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Synopsis  Jumping is a rapid locomotory mode widespread in terrestrial organisms. However, it is a rare specialization in ants.
Forward jumping has been reported within four distantly related ant genera: Gigantiops, Harpegnathos, Myrmecia, and Odon-
tomachus. The temporal engagement of legs/body parts during jump, however, varies across these genera. It is unknown what
morphological adaptations underlie such behaviors and whether jumping in ants is solely driven directly by muscle contrac-
tion or additionally relies on elastic recoil mechanism. We investigated the morphological adaptations for jumping behavior by
comparing differences in the locomotory musculature between jumping and non-jumping relatives using X-ray micro-CT and
3D morphometrics. We found that the size-specific volumes of the trochanter depressor muscle (scm6) of the middle and hind
legs are 3-5 times larger in jumping ants, and that one coxal remotor muscle (sc2) is reduced in volume in the middle and/or
hind legs. Notably, the enlargement in the volume of other muscle groups is directly linked to the legs or body parts engaged
during the jump. Furthermore, a direct comparison of the muscle architecture revealed two significant differences between
jumping vs. non-jumping ants: First, the relative Physiological Cross-Sectional Area (PCSA) of the trochanter depressor mus-
cles of all three legs were larger in jumping ants, except in the front legs of Odontomachus rixosus and Myrmecia nigrocincta;
second, the relative muscle fiber length was shorter in jumping ants compared to non-jumping counterparts, except in the
front legs of O. rixosus and M. nigrocincta. These results suggest that the difference in relative muscle volume in jumping ants
is largely invested in the area (PCSA), and not in fiber length. There was no clear difference in the pennation angle between
jumping and non-jumping ants. Additionally, we report that the hind leg length relative to body length was longer in jumping
ants. Based on direct comparison of the observed vs. possible work and power output during jumps, we surmise that direct
muscle contractions suffice to explain jumping performance in three species, except for O. rixosus, where the lack of data on
jumping performance prevents us from drawing definitive conclusions for this particular species. We suggest that increased
investment in jumping-relevant musculature is a primary morphological adaptation that separates jumping from non-jumping
ants. These results elucidate the common and idiosyncratic morphological changes underlying this rare adaptation in ants.
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¥4 (Okinawan language—Uchinaaguchi)
BkUwzE-. <333 B BIEDTL. BmE BANNE CERY-UA, BKUO-FZE7-D, W25
Sho BIANVBEL OB E- Gigantiops Harpegnathoss Myrmecias Odontomachus ATUE B
—BH T ETOEEY-A, BALS. BUo3EmE hAT-BEDLED, B-nREE&kTu
B0 MTA BRSSO KU 30675, 31, Br-nBkUnz R, 5
B, BCRBRL. WABREEBRLLA B 55, £, LR LBANZZLABDTUA RS, 4
DB B A, o=, X Y170 CT &5 3D HAES AP -2, BELn2iE—r550 AN
FazBaBAE - nERnER. BO A, BAS—IC. BELoZHET—5 T £5T- DS
BB ONY T M55 (sem6) BfER—. 3-5 EEX30. HBEHUE-5-5 (sem2) %
T Wb, CEEUBID T Ao BEL-TB-0, ARV S L0 3 BAN VBB,
TR AT-BIDE T Ao SYTT-ABBAE-U. BEUOBEET 5Bk AR - BB R U
TUE BN~ $ZEBERI = 5BLAN A — 5B BANBKL OB 5= 5 OHY
5D BT B E A HOURERE (PCSA) . O. rivosus &5 M. nigrocincia BRI AYS
Ad-0, BUo38Ez-h3. 2513, S5BHANKL03E - niE BE B h RS
— B ABET-ADVEEDTI, WABREELA, O, rixosus £3 M. nigrocincia $h ST~ a2
—ESED T WAIBRENS—. BEUD BT AR BB PR hE A B RS
B5hE-\, EREEPCSAANNE YE-ATWE Y-, BU0BIET-E5, BIAABEZ—D. Ttk
BnFREBER-EOAL A, 2. BEUOBEI—D, BEIBEILANTA. B0 0 T 52
sHHUTWEspN-, § %Z—EE&AEP%\EDT BAVABRETLTE- ~hi&- (Lﬂ;magm
E=F-UR, O. rixosus DIERADNAST- BB, BALR. O. rivosus ©. BLHZEICE-T0h
F-IHRRZ—<ES. O. rivosus PHITBEBENDS, B-EE5A, KL0ZEANNEDLHE
BEABEE e -3En. BKU0BE - SN AT - R 2L -3 — B BAEL S DA TY
L BY-h OB EBERs—. BB EICWERY-3. GRBESA. BE2ESA. B
Lthe
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Forward jumping in ants

ZLH (Japanese)
PRI (IPEE ALK RONZRREEBEIHTE-FTIN, PUICE>TIELWVEHRILTT,, BIAAN

DBkBEIL. Gigantiops. Harpegnathos. Myrmecia. Odontomachus &\ 2T=E132 %2 FEDTVED
RTRESINTVNET, L. INLOREICBV T, BREROE PHEDOEMOBEEIREYET, £
DESBFREZRBIEATNSOTEIOEE L 5o TWEON T YDOBKEN A INKED A

STEEREINZON. ZNEEHERBOANZALIKEFELTVWEZON IR TY , AHET
(F. X#RYAJ0CT & 3D FLREEHRAIZA LT, BKEET 27 LBk LRV EIRIEDE O:ZEN 5 O
RRFHBECOEVE LRI ZIL T, BBTEN O REFZWBISERAELEL, Z0HER. BhiE
FETVOFHELCEMOEEOIMEFH (sem6) DIFEDAZIOEEN 3~5 FREV—F
T, PHILEMOEEONFEEA D, —DOMBEEOUE-5-H (sem2) OEBEARLTV
BIENDONVELE, FEINEL, OB DAEDIZMA . BREERFCES S T 2B PARDED
(I EEBELTNAIETT, SHIC, AIRNDBEDER LR T, BETS7Y EBkELLEWTY
DREIZ 2 DOEZEGEZVABESNIGYELR, B—(C. BkEET 27 UD 3 DO ERETHNHIE D1E
WHEBZRIMER (PCSA) (3. O. rivosus & M. nigrocincta DRI ERWT, BLEES27UD
BNRENLTT, B, BHEET 27 VOB A MEORSE, BREELBWTUICHATIE
DoT=TI N O. rixosus & M. nigrocincta DRI TRIBINTLZ, INHOFERN G, BkET 37U
DR BN OFEEDEWNE, ECEE (PCSA) [CEREINTHY. HfliDRITEREN
ENNTRBEINET, BT 27U EBKBELAEVWZUDMICIE, SPIKA (pennation angle) (ZBAREL:

EWIHYFBATLL, Tz, BkETST7UTHE. BERORSEHERICHLTEVRGO>TWELE,
BREERHCBVAISNZIEEEBLHNELETBL, O. rivosus ZBR< 3 BICHWTE, BENRHEA
PHEN BB DN T ANV AZERBT DL+ D THBIEEZSNIIN. O. rivosus [DVWTIE. B
BINTA-NYADT I DR ED6, BARELRIEREEILIITEERATLE, NGO ANG, B
BECEIET 2HAADBMLLIREN ., BhEETZ7VEBELGVW T VEZX BT 2 EELFEREFH
BILTHBEEZGNTT, INbDFERKR(E. TYUICHTEIDOFRESICE IR DE
RO REFE L ZBRLNMNILE LT,
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PE3IOME (Kazakh)
Cekipy — »xep OeTiHaeri ar3aiapia KEeH TaparaH >KbUIJaM KO3faybic Typi. Jlerenmen, Oy

