ASNA in studies of animal vocal communication and bioacoustics.

Progress. Firstly, we introduced a description of basic concepts and some measurements. Secondly, we described the
use of ASNA to construct vocal networks and quantify vocal interactions based on field and laboratory studies, and the
application prospect of ASNA combined with passive acoustic monitoring technology. Thirdly, we discussed the
advantages of ASNA in analyzing song similarity and geographic variation. Finally, we summarized the application of
ASNA in the analysis of song structure and syntactical rules.

Conclusion: ASNA provides a comprehensive perspective and new ideas for studying animal communication networks
and investigating the adaptive evolution of acoustic signals.

Key words: centrality; vocal communication network; song network; call similarity; vocal sequence; transition motif

WA H #A: 2022-06-10; #2532 H #1: 2022-07-14

/B (HNSF-OP-202002)
* J@I/E# Author for correspondence. E-mail: cuijg@cib.ac.cn

https://www .biodiversity-science.net



ST AR A ] 0 2 0 AT A2 S0 7 3 TR B A 0 P 2 v P T

201H£2304E4%, Moreno (1935)7ER KRB R
WA S AN RAT I, T RAE A T kB, BIA
“CRUREME, 8RR MR R R
Ht, #E2 W45 #Ti%(social network analysis, SNA)
MIAEEUEAE T o 2012050454, AR5 K Barnes B
AR T A S, TR X — M Tk
B 9T(Barnes, 1954). BEE KIS 5B FEEIEFBEALEE
VR AY () HY B A % J& (Forsyth & Katz, 1946; Luce &
Perry, 1949; Erdos & Rényi, 1959), SNA# ¥z B
TEERE AKE 5%, LHEFARATRNS
SRR 74 (Otte & Rousseau, 2002; Smith &
Christakis, 2008; Borgatti et al, 2009).

TEAT NERSAE, Sade (1965)RJFIHF%
W25 B 5, IR T R (Macaca mulatta) BE &
TR KRR ITI0RER, FEHE LM% BTG
i) 58 3 AT LR 1) K & (Girvan & Newman,
2002; Newman, 2006; Whitehead, 2008b; Sih et al,
2009; De Domenico et al, 2014), SNAZ#i 4 N FH T
B B, mRPTCR MRS A R SR
AT N T . BIAE 2 25 73 #TiZ (animal social
network analysis, ASNA)[JHBLFIEH, % KFEE
A S) 147 N AR I K R (Krause et al, 2007;
Croft et al, 2008; KM%, 2013; Kurvers et al, 2014; XS
FIAE, 2019)0 MR FERIAT ) R AR OCRIR 48
I ) B A BBl 50 BE A T AR b, EIX R B SO
B2 KRR A F, ASNARRALE T REE R
AR A A 2 Ok R R R A, AN A AP (A
AR BRI B AR R AN % K4k 2 9k R (A0
tho R, GAEECER), JFReE I rTRAL 2% L
W& 7~ SR (Whitehead, 2008a; Krause et al, 2009).
BT M Z Tk B HEZR AN i T B, A4S
VAR 47 s 9 RO B A A AR ) B 93 B ) 4 R A 4 ok
Z(Brent, 2015; Maguire et al, 2021), it &35 4E
& J& TR L) A2 3 2522 4k (Blonder & Dornhaus,
2011; Kurvers et al, 2014; Pinter-Wollman et al, 2014),
s FAF S BAERE AR o 1 4% #3848 (VanderWaal
et al, 2014a; Fountain-Jones et al, 2017). ASNAAMY
7B ATN AR 2 B A S A AR T B B,
WONR S B WAL 2 VE R BE AL S 4EHr SR 4 18T AR
A, WA CRCASN AT it P O SE R — &
T H(Farine & Whitehead, 2015; Kulahci & Quinn,

2019; Meise et al, 2019). JT4K, SASNAH KIIE
a3 3 A1 5 AR ST [T CEAS W 3 J& (Croft et al,
2016; Farine, 2017; Silk et al, 2018; Robitaille et al,
2019; Bonnell & Vilette, 2020; Finn, 2021; Farine &
Carter, 2022).

AT, Bhak g 256 1) a5 3 BT B Ll
BAE/MER P ELE . $73F) (Madden et al, 2009;
Brent et al, 2011; Xia et al, 2019)8(3& T f5 & BE AL
P& (Castles et al, 2014; Deng et al, 2017; RFE %%,
2022). A EIETZESYINEZEZR T —, f£3)
VIR A A7 A T R OSSR, JUHOR SRR
(Gerhardt & Huber, 2002; Naguib et al, 2009). X} 55 %
BT ISR S AE S AW, AR T
fE B 7R AR AR S T BE SR . AR ST
A T WK B EACSR bR, JRAR PRI
A KIS TR R 1 ey A ASNA 7 B s W i 7
TACTUL AR oG AR A A R AT B0
YIRS 75 254, SRR T ASNATE S 35 8 il & 2R
YR S R S

WA 28 3 ATV TR — KRR R R AT A4 ) 245 ]
HWREZR B AEER KR, B bRy s
(nodes/vertices) 18 # A L N4, & AT 8] (3% £
(edges/lines) MAREAMAA] () HEF0OC & o BFFTH TR
P brpr AR A B S AR T 2 MER,
PLACIITAR « DR/ o B S8 0 AN [) A4 S8 1 o DA IX
SrCANTE T W), DUE SR A R e R 15 Y,
DL i 3k 3R s AT R BSB89 A% 38 7 1A (X8 ] 4
2019). M ITER S — R ERE —RIE
AR BB A A 2 B MR B HR AR, AR IK T 3R AR H
TR 5 bR ANA 5 H AR AN 1) B R A G R
SRR, BEAAR K48 bR F T 7 5 R AR 1) o A A
oy B AR E 1

HH0 B (centrality) /& M 4% o3 BTk i) — AN IR R
MES, EARYE B AR A ALE P 28 v (1) ir B ke Ay B L AE
BE AR 25 # b 1) EE B Y (Freeman, 1979; Friedkin,
1991). & F 4R 715 s 0 E (degree centrality).
$2 31 O B (closeness  centrality) < A1 A A 0
(betweenness centrality) « #f {E [/ & O
(eigenvector centrality)=§. 17 s 0 E T 5 H AR
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EEEMEENN R, BEE, POEH
B . 74 7] 2% (directed network)H, 5 55
Bty BE A N SN B (in-degree) AT A H S
(out-degree), 73 IR H AR R 2 SORT & 1%k
o AR (strength) /2 DAL Y S0 2, BT
DA 5] B s B 42 1) 300 D AR BE (WA IR e B2 I
By 1m0 BE 5 A AR 5 FE B A 1 A R) 1 B4
KA, HAEF O REE H e BE AR AE ) & 0 BE
D 2 B A A AR T B) 6 5 2R 1) 86 R 48 o B0 o0 JiE
BT B AR R 5 Al B A A R B R B AR KR
(shortest path length)Z Fl(Freeman, 1979), £t
O FERAME, HAS BALFERe I ok, WAL PR
ol JE AR T H R AN 5 X 2% v s A A
F 82K B 2 fl(Freeman, 1979), HT#&=AMAR)
V)22 9 X8 L AE T AR 45 ) v 1 57 L 1) 52 0 SR [r)
B0 EEEET B AR E 0 B2 M, dE it
5 B BRI g 1 1 A 1) B MR B B
FI52I J3(Newman, 2004). X34 B FE AR BT I
B R 1t B AR 2 A, (HAEREAN TR RR AR R
TRME R R, & H A R R NMEAE
K] £ 235 K o ) L A
AR K T F8 A5 A X 2% E 42 (diameter) |

¥ 1) #% 42 K & (average path length) Fll 58 4 & %4
(clustering coefficient)%F. 4% B 1% & X 25 1) B
K1z, PR RS A T R [ A i
2K JE - BI{E (Wey et al, 2008). B4R 2 %45
K PEHR S L T I 4 o SRR R B, AT
MBI/, R . REREEFH R Z Bis
PRI I R EERRE, T 48 7% X 2% v (1)< I
PR72E R (Wey et al, 2008). KT MZEIgER, BLH K
B SCHR AN 25 0 MR & AN SR AT T S 4 T 52
B4 (Croft et al, 2008; Makagon et al, 2012;
Brent, 2015; Farine & Whitehead, 2015).