KYMBIPCKAAp/bIH apachlHIa CHUPEK Kesaeceli. AIlFa CeKipy ajibiC TYbICKAH TOPT KyMbIPCKa
TYKbIMBIHZA TipKenreH: Gigantiops, Harpegnathos, Myrmecia xone Odontomachus. Ocbl
TYKbIMJIapJla CeKipy Ke31HJAET! asKTbIH/IeHe MYIIeNepiHiy Oenruii 6ip TOpTINNeH KOJJaHybl op
Typiai 6onanel. MyHzail cexkipy KaOuIeTiHIH Heri3iHae KaHaai Mopdonorusuislk Oeitimuaenynep
’KaTKaHBI )KOHE KYMBIPCKaJIap/a CeKipy TeK OYJIIIBIKETTiH JKUBIPBUTYBIMEH FaHa KO3Falla Ma, dJ1Jie
KOCBIMIIIA ~ CepHmiMIi  Kepi KaWTapy MexaHu3MiHe cyieHeriHi omi  Oenrici3.  bi3
MUKPOKOMITBIOTEPIIBIK ToMorpadus xxoHe 3D mMopdomeTpusiHbl MaiifanaHa OTHIPHIN, CEKipeTiH
KOHE CEKIPMEUTIH KYMBIPCKA TYPJICPiHIH apachIHAaFbl OYIIIBIKETTEPIHIH albIpMaITbUTBIKTAPBIH
CaJIBICTBIPY apKbLJIbl CEKIpy KalliaeTiHe OailIaHbICThl MOP(OIOTHSUIBIK OeHIMAETyIepiH 3epTTEAIK.
CekipeTiH KyMBIpCKaJIlap/la OpPTaHFbl JKOHE apTKbl AasKTapbIHBIH TPOKAHTEP-IAEIPEccop
OVIIIBIKETTEPiHIH (Scm6) canpICTRIpMabl KeJieMi 3-5 ece VJIKEeH, all KOKca-peMOTOop
OYIIIBIKETTEpiHIH OipeyiHiH KeseMmi (scm2) opTa jkoHEe/HeMece apTKbl asKTap/aa KilliperreHiH
AHBIKTA/IBIK. AWTa KTy Kepek, Oacka OYJIIIBIKET TONTAPBIHBIH KOJIEMIHIH YJIFAlObl CEKIpy Ke31HIe
KOJJJaHFaH asKTapra HeMece JeHe MyllenepiHe Tikeneld OaitanpicTel. COHBIMEH KaTap,
OVJIIIBIKET apXUTEKTYpachlH Oip-OipiMEH CaJBICTBIPY apKbUIBI CEKIPETIH JKOHE CEKIPMEHTIH
KYMBIPCKaJap apachIHIAFbI €Ki MaHbI3IbI allbIPMAIIBUTBIKTHI @HBIKTA/IBIK: O1piHIIIACH, TPOKAHTEP-
JeTpeccop OYIIMIBIKETTEPIHIH CaNbICTRIPMalbl (PU3HONOTHSIIBIK KOJICHEH KUMACBIHBIH ayaHbI
(DKKA) O.rixosus >xoHe M.nigrocincta-HblH alJbIHFBl asKTapblHaH 0acKa CeKIpeTiH
KYMBIPCKATapAbIH OapiblK YII JKYN asfKTapblHAA YJIKEH OOJJIbl;, eKiHIIIJeH, OYJIIIbIK €T
TaIIBIKTAPBIHBIH CATBICTHIPMAIIbI Y3BIHBIFBI CEKIpMENTIH KyMbIpcKanapra Kaparanaa, O. rixosus
xoHe M. nigrocincta-HbIH alJIBIHFBI asKTapblH KOCIMaFaH/a, CEKIpeTiH KYMbIpCKaJlapaa KbICKa
O0onapl. by HoTHXenep CEeKipeTiH KYMBIPCKAIApAarbl CaJIbICTHIPMAIbI OYJIIIIBIKET KOJIEMIHIH
allbIpMALIBIIBIFBl OYJIIIBIKET TaJIIBIKTaPbIHBIH Y3bIH/BIFBIHA €Mec, Heri3iHeH aiimakka (PCSA)
OalimaHpICThl eKeHIH kopcereni. CeKipeTiH XOoHE CEKIPMEHTIH KYMBIPCKAIap apachIHIArbl
MeHHaNus OypbIIbIHAA aWKbIH aWbIpMAIIBUIBIK OosManbl. byFaH Koca, 0i3 cekipeTiH
KYMBIPCKAJIap/ia apTKbl asKThIH JICHE Y3bIHJBIFbIHA KATBICTHI Y3BIHIBIFBI Y3BIHBIPAK OOJFaHBIH
aHbIKTaABIK. Cekipy Ke3iHae OaiKajaaThlH )KOHE MYMKIH OOJIATBIH JKYMBIC TIEH KyaTThl TiKEJICH
CAJIBICTBIPY apPKBUIBI, YII TYPIIH CEKIpYiH TYCIHIIPY YIIIH OYJIIIBIKETTIH TIKEJICH >KUBIPBHLTYbI
JKETKUTIKTI Jien ecenteimiz, 0ipak O. rixosus-TbIH CEKipy MEXaHU3MI Typajbl IEPEKTEp JKETKICI3
OOJFaHABIKTAH OCBI HAKThl TYP Typasbl TYNKUIIKTI KOPBITBIHABI Xkacail anmanabiK. bi3 cekipyre
OaiimaHpICTBl OYJIIIBIKET KOJeMiHe WHBECTHILIMSHBIH YIIFAIObl CEKIPETIH KYMBIPCKAIAP/IbI
CEKIpMEHTIH KYMBIPCKaIapJiaH albIpaThIH HET13T1 MOPQOJIOTHUSIIBIK OeHimMaeTy O0bIn TaOblIaabl
JIeT YChIHAMBI3. byl HOTHOKENep KyMBbIpCKallapAarbl OChl CUPEK OCHiMIENy IiH HEeT131H/e dKaTKaH

JKAJIIbI )KOHE UANOCUHKPATUKAJIBIK MOp(l)OJ'IOFI/ISIJ'IBIK

€20z 1snbny |z uo 1senb Aq |80 1 £Z/2/920PEAO/L/G/[01ME/qOl/W00 dNo olWwapeoe//:sdiy wolj papeojumoqg



Forward jumping in ants

ZUSAMMENFASSUNG (German)

Springen ist eine Art der schnellen Fortbewegung, die bei vielen terrestrischen Organismen
ausgepragt ist. Innerhalb der Ameisen ist es jedoch eine seltene Spezialisierung. Vorwirtsspriinge
sind in vier entfernt verwandten Ameisengattungen bekannt: Gigantiops, Harpegnathos,
Myrmecia und Odontomachus. Die Abfolge mit der einzelne Beine/Korperteile wihrend des

Sprungs eingebunden werden variiert zwischen diesen Gattungen. Es ist bisher unbekannt, welche

morphologischen Anpassungen solchem Verhalten zugrunde liegen und ob das Springen bei
Ameisen ausschlieflich durch Muskelkontraktionen oder zusitzlich durch einen elastischen
RiickstoBmechanismus ermdglicht wird. Wir untersuchen die morphologischen Anpassungen des
Springverhaltens, indem wir die Unterschiede in der Fortbewegungsmuskulatur zwischen
springenden und nicht-springenden mdglichst nah-verwandten Ameisen mithilfe von Mikro-CT
und 3D-Morphometrie vergleichen. Wir haben festgestellt, dass die volumenspezifischen Groflen
der Trochanter-Depressor-Muskulatur (scm6) der mittleren und hinteren Beine in springenden
Ameisen 3-5-mal groBer sind und dass das Volumen eines der coxalen Remotormuskeln (scm?2) in
den mittleren und/oder hinteren Beinen reduziert ist. VergroBerungen im Volumen anderer
Muskelgruppen stehen bemerkenswerterweise direkt mit den im Sprung involvierten Beinen oder
Korperteilen der jeweiligen Art in Zusammenhang. Dariiber hinaus zeigte ein direkter Vergleich
der Muskelarchitektur zwei signifikante Unterschiede zwischen springenden und nicht-
springenden Ameisen: Erstens war der relative physiologische Querschnitt (PCSA) der
Trochanter-Depressor-Muskeln aller drei Beine bei springenden Ameisen grofler, mit Ausnahme
der Vorderbeine von O. rixosus und M. nigrocincta; zweitens war die relative Lange der
Muskelfasern bei springenden Ameisen im Vergleich kiirzer, mit Ausnahme der Vorderbeine von
O. rixosus und M. nigrocincta. Diese Ergebnisse legen nahe, dass der Unterschied im relativen
Muskelvolumen in springenden Ameisen grofitenteils in der Fliche (PCSA) und nicht in der
Faserldnge liegt. Es gab keinen deutlichen Unterschied im Verhéltnis der Ansatzwinkel zwischen
springenden und nicht-springenden Ameisen. Zusitzlich berichten wir, dass die Linge der
Hinterbeine im Verhéltnis zur Korperlange bei springenden Ameisen grofler war. Basierend auf
einem direkten Vergleich zwischen beobachteter und moglicher Arbeitsleistung und
Kraftaufwendung wahrend des Sprungs schlussfolgern wir, dass direkte Muskelkontraktionen fiir

einen Sprung ausreichen, mit Ausnahme von O. rixosus, wo der Mangel an Daten zur
Sprungleistung uns daran hindert, gesicherte Aussagen iiber diese Art zu treffen. Wir nehmen an,
dass eine erhohte Investition in sprungrelevante Muskulatur die hauptséchliche morphologische
Anpassung ist, die springende von nicht-springenden Ameisen unterscheidet. Diese Ergebnisse
zeigen gemeinsame aber auch idiosynkratische morphologische Verdnderungen auf, die der in