21 BUFEFRXRERE

AEEEW ZAAETRE. B B3R 5K
EAF YR (Gerhardt & Huber, 2002; Chen &
Wiens, 2020), TE31H) 8422843 S EHE K AE F 4
HEEZMO. BT AT ESREERLRE, KT
TR EIAE S HEUCE, T8 N IrA R 2 3AT Redeii

BFEEESHRIEIE R, T MEXHZAE S gy
5] A £ SR 5 2 MR [E] R (Peake, 2005).
I A, O AE 5 R Bl 95 U (heterospecific
eavesdropping) L R 70k, L AN £ SR
=S HHF HZuk & Kolluru, 1998)skANMAF] 7
ol ey U 2 B A S [ B £ 2 (Mlagrrath et al,
2015). BRIk, P EAE SR R Z R AME,
M2 Z N MEFTTE S N 2%, 7515 5 Ty i 4E
B E XA M 28 £ 37K . McGregor fl Dabelsteen
(1996) & & & X T i@ W M %% (communication
network), 7EBH 5 AU 104 5, 223547158 ik B bW
SOl TS T B, M2 IR AAAR T T IR A5 5
& 386 K AE 5 o3 W an ] 52 w3 ) 10 AT R TR R
(McGregor, 2005). AT, K ASNARFH -7 & il i
AT . &L JF E A S I8 I W 4% (vocal
communication network), H FI X A F & #f &
(Snijders & Naguib, 2017; Kulahci et al, 2018).

H B (grooming) & R KRN 4E Rt A 1)
HETT, ZAT B T AMEE B HE 2 K &R (Silk et
al, 2006; Lehmann et al, 2007). AATIAN, BERMSIY
(contact calls)th B A% Rt A MER, WTLLE
V& — Pz i B9 1) BE B 47 9 (grooming-at-a-distance)
(Dunbar, 2003). KulahciZ#(2015)F]FHASNAZT T
RNV (Lemur  catta) i B EA4T 9 5 7 B Z i (8]
IR &R, sk 7RSSR P AT R th 3 R
(B UEL HERE B, AR G, HELS T 7 gAY [E8).
g5 RN, ARG (1) 2 B ) 245 5 75 L R 245 I 25 A
KB, HAHBTHEBRTR, Ay [E] B 5
(PR BEPE 5  [R]REege i — IR SE T AMARAE S &
/i A IS R EI VA RS PO R SRR i F 2 N AR
B BRI 1 75 25 2 AL T FH 4 4 Ak ) () 1
2417 (Kulahei et al, 2015). 7 %155 B 4s B
AR ER—FATHE R, B TAHBEN SRR, B
SN BESR I I AR . Morino%5(2021)4k
£ 7 74 B g (Symphal angus syndactylus) B 14 2 []
NS Y% dE, A AHASNATRIT 1 HEAR B R AR 7
IR LERI M o 385 SR s, FERT iR
SEREAR, BORA RO A T RN R ARESRAS B 2
K B HARAF AR B Y [a] B, GESE T A Bk AR S
B A8 LA W LA A A PR AR 1 (Morino et al, 2021)
VI B S A AEBVIROC, XA g R
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A)

._4‘.4 K
X e A
SN =

7
r—

Bl IFEIR(Lemur catta)AIIREMLE(A)SHEIMML(B). ERBIKRMEN, BRARELE, TRIAXNMRFR, LRHE
MRFEDIOR, FikiamRFIEEH WIS B ME. BEEIERTEEEERBMER, BEELMNEREEE

HEFMBAYER . 2EKulahci%(2015).

Fig. 1 The grooming network (A) and vocal network (B) from a group of ring-tailed lemurs (Lemur catta). Circles represents
females and squares represents males. Size of the nodes indicates the age. Thickness of the lines indicates the frequency of the
interactions and the arrows indicate the recipient of the grooming or vocal response. Solid (blue) lines visualize reciprocal grooming
or vocal responses, while dashed (black) lines indicate nonreciprocal interactions or vocal responses. Adapted from Kulahci et al

(2015).

PR FTA B TR T MR A 2R &R, T2
IR e 7E BY Ah 3 DL B 2 0 52 B BRI 3 W) 2K B
(McGregor & Peake, 2000). A/bHFFEFRE, MELE
FEAZ W 28 H () A B 5 O A BE % VA 9% (Barocas et
al, 2011; Formica et al, 2012; Wey & Blumstein,
2012). HA, AMARTE R N L8 1AL B & 75 RIAE AT
DUSCBRAE ) 4 10 A 2 i o7 56 8 11 2 v O BE 3L
A A e BE PRI SRAF ML R R B, e & Bk
A T & 138 G B AR 20 X 2 ) R (R, B
T A 45 7 P B AU A A A A ) 5

O A% (10 B SR A o AR R T 7 3 TR Geerhardt
& Huber, 2002), K{H7 R R0 IR T
— AN R ) R T R g B T R gy
(advertisement calls) A~ {3 52 W 5| BC A3 1 QB 5,
WoE e P BT B, @, ks d
X F I SRARAE 5 20 A 2 5 SR Y SR, dnel s
R AL 531 /R B P Y Ff L (Deng et al, 2020; Legett et al,
2021) EHIGTT I, Bk S 11 75 TR0 2% 25 46 W] RS2 5 5
IR . Deng f1Cui (2019)F] FHASNASE EHF 7T T
Hhke s 43 Il ZE 8 (Nidirana. daunchina) il i R A
W Y % &) ATz e, ol Ik T S A O R NG R L A
JelRl i, AR R PR 2% (R 3 T 2 i R AR
T AR, ARFEAARKST (R G I ERE L B O FE AN
A EAE TN G LR ZE 5. B R
BALEMSE A 2 dtiE e /X I, EATIE E AR TR XN
BRI 7GA N MY SR A8 (Cui et al, 2010, 2012). [,
BERAMAE B 1 B AR, SR gy A

E2 BAKNAERSBAENZMNSENRERES. B
&5 RIH2. 4. 8RBIME £ (Taeniopygia guttata) 2B 68, &4
EFIMMBERERN. BXTAEEMIRBE THRTHE
F, ABRRRIME. 2 E FernandezZ(2017).

Fig. 2 Graphical representation of the experiment of the
impact of group size and composition on vocal activity. Groups
of two, four and eight zebra finches (Taeniopygia guttata) were
formed, with one bird per cage and one microphone on the top
of each cage. Pair mates were put in neighboring cages to
reduce stress. Adapted from Fernandez et al (2017).

W) 7 R AIE 3R B S AR ) I T Sk g Y B 5 (Deng
& Cui, 2019). JHF T A/NIEEIR IR 2%, BEFT
NRFFR T AR B FEAR, DUEN ST S5
FE B AC R R DR BRORS (R S ) 4% 36 B 4% (Fernandez
et al, 2016; Rychen et al, 2021). b#l, Fernandez%
(2017) K B i B 42 (Taeniopygia guttata) #. 78 il &,
TERFANIE T TR 22 e 32 pa X, IR E T AN EHER
KNI R R (FE2) o AHARSE ¥ 2 8] (1) 7R B AH 45,
DASE A i AN AR B] R BE S o 3l 3 20 BT AR [ 1) 75 3 52
i, Fernandez%5(2017)# R 1 BEAR K /ANFI R 53 40 it
ST R ARG R (1) [R5 4k, DA 5 A0 45 (A
P 0 7O P A2 ) ) R 50 )
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TEARKIET, S SRS R ES
RG22 ZHERETROMEABER S . SAHES
Bz, AR FTAR AL B AW AR, AN [F] A AR g s
AR E B 555 . Jenikejew 55 (2020) LA

FEBSANEIE3 m (1R B B R A i KR ) A
PRI G 5 W ERGE . R T s T
AN ) 73 18] B 2 ST A TR 4, (H i TR R T
SR PR A, AN T 28 O M 2 i 1350 0SS A, A
T CE A T A A 48 7= A RS O 1) 75 5 28 T A
J&e X T BRI, AEEUEMIR AN ME. B
5 IR M SECGE, (GRS SR B EEL
MEE — A B D5 2% A e DASEIIL R, T X 2845 B A
U & FH ASNAZE 5775 57 18 TR 28 R LT 2