Ameisen seltenen Anpassung zum Springen zugrunde liegen.
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Introduction

Understanding the coevolution between morphology
and behavior is one of the central challenges in evo-
lutionary biology. Changes in environment and com-
petition for resources can trigger new innovations in
behavior, which in turn lead to morphological and
physiological adaptations (Wcislo 1989). Similar de-
sired functionality can either result in convergent evolu-
tion of morphology, especially when a limited range of
forms is readily accessible to evolution (McGhee 2011),
or manifest itself in many-to-one mapping (Wainwright
et al. 2005; Moen 2019), where the same functional
trait is achieved by a diversity of morphological “design
solutions.”

The evolution of jumping behaviors provides an
excellent opportunity to study the relationship be-
tween function and morphology, because it often in-
volves a combination of structural transformations, e.g.,
enlargement of muscular volumes and associated ten-
dons, expansion of skeletal elements for larger attach-
ment areas, and adaptations for elastic energy storage
(Gorb 2004; Ogawa and Yoshizawa 2017). Furthermore,
previous studies on insects have revealed a variety of
distinct morphological designs that promote jumping.
For example, locusts (Bennet Clark 1975), click bee-
tles (Bolmin et al. 2021), and froghoppers (Burrows
2006) use catapult mechanisms to jump; other insects,
such as mantises (Sutton et al. 2016), bush crickets
(Burrows and Morris 2003), and moths (Burrows and
Dorosenko 2015), in turn, rely on direct muscle ac-
tuation without additional contributions from elastic
elements.

Despite the astounding diversity of ants, the abil-
ity to jump is rare; it has been reported in only six
genera (Wheeler 1922; Ali et al. 1992; Baroni Urbani
et al. 1994; Tautz et al. 1994; Sorger 2015). Jumping
ants can be divided into two broad groups: prosalient,
that is forward jumping using legs; and retrosalient,
i.e., backward jumping using mandibles (Wheeler 1922;
Patek et al. 2006). Retrosalience is observed in trap-
jaw ants such as Odontomachus Latrielle 1804, Stru-
migenys Smith E 1860, and Anochetus Mayr 1861, which
use large muscles in their head to store elastic energy
in both tendons and the head capsule (Sutton et al.
2022), which is then rapidly released, resulting in an im-
pact between mandibles and the ground, and upward
propulsion. Prosalient ants, on the other hand, use their
legs to power a directed forward jump. Prosalience has
evolved in four distantly related ant genera (see Fig 1):
Harpegnathos and Odontomachus (Ponerinae), Gigan-
tiops (Formicinae), and Myrmecia (Myrmeciinae) (Ali
et al. 1992; Baroni Urbani et al. 1994; Tautz et al. 1994;
Sorger 2015).

L. Aibekova et al.

Most studies on prosalience in ants have focused
on the kinematics and energetics of the movements
(Ali et al. 1992; Baroni Urbani et al. 1994; Tautz et al.
1994; Ye et al. 2020). In contrast, there has been little
fundamental research on jumping abilities in ants from
a functional morphology perspective. Although we
know how fast these ants jump, we do not yet under-
stand what the adaptations to this function are, and
how they differ from non-jumping relatives. Studying
the gross anatomy will help us identify the groups of
muscles that are essential to facilitate jumps and how
they are modified.

All prosalient ants rely on middle and hind legs to
jump (Tautz et al. 1994). According to Burrows (2011),
there are at least two reasons for using four legs as op-
posed to a two-legged jump: First, more legs presum-
ably result in a larger net ground reaction force, and
so in improved jump performance. Second, it may help
to control rotation of the body, so that most muscle
work flows into kinetic energy of the Center of Mass
(CoM) instead. It has been suggested that the front leg
is of minor importance in jumping, and instead acts as
a support for maintaining static equilibrium as in case
of walking or running (Full and Tu 1991; Zollikofer
1994). Although all forward jumping ants universally
use the middle and hind legs to jump, the engagement
of different body parts during the jump may vary. For
example, Harpegnathos saltator first uses the hind legs
to move the body forward, and only later engages the
middle legs to provide a final push (Tautz et al. 1994).
However, Baroni Urbani et al. (1994) have shown that
the muscle activities in the ipsilateral (same side) mid-
dle and hindlegs are synchronous, and thus have con-
cluded that both legs extend in unison. Gigantiops de-
structor, in addition to using both middle and hind
legs for propulsion, show a conspicuous and consistent
movement of the metasoma (Tautz et al. 1994; Ye et al.
2020), and although the functional significance of this
movement is unclear, its consistency suggests it is im-
portant. Lastly, Myrmecia nigrocincta are thought to use
both the middle and hind legs simultaneously to propel
the jump (Tautz et al. 1994). As the forward jumping
ability of Odontomachus rixosus was only recently dis-
covered (Sorger 2015), the temporal engagement of legs
during its jump has not yet been studied.

The involvement of different body parts during
jumping may be related to different strategies that
would minimize net torque. The position of their CoM
in this case is important, since the center of rotation
is often located in the CoM. This is supported by
the observation that the CoM location differs between
jumping ant species (Tautz et al. 1994). The impulsive
forces generated by the feet in ground contact may be
converted into rotational and/or translational kinetic
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Forward jumping in ants

Myrmecia nigrocincta
(jumping)

W
Nothomyrmecia macrops LT
(non-jumping) e

Gigantiops destructor i
(jumping) A

/ v
‘
i

Formica rufa ]
(non-jumping) H
|

Y

Harpegnathos saltator
(jumping)

-, s Euponera sikorae

- v (non-jumping)

| Odontomachus rixosus
1 (jumping)

Odontomachus kuroiwae
(non-jumping)

Fig. | Phylogenetic relationship of the ant species in this study. The phylogenetic tree is from Economo et al. (2018) (the tree was
trimmed to include one species per genus). Ant images from Antweb (antweb.org). (E. sikorae: CASENT0497202, F. rufa: CASENTO0173862,
G. destructor: CASENTO106169, H. saltator: CASENT0260424, M. nigrocincta: CASENT0902805, N. macrops: CASENTO172003, O. rixosus:

CASENTO0217544, O. kuroiwae: CASENT0741360.)

energy (Goode and Sutton 2023). Rotational kinetic en-
ergy may be a particular problem for small animals, as
their mass moment of inertia is relatively smaller. The
split in rotational vs. translational kinetic energy will be
determined by the net torque. Zero rotation will only
result if the net torque is zero. In H. saltator, the CoM is
located in front of the middle leg (Tautz et al. 1994). The
use of the middle legs to give the final propulsion could
minimize the net torque. The CoM in G. destructor is
located posterior to the legs, at the insertion of the peti-
ole to the mesosoma (Tautz et al. 1994). The rotation of
the metasoma could be to shift the CoM dynamically
to minimize net torques generated by the legs. A simi-
lar behavior is observed in juvenile wingless mantises,
which rotate their abdomen during their jump to ad-
just the mass moment of inertia (Burrows et al. 2015).
In M. nigrocincta, the CoM is located between the mid-
dle and hind legs (Tautz et al. 1994), and perhaps the
use of both legs would reduce the total net torque. As
such, the differences in the jumping techniques in these
ants could be due to the differences in the position of
the CoM (Tautz et al. 1994).

There are two size-specific mechanisms used by
jumping animals: one powered by direct muscle con-
traction and one relying on spring-actuated jumps
(Sutton et al. 2019). In muscle-actuated jumps, jumping
performance is constrained by the physiological prop-
erties of the muscle, such as its work density and intrin-
sic shortening speed. Thus, a closer look at the muscle
architecture and volume may elucidate the muscular de-
sign for optimal force production.