# 5)) 75 24 W (passive acoustic monitoring)F A
el 2 T RSB A B T . A 2 AR A
JiEsh Wl (Blumstein et al, 2011; Pérez - Granados
& Traba, 2021), Z 7 X451 (microphone array)fé kK
0l R NHE S 2 AR R 7R, AR 75 & (5 5 ik
B 8] B 22 7 ' LB MAER (MeGregor, 2005; Jones &
Ratham, 2009). 53751, BEHEFIEKIRE, A
AR TG PRI TR AR A, . MR DL K
N IY R (Terry et al, 2005; Bedoya et al, 2014; Gibb
etal, 2018). Figx b, I 45075 <A M M AR BEHER
WS S R & S BRI, M A A4 A 1)
AT RE, AA I TN 2 4% R ) Bl A A2 AL
A B N
2.2 TSRS

ASNA ANV AE A F AL 2 T 52 B3 (i 44
Fefuh, FREACHL REHT ), Ehr b, EREEAA
PRI R —Fh L= @ T, st e R, LR
& (Rollins et al, 2012; VanderWaal et al, 2014b;
Arnberg et al, 2015), &M HLLIE(Deng et al,
2021). BHPIHING PSRRI AR ME 2 e, X5
IRIRRL, RS, TERIEHA —E R R EEKREN
IR b, hPng s i B AR et 3 i A7 7. —
J7 1T, PRI S M AR AN R 8 s ) S B T g s
) JR 338 B R4k (Branch & Pravosudov, 2020); 3
—J7 T, VIR IR B a2 S i R R T
7 HL PR AR R (Henry et al, 2015; Araya-Salas et al,

2019). FEMXHERIERSG, Mk )28
N7 AR B, AEHLER R S REH R Al e & T
H 431k (Slabbekoorn & Smith, 2002; Gerhardt,
2013; Wilkins et al, 2013; Wang et al, 2022).

TEBA 1A B 98 ', Mantel tests (Mantel,
1967) % B F T 70 A A CREAR) B 8 75 A UL & =
8] FF =5 2 [8] f¥) 9% £ (Akeay et al, 2014; Sosa-Lopez &
Mennill, 2014), F571) 73 #8053 J2 S 00 % 3 FH T
fili AR CBE AR ) 72 15 5 R AR B < SR AR R
(Pérez-Granados et al, 2015; Branch & Pravosudov,
2020) 0 Fif 75 J5 T 7 1] fe B o2 AR ES 7 RE AR P 1 4
IR P IR M BEAK S, i D T R S A AR A
X EFRA RIEATIHZE . AR, K EEMantel testsy
T SRR T Bl R AE 55 0 75 AR AL 1R 58 R I AN L 72
T, T ) R 2 S A e VR AR A i A AR B SR
TR R . ASNAAAEL T ik 3 2890 i - B,
AL T 58 3 A VR AE S8R0 B A T 1R 40 B 7,
A TR FES PR AE 2 R B A i 2, IFIE T
FRAL R X 25 B 5 DL IR

PotvinZ% (2019)F) FH ASNAWF 5% 7 134> K il 55
iR 19 (Zosterops lateralis) Fft #F [¥) 19 15 3£ = (song
sharing) A% J&y, AT F 5 38 ek e nE ) 8¢ 1] LWL J 7w
T AE T AR AL B R L AL T AR AL £ B R A
HHE R ILEAK . 7RIS B BEE RE 15 e L
T 1) PR HE AR UL, AT B8 1 4 AN P ()RR AR )
sEHOOE, EAME B ARt B 5 AR AT
A FEER S AR AR B bR, R 2 ooEE IR
43 BCF2 ¥ (multiple regression quadratic assignment
procedure, MRQAP)Z3#7 1 Mg 5 3t 527K 57 & 75 57 Fif
1) (1 25 R) BEBS . A% 0 &R M AR R 2R A 1) 5 i
(Potvin et al, 2019) MRQAP 2 & WLHI /A 28 53 #7515,
B MR 20 Mantel tests, A] A [E] IR 56—
MR RS 2 A A8 2 8] 1) 9¢ & (Dekker et al,
2003, 2007). BEAN, HRYEANEE 12 S ILE H LA
F—FEE, Potvin®(2019)2 57 1 ¥ 17 M 4% (syllable
network)F LA HR A (modularity) f B2 15 (1) 42
B, dEmAR IR AE — B B 1 2 S B AL REE
(UHHE B8 o