As animals get smaller in size, the amount of me-
chanical energy that can be generated is instead limited
by the force-velocity properties of the muscle, and it can
become beneficial to rely on specialized morphological
adaptations that improve performance through rapid
recoil of elastic structures (Bobbert 2013; Sutton et al.
2019). Often, jump enhancement by elastic energy stor-
age involves latch mechanisms: Muscles contract slowly
to store strain energy in specialized cuticular struc-
tures, and this energy is subsequently rapidly released to
power the jump (Bennet Clark 1975; Gronenberg 1996;
Burrows 2003; Longo et al. 2019); although such “power
amplification” overcomes force-velocity limitations,
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it nevertheless ultimately depends on the mechanical
work output of muscle. Elastic energy stores in insects
are diverse. Click beetles store energy in a specialized
structure located in their thorax ventrally between front
and middle legs (Bolmin et al. 2021). Locusts use hind
femur muscles to load strain energy into the semi-lunar
process (Bennet Clark 1975). Another energy storage
site is a locking mechanism found in the femoro-tibial
joint (Foldvari et al. 2019). So far, it is unknown whether
the evolution of forward jumping in ants involves elastic
energy storage mechanisms.

The aim of this study is to investigate the morpho-
logical adaptations that underlie jumping ability in ants
by comparing relative muscle volume, muscle archi-
tecture, and leg lengths of distantly related forward-
jumping ants with their non-jumping relatives. We ask,
(i) whether jumping behavior is associated with mor-
phological adaptations to the locomotory system, and
whether these include enlargement of muscles and/or
adaptations for power amplification; and (ii) whether
those morphological adaptations are consistent across
distantly related lineages (i.e., 100my divergence),
indicating convergent evolution, or if different biome-
chanical solutions underlie the independent evolution
of jumping abilities. The results will inform our under-
standing of jumping in ants and, more generally, how
the interplay between morphology and behavior affect
diversification.

Materials and methods
Material

We selected one worker specimen preserved in ethanol
(70-99%) from each genus for which jumping be-
havior has been previously documented, to carry
out detailed computed tomography (CT) scanning
and 3D morphometry: Harpegnathos saltator Jerdon
1851 (unique specimen identifier: CASENT0764679),
G. destructor Fabricius 1804 (CASENT0709414),
O. rixosus Smith F 1957 (CASENT9741319) and
M. nigrocincta Smith E 1858 (CASENTO0741302).
As a control, we imaged a small set of non-
jumping ant species: Euponera sikorae Forel 1891
(CASENTO0709898), Formica rufa Linnaeus 1761
(CASENTO0741323), Odontomachus kuroiwae Mat-
sumura 1912 (CASENT0741313) and Nothomyrmecia
macrops Clark 1934 (CASENT0795539). An effort was
made to select comparison species as closely related as
possible to the jumping species considering availability
of preserved specimens. Harpegnathos has no close
relatives, and all species in the genus are known to
jump to our best knowledge. Thus, any non-jumping
comparator is necessarily phylogenetically distant. In
some phylogenies (e.g., Economo et al. 2018), there
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are a few genera that are marginally closer than Eu-
ponera, but in other trees Harpegnathos is sister to the
rest of the Ponerinae. For specimen preparation, see
Katzke et al. (2022). The length of the leg segments
was measured three times within the same specimen
(in the right and/or left legs). For the specimens for
which no information on the body mass was available,
the whole body was scanned, and body volume was
used as proxy for body mass via assuming a uniform
density of 1040 kg/m?: E. sikorae (CASENT0741359);
E rufa (ANTSCAN, CASENT0709272); G. destructor
(CASENT0744574); N. macrops (CASENT0741364).

Micro-CT scanning and 3D-reconstruction

Micro-CT scans were generated with a Zeiss Xradia
510 Versa 3D X-ray microscope operated with the
Zeiss Scout-and-Scan Control System software (version
14.0.14829.38124) at the Okinawa Institute of Science
and Technology Graduate University, Japan. Scans were
conducted with a40kV (75 iA)/3 W beam strength un-
der a 4x magnification. Voxel size and exposure time
depended on specimen size (Supplementary Table S1).
As the mesosoma of ants exceeds the field-of-view of
the camera at high magnification, vertical stitching of
serial scans was used. 3D reconstructions of the re-
sulting scan projection data were done with the Zeiss
Scout-and-Scan Control System Reconstructor (ver-
sion 14.0.14829.38124) and saved in txm file format.
Postprocessing of txm raw data was done with Amira
2019.2 (Visage Imaging GmbH, Berlin, Germany) to
segment individual structures into discrete tissue vol-
umes. The segmented voxels were then exported with
the plugin script “multiExport” (Engelkes et al. 2018) in
Amira 2019.2 as 2D TIFF image stacks. VG-Studio 3.4
(Volume Graphics GmbH, Heidelberg, Germany) was
used to create volume renders from the TIFF image se-
ries. Muscle architecture was reconstructed with Amira
2019.2 XTracing extension, following the workflow pre-
sented in Katzke et al.(2022). The accuracy of the trac-
ing algorithm in Katzke et al. (2022) was 92% for fiber
length estimation and 100% for the pennation angle
estimation. Muscle identity and nomenclature follows
Aibekova et al. (2022). Muscles most relevant in the
movement of the legs were segmented (Ipcm2, Iscm4,
I-, II-, IlIscml1, II-, ITIscm2, I-, II-, IlIscm3, Ipcm§, II-,
[IIscm6, Ipcm4, II-, Illpcm3_4, I-, II-, Illctml, I-, II-,
IIctm?2, I-, II-, Illctm3); in addition, large muscles, in-
cluding the indirect muscle of the head (Idvm5), the le-
vator (IA1), and one of the rotators (IA2) of abdomen
were segmented for control. We want to mention one
caveat related to preparation technique. It is possible
that there may be different degrees of muscle shrink-
age due to the preservation in high ethanol concentra-
tions (70-99%). This could in principle cause spurious
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differences across species, as the level of contraction
may vary among species, however we have no evidence
this was an issue in this case, and it is unlikely to affect
the broad differences identified in this study.

Data analysis

Our study design was based on comparing related
pairs of jumping and non-jumping species, which
should account for phylogenetic signal. However, due
to the low throughput of recovering detailed scan
and segmentation data for each specimen, and the
low number of known independent evolutions of
forward jumping (4), we could not perform formal
statistical comparative analyses with large numbers
of jumping and non-jumping species. Thus, although
we quantify morphological differences, our study was
mainly performed by comparing values directly, a
common limitation of studies of phenotypes without
large numbers of independent evolutions. Given the
low sample sizes, this exploratory approach can char-
acterize broad and consistent differences but not subtle
changes that require large sample sizes. Measurement
error and intraspecific variation were assessed how-
ever, to ensure our characterization of interspecific
differences are not obscured by other sources of
variation. For this, we scanned and segmented four
Myrmecia croslandi specimens from two collection
events: M. croslandi rep 0 (CASENT0741321), M.
croslandi rep 1 (CASENTO0741324), M. croslandi
rep 2 (CASENT0741305), and M. croslandi rep 3
(CASENT0741308). Rep 0 and rep 1 are from an old
collection stored in 90% ethanol, Rep 2 and 3 are from
the recent collection, stored in 70% ethanol.

In addition to comparing values of morphological
parameters (e.g., volumes, fiber lengths) directly, prin-
cipal component analysis (PCA) was conducted on cen-
tered and scaled absolute muscle and thorax volumes to
quantify variation in multidimensional space.

Scaling

To compare the morphology across ants of different
body sizes, the muscle volume, PCSA, and fiber length
were normalized: Vyyysqe ¢ V)], PCSA ox V256, and

Liiper ¢ V222, In the absence of detailed information
on the force-length properties of the involved muscles

(Puffel et al. 2023), we define PCSA as %. Infor-

mation on the body mass was lacking for some ants.
The data on the volumes of different body parts (head,
thorax, petiole, and gaster) of ants, that were calcu-
lated from the linear measurements from a single repre-
sentative species from 231 genera, were available from
Anderson, Rivera, and Suarez (2020). We used these
data to confirm that thorax volume scales isometrically
with total body volume (slope of 1.021 (95% CI: 1.003—

1.039), Supplementary Fig. S1). Thus, we used the vol-
ume of the thorax as a proxy for body mass.