Yoktan %5 (2011) 8 7% 7 4t 9F #& & 1 % &
(Nectarinia osea) /5 & FIMh RS 7, KBNS IE R 4k
H5E A Bl ) B AT 3 o AH O, SR IR R () 9
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PisEAETs F BB R — M o AL R O
FERCR A E AT LLE VR 207 & AL 3 2 (GRIE),
o B2 B e R 3N R A AT AE AN [R] A s B A7 ., n
PR AL IR B 5 7 F M A R R AH DG I A
e, BN T AL 21207 B TS 4E R 1 T 20K
3l J1(Yoktan et al, 2011). B T #/F 00 75 AR B 1 3
HKS R, ASNA L RE F] T 2 S2AMAR A A8 P i 2% . Oy
TR AR NG 7 R 2% v () A B TR S L ST
B 3, Potvin %5 (2019) & 537 7 &k 7 B (Melospiza
melodia melodia) ) ¥ LM 4%, FEAHE T A
PR ) O FE AT eh A Rt B, 5 R R s Ry
B0 S AR A S R B A S B
R E . EZI T, FFAE A & L
W7 FRANAR L FAd A S B R AR DL,
7 H A o B2 T 48 2 AR A A AE R A rp A% i
SR E N,

2.3 FRIISE LaH

SRS R WA Y EE R H
(repertoire), ¥F £ ¥ # & A F Th 6E £ 2 I8 g ny
(functionally referential calls) ][] 2/ B85 57 Fif A~ A 4
TR E B fG I (Casar & Zuberbuhler, 2012; Suzuki,
2018, 2020). F—J71H, AS[FEIAGIY PL— 5 it 7 HEF
Mo R RIS MR E W& X, 2R L
(syntax) (Arnold & Zuberbuhler, 2006; Ouattara et al,
2009; Suzuki et al, 2018). &R MNGIE I N E IR E A,
B T Y0 P ph — 2 DL 5 PR EE AT LS B 6
B — 1175 11 (syllables) B i 1 (phrases) 2H i, 1M 3 4
YR ng 7 ) e A RO AN AN R T B TR 2
Ak, HEEEHSAERARLEIAFRHE T
i (Okanoya, 2004). ¥ &5 5 W8 H T HENE
Sefy WSIMCARAIAE 52 AE, Ty A g 5 3L Th
RER VMR, 0 78 S5 My A AT B IR N PR 30
Y 3 4 S DL il g R4 .

FE S OC T B 2 MER R e, AT Ok
TR ESA, anih HORNEIANE S R
BN R ) AR, NS S HOGVRE
Ty AT bR B B i E YRR S 7 R AE Je 2
JFERE . BEAh, SR B K BE 5 M (Markov  chain
analyses) # FI T~ HJF 70 A~ [F] W 75 B0 70 2 () f) e 6 2R
FE— 58 15 B2 L 48 7 1 75 B G [) 1) 4% 328 # 442 (Bernal
et al, 2009; Markowitz et al, 2013; Bhat et al, 2022),

JUE L, T % 0 M DL B R RS 7S B 4
F, DL R NS 7 B T A% 3 A5 5K 5 0 7R A 25 A4 [A] )
K&, FULLE A BA B B 10 s 25 1 i A7
TEJR B4 o FE T EIE A B A ) ASN A A F23))
g FE 2 R R AL TR AL . %k, R ASNAT]
DLW — B 75 5 4 DL 2% B T2 X230, B
1] URRAT B KIS 0, Wiy 4G
BCIE MY R o b, B 3(A) A2 DM ]S
(Toxostoma redivivum) (1] 1 IE A5 ], 1S RE I Ky
20 s, FEFTIANMEIEGE25FEA). EI3B)AMK
3(C) 43 ) /2 T 15 N8 P 271 S 37 1R G [ (9 2% P AT A
Iv) [ 2% ] o M3 7 X 265 [ B 0 e 7 1 R 1 2 TR ) T
B A AL T, DL R AE 11 5 4R 78 /2 (Sasahara
etal, 2012).