]umping kinematics in M. nigrocincta

Workers of M. nigrocincta exhibit limited variation in
body size (Sheehan et al. 2018), and we established
kinematics here from one individual that carried out
3 consecutive jumps. Myrmecia nigrocincta are visually
oriented ants, and we found that they jump in a lab set-
ting to a vertical feature. Hence, we provided them with
a horizontal jumping platform and a landing platform
with a vertically placed piece of bark that was 3.8 cm
away. We filmed the jumps at 6000 frames per second
with an inter-frame interval of 0.166 ms with a res-
olution of 1920 x 1080 pixels. We filmed the jumps
using a Phantom T1340 high-speed camera, 105 mm
2.8 Sigma macro lens coupled with custom-built LED
lights. Immediately after filming, we weighed the ant on
a scale and preserved it in 70% ethanol. We identified
the CoM of this individual by balancing the ant on an
insect pin and found this to be between the coxae of the
mid and hind legs. We tracked the CoM in DLTdv8, a
Matlab based application for digitizing video (Hedrick
2008). From this, we determined the take-off time (du-
ration between the first movement of the propulsive leg
and the first instance when no legs touched the ground,
ms), take-off velocity (displacement of CoM over time,
m/s), and acceleration (m/s®). A comparative analysis
of jumping kinematics in Myrmecia is ongoing, where
we are investigating both phylogenetic differences and
the effect of size.

Data availability

Supplementary Table S1 contains all the specimen data
used in this study. Each specimen can be traced by
a unique specimen identifier included in the preser-
vation vial. The original pCT scans are available
in DICOM format as well as the raw data on the
muscle volume, PCSA, pennation angle and fiber
length are available at the Dryad Digital Repository
(https://doi.org/10.5061/dryad.v41nsls15). In addi-
tion, we have provided freely accessible 3D models of
the mesosoma segmentations of all species studied on
Sketchfab (https://skfb.ly/oBzMA).

Results

Difference in relative volume of muscles involved
in jumping

To understand the mechanisms underlying the jump-
ing ability of ants, we compared the normalized muscle
size and architecture of several key muscle groups be-
tween four jumping ant genera and four closely related
non-jumping ant genera. All four jumping ant genera
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Fig. 2 Comparison of the muscle volumes of the leg (coxal and trochanter) muscles. A. F. rufa and G. destructor pair; B. E. sikorae and
H. saltator pair; C. O. kuroiwae and O. rixosus pair; and D. N. macrops and M. nigrocincta pair. The line graph on the right side shows the
change in the relative volume of the muscles in jumping ant. Muscles which changed the most are colored. The trochanter depressor
(scm6) muscles are enlarged in all jumping ants in both middle and hindlegs, while one of the coxal remotor (scm2) muscles are reduced
in middle and/or hindleg. Gigantiops destructor in addition to using the middle and hind legs synchronously, rotates its metasoma to jump;
H. saltator first uses its hind legs to move the body forward, then the middle legs to give final propulsion; M. nigrocincta uses the middle and

hind legs synchronously to jump.

showed changes in size-specific muscle size and archi-
tecture of several key muscle groups. Within the meso-
and metathorax of jumping species, the trochanter de-
pressor muscles (IIscm6-M. mesofurca-trochanteralis;
IIIscm6-M. metafurca-trochanteralis) occupy a large
portion of the cavity space (Fig. 2 and Suppl. Fig. S2).
In G. destructor the relative volume of the trochanter
depressor muscle is 5 times larger in the middle legs
and 3.5 times in the hind legs (Model 1) compared to
F rufa (Aibekova et al. 2022, Model 3); in H. salta-
tor it is 8 times larger in the middle and 14 times
larger in the hind legs (Model 2) compared to E. siko-
rae (Model 3); in M. nigrocincta it is 4.5 and 6.5 times
larger in the middle and hind legs (Model 4) com-
pared to N. macrops (Model 5); and in O. rixosus it
is 2.5 and 2 times larger in the middle and hind legs
(Model 6) compared to O. kuroiwae (Model 7). The
trochanter depressor muscle originates at the furcal
arms, the anterodorsal pleural region, and the notum of
the meso- and metathorax; it inserts on the trochanter
via a long tendon. The homologous muscle in the front

leg (Ipcm8) is of similar relative volume in H. saltator
and O. rixosus compared to their non-jumping coun-
terpart, and in G. destructor and M. nigrocincta it is two
times larger compared to their non-jumping counter-
part (Supplementary Fig. S3).

Another muscle that is enlarged in relative volume
in jumping ants compared to non-jumping ants is one
of the remotors of the coxa (IIscm3-M. mesofurca-
coxalis medialis; IIlscm3-M. metafurca-coxalis medi-
alis). In O. rixosus, scm3 of both middle and hind legs
are around 1.5 times larger than in O. kuroiwae. In H.
saltator, scm3 of the middle legs is 10 times larger than
in E. sikorae, but in the hind legs it is slightly smaller (0.8
times). In addition, the levator muscle of petiole (IA1)
is 3 times larger in G. destructor compared to E rufa, but
the relative volume of IA1 in other pairs is similar.

IIscm2 (IIscm2-M. mesofurca-coxalis posterior)
and IlIscm?2 (IIIscm2-M. metafurca-coxalis posterior),
which are remotors of the coxa (along with scm3
muscles) are reduced in jumping ants (0.2-0.61 times
smaller), compared to the non-jumping pairs. 0.35 and
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0.26 times smaller in G. destructor; 0.62 and 0.28 times
smaller in H. saltator; 0.47 and 0.36 times smaller in
M. nigrocincta, and 0.61 and 0.53 times smaller in the
middle and the hind legs of O. rixosus compared to
their non-jumping counterparts.

Principal component analysis on the absolute vol-
umes of the muscle and thorax, has shown the separa-
tion of jumping and non-jumping ant species on Princi-
pal component 1 (PC1) axis (Fig. 3); it explained 62.02%
of the variation in the sample and PC 2 explained
26.85% of variation in the sample. Most of the varia-
tion on PC1 axis come from three muscles: trochanter
depressor muscles of the middle and hind legs (IIscm6
and IIIscm6) and coxal remotor muscle of the middle
leg (IIscm3).

Muscle architecture
Physiological cross-sectional area

The trochanter depressor muscles of the front (Ipcm8),
the middle (IIscm6), and hind legs (IIIscm6) of jump-
ing ants have larger relative PCSA values (normal-
ized to V2 ) compared to non-jumping counterparts
(Fig. 4A and Supplementary Table S2), except in the
trochanter depressor muscle of the front legs (Ipcm8) of
O. rixosus and M. nigrocincta, where the relative PCSA
of was smaller. In G. destructor, the relative PCSA of
the trochanter depressor muscle of the front, middle,
and hind leg was 1.91, 1.30, and 1.57 times larger, re-
spectively, compared to E rufa. Similarly, in H. salta-
tor, the relative PCSA of the trochanter depressor mus-
cle of the front, middle, and hind legs were 1.39, 1.24,
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and 1.25 times larger compared to E. sikorae. In O. rixo-
sus, in turn, the relative PCSA of the trochanter de-
pressor muscle the front, middle, and hind legs were
0.74,2.67,and 2.03 times larger compared non-jumping
O. kuroiwae. In M. nigrocincta, the relative PCSA of the
trochanter depressor muscle of the front, middle, and
hind legs were 0.94, 1.40, and 1.65 times larger com-
pared to N. macrops.

Pennation angle

The mean pennation angle (£s.d., N—number of mus-
cle fibers) in the trochanter depressor muscle in Gigan-
tiops and Formica pair was similar in the front (13°%7,
N = 77 and 12°£5, N = 45 accordingly) and mid-
dle legs (9°£6, N = 210 and 8°%5, N = 31 accord-
ingly). In the hind legs, in turn, it was smaller in G. de-
structor (11°+4, N = 72), compared to E rufa (15°+3,
N = 39) (Fig. 4B and Supplementary Table S2). Simi-
larly, in Harpegnathos and Euponera pair, the mean pen-
nation angle in the front (10°£6, N = 29 and 11°+4,
N = 17 respectively) and hind legs (9°+4, N = 91 and
9°£3, N = 18, respectively) was similar, while in the
middle legs it was slightly larger in H. saltator (8°+3,
N = 97), compared to E. sikorae (6°£3, N = 19). The
mean pennation angle of the trochanter depressor mus-
cle was smaller in all three legs of M. nigrocincta (11°+4,
N = 16 in the front, 7°£3, N = 46 in the middle, and
12°43, N=23 in the hind legs) compared to N. macrops
(14°£6, N = 16 in the front, 8°+4, N = 26 in the middle,
and 15°£3, N = 11 in the hind legs). In Odontomachus
pairs, the mean pennation angle in the middle and hind
legs was larger in non-jumping O. kuroiwae (27°%5,
N = 28 in the middle and 23°£3, N = 29 in the hind
legs), compared to jumping O. rixosus (8°+2, N= 17 in
the middle and 8°+3, N = 39 in the hind legs), while
in the front legs it was similar (6°+3, N = 14 and 5°+3,
N =21 accordingly).

Muscle fiber length

The normalized mean fiber length (£s.d., N—number
of muscle fibers) of the trochanter depressor muscle
(relative to V922 ) is shorter in jumping ants com-
pared to their non-jumping counterparts in all three
legs, except in the front leg of O. rixosus and M. ni-
grocincta (Fig. 4C and Supplementary Table S2). In
G. destructor the relative mean length of fibers was
1.62 (£0.61, N = 77), 1.92 (£0.55, N = 210), and
1.66 (£0.40, N = 72) in front, middle, and hind legs,
respectively, shorter than those of F rufa (3.1 &+ 0.8,
N =45,249 £ 0.6, N =31, and 2.6 £ 0.49, N = 39).
In H. saltator, the relative length of muscle fibers 2.63
(40.71, N = 29), 2.03 (£0.34, N = 97), and 2.32 (£0.28,
N = 91) in the front, middle, and hind legs, while in

L. Aibekova et al.

E. sikorae it was 3.66 (+0.57, N = 17), 2.52 (£0.71,
N = 19), and 2.89 (£0.4, N = 18) accordingly. The
relative fiber length of the muscles was longer in the
front legs of M. nigrocincta (3.15 £ 0.56, N = 16), com-
pared to that of N. macrops (2.98 + 0.44, N = 16),
while in the middle and the hind legs it was longer
in M. nigrocincta (2.14 £ 0.32, N = 46 in the mid-
dle and 2.47 &+ 0.4, N = 23 in the hind legs), com-
pared to N. macrops (3 £ 0.44, N = 26 and 4.07 & 0.37,
N =11 in the middle and the hind legs, respectively).
Likewise, in Odontomachus pair, the length of mus-
cle fibers relative to V23 "in the front leg is slightly
longer in jumping O. rixosus (3.67 & 0.85, N=21) com-
pared to non-jumping O. kuroiwae (2.73 0.9, N = 14),
while in the middle and hind leg it is more than 2
times shorter (1.45 & 0.19, N = 28 and 1.73 & 0.37,
N = 29 in O. rixosus and 3.88 & 0.82, N = 17 and
3.51 £0.46, N =39 in O. kuroiwae middle and hind legs
accordingly).

Leg structure
The tibial extensor muscle in the hindlegs

The pairwise comparison of the ratio of the intrin-
sic leg muscles that control the femoro-tibial joints
(Fig. 5) shows that in Gigantiops, Myrmecia, and Odon-
tomachus, the ratio of the extensor muscle to flexor
muscle is larger than in their respective non-jumping
pairs. Specifically, the ratio in the G. destructor and
E rufa pair was 1.08 and 0.38, respectively; in O. rixo-
sus and O. kuroiwae pair 0.87 and 0.55, respectively, and
in the M. nigrocincta and N. macrops pair it was 0.65
and 0.48, respectively. Thus, jumping ants have rela-
tively larger tibia extensor muscles than non-jumping
ants, except for the H. venator and E. sikorae pair. Here,
the ratio of the extensor muscle to flexor muscle was
0.44 and 0.75, respectively. However, the tibial exten-
sor muscles (ftm1) in all ants are smaller than the tib-
ial flexor muscles (ftm2), except for G. destructor, where
the ratio of extensor muscle to flexor muscles is 1.08,
slightly larger than one.

The lengths of legs

In most jumping ants, forelegs are the short-
est and hindlegs are the longest (Table 1 and
Supplementary Table S3). This is evident in G. de-
structor, where the average length (£s.d.) of the
two front legs of was 8.93 £ 0.23 mm, compared to
10.03 £ 0.13 mm and 14.7 &£ 0.28 mm for the middle
and hind legs, respectively (Supplementary Table S3).
The ratio of the leg lengths was thus 1:1.1:1.6 (front:
middle: hind) (Table 1). A trend is seen in non-
jumping species; e.g., in E rufa, the average length was
7.08 £ 0.53 mm, 7.24 + 0.07 mm, and 9.03 &£ 0.06 mm,
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Fig. 5 The ratio of the tibial extensor muscle to tibial flexor muscle in the hind legs. The blue bars represent jumping ants and orange bars
represent non-jumping ants. The ratio of the extensor muscle to flexor muscle is larger in G. destructor, O. rixosus, and M. nigrocincta than

in their non-jumping pairs, except for H. venator. The ratio of the tibial extensor to tibial flexor muscle is smaller than in all ants, except for

G. destructor, where the volumes of these muscles are almost equivalent.

Table | The leg lengths in jumping and non-jumping ants

Middle leg Hind leg Ratio of leg lengths Hind leg
length (% of
Species Body length (mm) Tibia Femur Tibia Femur Hind Middle Front body length)
Gigantiops destructor® 9.24 £ 0224 298 + 0.067 3.18 &+ 0.049 458 £+ 0.072 478 £ 0.029 1.6 I | 159
Formica rufa 7.79 £ 0.26 1.91 £ 0.023 1.93 £ 0.061 245 + 0.046 24| + 0.023 |3 | | 116
Harpegnathos saltator* 1.8 £ 0.624 2.08 £+ 0.008 249 + 0.102 2.83 £ 0.0l16 3.12 £ 0.033 14 | I.1 92
Euponera sikorae 10.93 £ 0.208 .5+ 0.053 1.92 £ 0.072 1.86 £ 0.055 2.28 + 0.09 1.3 | | 83
Odontomachus rixosus* 11.07 £ 0.066 193 £ 0.063 2.55 + 0.061 2.5 4 0.085 3.15 £+ 0.061 .3 | | 96
Odontomachus kuroiwae 845 £ 0.301 1.68 + 0.004 2.0l 4+ 0.161 2.16 &+ 0.061 2.66 £ 0.06 [.3 | I.1 107
Myrmecia nigrocincta* 12.25 £ 0.19 3.0l £ 0.052 3.15 4 0.083 4.06 + 0.015 427 £ 0.039 1.5 I.1 | 122
Nothomyrmecia macrops 8.66 £+ 0.39 .53 £ 0.03 .52 £ 0.016 2 + 0.089 1.94 £+ 0.05 I.4 I.1 | 83

Note: * indicates jumping ants.

respectively and the leg length ratio was 1:1:1.3. How-
ever, the hind leg length is 159% of the body length
in G. destructor and 116% of the body length in E
rufa. Additionally, G. destructor have longer femora
compared to tibiae in their hind legs, while E rufa have
longer tibiae compared to femora.

The average length of the front legs of H.
saltator was 8.46 =+ 0.22 mm, the middle legs
7.92 + 0.04 mm, and the hind legs 10.91 £ 0.12 mm
(Supplementary Table S3), so the ratio of leg lengths

was 1.1:1:1.4. Whereas for E. sikorae, the respective
measurements were 7.19 &= 0.25 mm, 7.13 &£ 0.11 mm,
and 9.02 £+ 0.26 mm, and the ratio was 1:1:1.3. The
hind leg length is 92% of the body length in H. saltator,
while in E. sikorae it is 83%.

The average length of the front, middle, and hind legs
of O. rixosus were 8.63 & 0.04 mm, 8.22 = 0.06 mm, and
10.62 £ 0.24 mm, respectively, as such the ratio of leg
lengths was 1:1:1.3. Meanwhile, in O. kuroiwae the av-
erage leg lengths were 7.46 & 0.23 mm, 6.9 + 0.1 mm,
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and 9.01 £ 0.21 mm, resulting in the leg length ratio
of 1.1:1:1.3. Additionally, the hind leg length is 96% of
the body length in O. rixosus and 107% in O. kuroi-
wae. Thus, jumping Odontomachus have shorter hind
legs relative to the body length compared to the non-
jumping Odontomachus.

The average length of the front, middle, and
hind legs of M. nigrocincta were 10.15 £ 0.18 mm,
10.94 & 0.17 mm, and 14.93 £ 0.07 mm, respectively,
resulting in a leg length ratio of 1:1.1:1.5, while in N.
macrops the average leg lengths were 5.34 £ 0.41 mm,
5.81 + 0.09 mm, and 7.23 + 0.08 mm, respectively,
with a ratio of 1:1.1:1.4. The hind leg length is 122%
of the body length in M. nigrocincta, while it is 83%
in N. macrops. The non-jumping N. macrops has longer
tibiae than femora in both middle and hind legs, while
in M. nigrocincta, the femora are longer than the tibiae
(Table 1).