HR, ASNATRML 7 — RF AN 75 X 2% 45 14
KRR, M ER . FRBRARK . BE R,
TEG 7S W 2 v, PR AR KB E RO, Bk E
WS 7 1) v (B T A AT R Y B LT B
FUAH ] 5 5 BB N, D) R 3G R 7S B N R 2
B, B EE RN AR 2 . RERBURE T A
() 5 719 E R 75 1) o[RBT /N AR 1 s A
B, ERMEAERI I8, 0RAREA T/ NEAR,
I RN BT T — AN, BRI &
T E A EHE A (Deslandes et al, 2014). R 4E
ZHBURN - 15 B 5 % 4% (average  shortest path), 7] L

75 B — AN DAL 5 A4 X 2% 45 1) TR 4R A MR
% (small-world coefficient, S), TFH& AL N:

— C/ (:rand

CL/L W

rand

Forhr, CHILy 59 A WL A5 45 21 1) SR A R AR08
BRI BEAE,  Crana 1 Lrana 73 50l 9 BEATLAL D 25 15 21 (1) 5
BERBR P IR E . /M R EME KT 1,
HEREMENE—ERE B 7B, WERR
A 75 Y] 25 FRAEAE /N S (Humphries & Gurney, 2008;
Cody et al, 2015), /M FHFIAELESR B FLLnS 5 BT
Z AN BRAR IR . R, R B EAENS
FAH A5 LM L. AllenZ5(2019) 41 FiE4E13
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2012; Deng et al, 2022), — /N % [ WA 2438 & &
TR IR, BEFR N M2 AR (network motif)
(Milo et al, 2002), FERSG 7S P25 b, AN [ 2 H
B — B 75 3 4 i SR —ANRE e BN 7R BT A

al, 2012). K, LA (transition motif) s B T 1Y
T MUY E AR Stk B THAE % R A T 1)
PE, BT ALE 73 B0 P B8 e A% 366 A5 ) 3 5 4 T 1)
W 2% (directed network) . &N 5 BTG 2 AT B2 5
Al IR AL R 3G, RAERAN Y 7 B )
RN RN g B BT o5 PR BB, AT DA B g 7
BIIAE AR (Weiss et al, 2014). 1Y B H 0%

75 P AL A s LU 7E, it — B IR TS 75 )
Dhiee - A5 LL R B i 5 7 > (vocal learning) B4 &
T HEA

AR R Be NG S B T 2 S, 8 2 TR RO E MR AR
(deterministic motif, K4A, B), k2 M AAEHfE M
F4A (non-deterministic motif, &/4C, D) (Sasahara et

®)
T

Bis oy 7

1, o\ “ds =\ - ~ NA =

T s o o s e B 14 32 44 56 10 10 14
5 k] 3 37 37 16 16 8 8 8 8 8 34
) O = H O\" N ] i\
00 69
§- 11 W 05 11 2
3 A DT
%9 : B
K iigaadn i
0

[E3 SN ZHEEAFS(Toxostoma redivivum) B —EZRBIEF 1. (A)RSREFFFIRVSTIEE, S NMEIEAHENRTRS, AEEE T
REMMFHBE. (B)M(C)RETBIRFFIZEINTEMEMFEME, RATRBNEBEN(EK TRENBESEE).
4 B Sasahar a%(2012).

Fig. 3 Song fragment from a California thrasher (Toxostoma redivivum) recording. (A) Sound spectrogram of part of a song.
Phrases are labeled with their ID numbers. Yellow circles denote background singing of other birds. (B) and (C) are song undirected
and directed networks constructed from the song fragment shown in A, which represent transition patterns of phrases (self-transitions
are omitted). Adapted from Sasahara et al (2012).
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Fig. 4 Diagrams representing the four types of transition motifs. Letters indicate different acoustic units, and arrows indicate
transition direction between units. (A) One-way; (B) Bottleneck; (C) Branch; (D) Hourglass.
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AN A A R 38 T 4% (McGregor & Peake,
2000). SR, KHHLLR XS B4 75 5 38 TR 25 (4R T,
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T B P M %% (time-ordered networks) . % 2 M 4%
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M A0 1E %Kk 4 (Blonder et al, 2012; Finn et al, 2019;
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