Intraspecific variation and random error check

From Supplementary Fig. S4, we can see a slight varia-
tion in the muscle volume between rep 0-1 and rep 2-3;
this variation could be attributed to the ethanol concen-
tration and length of storage time (Marquina et al. 2021;
Leonard et al. 2022). However, intraspecific variation is
much less compared to interspecific variation. More-
over, a random error check (Supplementary Fig. S5)
demonstrates that the error during the segmentation
step and computing material statistics is negligible and
confirms that the variation in the muscle volumes
between species cannot be attributed to measurement
error.

]umping kinematics in M. nigrocincta

During a jump, M. nigrocincta first moves its body for-
ward in the direction of the jump while maintaining
contact with all three pairs of legs on the ground. The
ant then retreats and lowers its body to the ground in
preparation to take-off. During take-off, in the first six
milliseconds the ant gradually raises its head. The first
pair of legs leave the substrate 4-7 ms after lowering the
body closest to the ground. Following this, the middle
leg leaves the ground. After 4.26 4= 0.94 ms, the hind leg
leaves the platform (mean =+ s.e.). The entire take-off se-
quence lasts 19.94 & 0.92 ms. The take-off acceleration
in M. nigrocincta was 21.43 & 2.49 m s~ and the take-
off velocity was 0.44 & 0.03 m/s (mean =+ s.e.).

Discussion

A priori, the jumping ability in distantly related ant lin-
eages could be associated with different biomechani-
cal and morphological adaptations. However, we found
consistent changes whereby trochanter depressor mus-
cles (scm6) in the meso- and metathorax were rela-

L. Aibekova et al.

tively enlarged across these independent evolutions. In-
deed, the first PC (Principal component) axis in the
PCA analysis of the absolute muscle volumes separates
jumping and non-jumping species rather than grouping
them by phylogeny (Fig. 3). Below, we match the speci-
ficities of jumping behavior observed in each lineage,
such as stereotypical sequence of movements of differ-
ent legs or the use of the metasoma, with corresponding
muscles that play a crucial role in these movements and
uncover a secondary pattern in which the most relevant
muscles are enlarged.

Changes in relative muscle size

Our results suggest that various muscle groups are mod-
ified in jumping ants. The depressor muscles (scmé6) of
both mid and hind legs are greatly enlarged in jump-
ing ants compared to non-jumping ants. Leg depressor
muscles are involved in pushing the ant body upward.
Conversely, one of the coxal remotor muscles (scm2),
small in the first place, are usually reduced further in
jumping ants in both the middle and hind legs, except
in the middle leg of H. saltator. It is possible that this
reduction could be due to the limited space in the rigid
mesosoma of ants: enlargement in the volume of one
muscle may require the reduction in the volume of an-
other (Fig. 2 and Supplementary Fig. S3). The other
coxal remotor muscles (scm3), however, are enlarged
in the middle legs of H. saltator and in both middle
and hind legs of M. nigrocincta. In the Harpegnathos
and Euponera pair, the relative volume of the meso-
coxal remotor muscles are 10 times larger in the jump-
ing ant. Moreover, these muscles extend to the anterior
part of the mesonotum in H. saltator, which is unusual
for coxal muscles. These changes may be explained by
the jumping technique of this genus, which primarily
uses the middle legs to jump via a fast “back-rowing”
motion (Tautz et al. 1994). Previous reports suggested
synchronous usage of both middle and hind legs in M.
nigrocincta (Tautz et al. 1994). Thus, the enlargement of
scm3 muscle in both middle and the hind legs might
indicate that they may contribute to the jump. How-
ever, our investigation into the jumping kinematics at
a higher temporal resolution revealed that in M. ni-
grocincta the middle legs lift-off slightly before the hind
legs (Fig. 6, Supplementary File. 1). In a previous kine-
matic study by Tautz et al. (Tautz et al. 1994), the ants
jumped across a horizontal gap, while in our current
study, M. nigrocincta ants jumped to a vertical feature,
necessitating body orientation for vertical landing. The
use of hind legs would result in spinning the body back-
ward, due to the COM being between the middle and
the hind legs. This variation in the timing of when the
mid- and hind-legs leave the platform could be based
on whether they need to land on a horizontal or vertical
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Forward jumping in ants

Fig. 6 Jumping kinematics in Myrmecia nigrocincta. A. Sample frames at 2 ms interval illustrating the jump choreography. B. Yellow circle indicates
the center of mass in M. nigrocincta which was tracked during the jump sequence to measure their acceleration.

surface. Further study on the effect of platform orien-
tation on the jumping performance and temporal en-
gagement of legs is needed. The increase in the relative
volume of the mesial coxal remotor muscles is not
substantial in other jumping ants. Lastly, G. destruc-
tor which rotates the metasoma while jumping, has
relatively larger petiole levator muscles (IA1). These
differences in muscle mass suggest that different mor-
phological modifications are related to the observed
variation in the jumping technique. It should be noted
here that the jumping behavior of Odontomachus re-
mains unknown. While we observed the enlargement
of the trochanter depressor muscle and reduction of
the posterior remotor muscle of the coxa in jumping
Odontomachus, we cannot definitively link these adap-
tations to jumping without further behavioral observa-
tions. Future studies investigating the jumping behav-
ior of Odontomachus would provide valuable insights
into the evolution of jumping mechanisms in this ant
species.

The ratio of the tibial extensor muscle to tibial flexor
muscle is less than one in most ants (Fig. 5), which is
a characteristic of grasping legs in other insect lineages
(Foldvari et al. 2019). In G. destructor, the ratio is 1.08,
so that G. destructor has almost equivalent volume of
the tibial extensor and flexor muscle, which is a charac-
teristic of walking legs in other insects (Foldvari et al.
2019). In Gigantiops, Myrmecia, and Odontomachus,
the ratio of the tibial extensor to flexor muscle is in
fact larger than that of their non-jumping counterparts.
However, the fact that overall, the tibial extensor muscle
is smaller than the flexor muscle suggests that ants may
not rely as much on the tibial extensor muscle to jump.

If we compare the relative muscle volumes across
genera, Myrmecia has an enlarged volume compared to
the non-jumping sister lineage Nothomyrmecia. How-
ever, within Myrmecia, we see a surprising pattern:
non-jumping Myrmecia have similar trochanter depres-
sor muscle volumes as jumping Myrmecia species. It
is possible that some of the species have a cryptic
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jumping ability. Despite their fame as “jumping jack
ants,” studies on the locomotion modes across Myrme-
cia species are fragmentary and contradictory (Wheeler
1922; Snodgrass 1942; Clark 1943; Brown 1953). To bet-
ter understand this phenomenon, we plan to conduct
further research that combines kinematics with analysis
of muscle volumes. This will help us to clarify the pat-
terns we have observed and determine whether some
Myrmecia species possess cryptic jumping abilities.

Changes in muscle architecture

Above, we showed that there is an increase in size-
specific muscle volume. An increase in muscle volume
can be invested in area, in length, or in both. To un-
derstand whether jumping ants preferentially invest the
additional muscle volume in PCSA or in fiber length,
we directly compared the muscle architecture of the
trochanter depressor muscles. The relative PCSA of the
trochanter depressor muscles of the front (Ipcm8),
the middle (IIscm6), and hind legs (IIIscmé6) of jump-
ing ants was larger compared to non-jumping counter-
parts, except in the trochanter depressor muscle of the
front legs of O. rixosus and M. nigrocincta, where the
relative PCSA was smaller. On the other hand, the nor-
malized mean fiber length of the trochanter depressor
muscle was shorter in jumping ants compared to their
non-jumping counterparts in all three legs, except in the
front leg of O. rixosus and M. nigrocincta. This shows
that the jumping ants preferentially invest the increased
volume of the trochanter depressor muscle into PCSA,
except in the front legs of O. rixosus and M. nigrocincta.

There is no clear difference in the pennation angle of
the trochanter depressor muscles between jumping and
non-jumping ants. In Odontomachus pairs, the mean
pennation angle in the middle and hind legs was larger
in O. kuroiwae compared to O. rixosus, this change
in the pennation angle is small: the force “loss” as-
sociated with pennation is cos (8) = 0.99 in O. rixo-
sus, and cos (27) = 0.89 in O. kuroiwae. Thus, a more
than three-fold difference in pennation angle only re-
sults in about 10% reduction in instantaneous force
capacity.

This parallelism among jumping ants with regards
to the increase in relative volume of the trochanter de-
pressors scmé6 in the mid and hind legs is particularly
relevant due to the anatomical peculiarities of this mus-
cle. Unlike the other trochanter depressor (ctm3) which
originates inside the coxa (as do the trochanter leva-
tor pair, ctml-ctm2), trochanter depressor scmé is an
extrinsic muscle which originates in the thorax (e.g.,
dorsal pleural areas, furcal arms, and/or notum of
mesosoma) (Aibekova et al. 2022). This general
anatomical arrangement already results in the muscle
being longer than any of the other trochanter muscles

L. Aibekova et al.

in non-jumping ants, while in jumping ants it was pos-
sible for this muscle to enlarge into proportions that are
effective for upward action, occupying a large portion of
the otherwise free thoracic cavity. Moreover, being ex-
trinsic to the coxa, the action of muscle scmé6 is achieved
independently of the promotion and remotion of the
leg controlled by the coxal muscles. The result is that
jumping ants can effectively swing the mid and hind
legs backward to push their body forward, while at the
same time generating the strong upward lift from the
extrinsic leg depressor transmitted from the thorax to
the trochanter by way of the long scm6 tendon.

Jump mechanism—elastic recoil or direct muscle
contraction?

We have identified consistent differences in the relative
volume and architecture of leg muscles across jump-
ing and putatively non-jumping ants. We now assess
if observed jump performance can be explained by
direct contraction of these muscles, or whether con-
tribution from recoiling elastic elements is required.
To this end, we first calculate the total work and av-
erage power requirements of observed jumps from
published data and from our kinematics data pre-
sented here, W = % mv?, and P = % , respectively;
here, m is the body mass, v is the peak take-off ve-
locity, and t is the take-off time (see Table 2). We
neglect gravitational potential energy in these calcula-
tions, as it makes a marginal contribution in small ani-
mals (see Scholz et al. 2006; Labonte 2023). Next, we es-
timate the muscle volume required to achieve this work
or power output, making use of the observation that
the work and average power density—the maximum
amount of work and average power a unit muscle mass
can generate—are relatively conserved across disparate
taxa, W, ~ 70 J/kg, and P, ~ 350 W/kg (Alexander
R McNeill 2003; Biewener and Patek 2018; we as-
sume a muscle density of 1040 kg/m?). In a last step,
these volume estimates may then be compared to the
measured muscle volume for the trochanter depressor
muscles of middle and hind legs. While it is possible
that multiple muscles can be involved in powering the
jump, our estimation was based on the assumption that
the trochanter depressor muscles provide the primary
force for upward lift; thus, we did not factor in the
power output from the other leg muscles. Comparison
of the power-based muscle volume assesses the possi-
bility that jumps could be driven by direct muscle con-
traction; comparison of the muscle volume estimated
via the work requirements, in turn, probes the possi-
bility that the jump may have been meaningfully en-
hanced by recoil of elastic elements. Previous work has
suggested that muscle can convert at most a third of
its work density into elastic strain energy, provided that
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Table 2 The parameters for the calculations of the energy requirements

Species G. destructor

H. saltator M. nigrocicnta

uses the middle and

hind legs
synchronously,

uses the middle
first and next the

uses the middle
legs to give final

Jumping behavior rotates metasoma propulsion hind leg
Body mass (kg) 0.0000155 0.000032? 0.0000266
Take-off speed (m/s) 0.6° 0.7° 0.44
Take-off time (s) 0.0275° 0.02° 0.0199
Work (J) 0.28 x 1073 0.78 x 1073 0.26 x 1072
Power (W) 0.10 x 1073 039 x 1073 0.13x 1073
Muscle volume based on work requirements (m?) 115 x 10~10 3.23 x 10710 1.06 x 10~1°
Muscle volume based on power requirements (m?) 279 x 10710 1.08 x 107 3.55 x 10710
Measured total muscle volume (m?) 4.1 x 10710 129 x 10~° 494 x 10710

Note: Data are from Baroni Urbani et al. (1994)? and Tautz et al (1994)®.

the spring constant of the involved spring-like elements
takes its optimal value (Sutton et al. 2019); we thus mul-
tiply the work estimate by three, to derive a conservative
lower bound for the required muscle volume. In G. de-
structor, H. saltator, and M. nigrocincta (see Table 2),
the total muscle volume would suffice to power the
jumps directly, or to drive them via elastic recoil. In-
deed, Baroni Urbani et al. (1994) assumed that jumps of
H. saltator are powered solely by muscle, based on the
low take-off velocity; but they also did not exclude the
possibility of energy storage. We looked for evidence for
any of the three locking elements identified by Foldvari
et al. (2019) in the micro-CT scans of the femoro-tibial
joints in all jumping species; none were found in any
of the jumping ants (Supplementary Fig. S6). Similarly,
bush crickets, which use direct muscle contraction to
power their jumps, do not possess a locking mechanism
(Foldvari et al. 2019). This suggests that jumps in G. de-
structor, H. saltator, and M. nigrocincta may indeed be
driven by direct muscle contraction alone.

It is remarkable that the increase in relative muscle
volume appears to be invested dominantly in PCSA (see
also Piiffel et al. 2021 for a similar result in leaf-cutter
ant mandible closer muscle). The functional advantage
of this preferential investment is not obvious, because
both the work and the power output of muscles depend
only on muscle volume. In G. destructor, H. saltator, and
M. nigrocincta, the increase in peak net force arising
from the increase in PCSA would result in shorter take-
off times but may leave peak-speed unaffected (Labonte
2023), suggesting that it serves to enable rapid escape
maneuvers. Future work is required to address this con-
jecture in more detail.

Conclusion

In this study, we describe morphological adaptations
associated with the evolution of forward jumping in
ants. We found that all jumping ants, including Gi-
gantiops, Harpegnathos, Odontomachus, and Myrmecia,
have enlarged the relative volume of trochanter depres-
sor muscles in the middle and hind legs, as well as a
reduced relative volume of the posterior remotor mus-
cle of the coxa. These findings indicate a common pat-
tern of musculoskeletal modifications in jumping ants,
suggesting parallel evolution of jumping mechanisms,
through modifications of the leg system without latch
mechanisms. However, different sets of muscles are en-
larged based on which body parts are involved in jump-
ing: medial remotor of the coxa of the middle leg in
Harpegnathos; medial remotor of the coxa of both mid-
dle and hind legs in Myrmecia; levator of the petiole and
extensor of the tibia in Gigantiops. This secondary vari-
ation suggests that while the overall pattern of morpho-
logical adaptations for jumping is shared among these
ants, specific modifications may vary depending on the
species and the utilization of different leg segments dur-
ing the jumping motion, which could be considered an
example of many-to-one mapping. To fully understand
the functional significance of these muscle adaptations,
further research is required to investigate the specific
contributions of each muscle to the jumping techniques
employed by these ants. Based on direct comparison
of the observed vs. possible work and power output
during jumps, we suggest that direct muscle contrac-
tions suffice to explain jumping performance, in G. de-
structor, H. saltator, and M. nigrocincta. These results
help to elucidate morphological aspects of how forward
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jumping has evolved in ants and shed light on how
biomechanical systems and behaviors co-evolve to
generate diversity.

Supplementary data

Supplementary data are available at IOB online.

3D models

Model 1. 3D model of the skeletomuscular system
of mesosoma of Gigantiops destructor. https://sktb.ly/
oJMPD

Model 2. 3D model of the skeletomuscular system
of mesosoma of Harpegnathos saltator. https://skfb.ly/
oJMPH

Model 3. 3D model of the skeletomuscular system of
mesosoma of Euponera sikorae. https://sktb.ly/oJ]MPO

Model 4. 3D model of the skeletomuscular system
of mesosoma of Myrmecia nigrocincta. https://sktb.ly/
oJMPv

Model 5. 3D model of the skeletomuscular system of
mesosoma of Nothomyrmecia macrops. https://sktb.ly/
oJMQo

Model 6. 3D model of the skeletomuscular system
of mesosoma of Odontomachus rixosus. https://sktb.ly/
oJMQ8

Model 7. 3D model of the skeletomuscular system of
mesosoma of Odontomachus kuroiwae. https://sktb.ly/
oJMQ9
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