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Abstract: High-speed poweamplification mechanisms are common throughout the animal
kingdom. In ants, poweamplified rap-jaw mandibles have evolved independently at least four
times, including once in the subfamily Ponerinae which contains the sister @eloatamachus
andAnochetus. In Odontomachus, mandible strikebave been relatively well described and can
occur in less;than 0.15ms and reach speeds of over 60m/s. In comr&siematics of

mandible strike®iave not been examinedAmochetus, whose species are smaller and
morphologically distinct fron©dontomachus. In this study, we describe the mandible strike
kinematics of four species #hochetus representative of the morphological, phylogenetic, and
size diversity present within the genus. We also compare their strikes to two representative
species odontomachus. We found that two speciefnochetus targionii and Anochetus
paripungens;’have mandible strikes that overall closely resemble those fou@dbimiomachus,
reaching a mean maximum rotational vépand acceleration of around 3.7%¥ad/s and
8.5x10 rad/<, respectively. This performance is cotesig with predictions based on body size
scaling relationships described fodontomachus. In contrastAnochetus horridus and

Anochetus emarginatus have slower strikes relative to the other specieo€hetus and
Odontomachusyreaching mean maximurntational velocity and acceleration of around 1.3x10
rad/s andy2x10rad/$, respectivelyThis variationin strike performancamong species of
Anochetusiikely reflect differences in evolutionary history, physiology, and natural history

amongspecies

K eywor dsgComparativebiomechanicsgatapult mechanisnfiunctional morphologypower

amplificationg=mandible strike, Formicidae, kinematics

I ntroduction

Speed is an important trait for the success of many animals. The ability tayoiokky to evade
predators or.capture prey is a significant selection pressure. How fastsacamahove depends,
in part, on.hew quickly they can contract muscles telacate their limbs. For smalhimals

such as arthrepods, the distance they move their linghsis, requiring higher acceleration
values to obtain peak veloeis similar toa larger animal (Alexandet988). Additionally,

muscle fibersare limited byhow quickly they can contract (Ellington, 1985; Gronenberg, 1,996a
Askew & Marsh, 2002), reducing the ability of organisms to achieve high acceleratatisect
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muscle contraction. To overcome these constraints, many animals have eadhpmpdt
mechanisms that use a combination of springs, levers, and latches to store and trainsfer elas
and mechanical energy, allowing them to accelerate their limbs more quickly gsnlgo
through muscle_contraction alone (Gronenberg, 19B6teket al., 2015). These power
amplification.er impulse mechanisms have evolved repeatedly in a divegseafaiaxa, and

result in some.of the fastest movements known in the animal kingdom (Gronenberg, 1996a
Pateket'al ;'2015).

In ants;"poweemplifying “trapjaw” mandibles have evolved independently for prey
capture at leasour times acros three subfamilies (LarabeeS3uarez2014) and possibly
repeatedlysinasingle ymtmicinegenus (Wardtt al., 2014). While each group has different
morphologicalradaptations to store and amplify energy, mostdtenaureghatperformsimilar
functions (Gronenberg al., 1993; Gronenberg & Tautz, 1994; Gronenberg, 1996b; Gronenberg
& Ehmer 1996; Gronenberg al., 1998;Just& Gronenberg, 1999 arabeest al., 2017).
Elongated.mandibles are locked open with a latch mechanism, allelsstg: strairenergy to
be stored within the head capsule as enlarged marddiisier(adductoy muscles contractWhen
inte-mandibular mechanosensory trigger hanes stimulated, thiatch isreleasedy the
contraction.,ofasttwitch musclesallowing the mandibles twose extremelyapidly (Patek.et
al., 2006;-Spagnet al., 2008 Larabeeet al., 2017).

Most research on the functional morphology and strike kinematics gairegnts has
focused on the gen@dontomachus Latrelle. In this genus, the mandibles are held open by a
latchformed through interactions between the basal condyle of the mandibles and the mandible
sockets (Grenenbem al., 1993). Elastic energy for the mandible strikkkisly stored in part,
within enlarged mandibular apodemes, although the exact location of energy storaigs rem
unknown (Gronenbergt al., 1993). Strikes are stimulated by contact with trigger hairs on the
mandibles.that. connect to “giant” sensory neurons (Gronegb@&iautz 1994). During a strike,
Odontomachus mandibles reach peak maximum velocities between 35 and 67 m/s, accelerate
tens to hundreds of thousands times faster than gravity, and generate forces onees30eeti
mass of antindividual ant (Patekal., 2006; Spagnet al., 2008). Due to the higlorce-to-body
massratio of these mechanisms, so®dontomachus species use their mandibles to repel small

intruders out of their nests (CarlénhGladstein 1989),and to perform horizontal or vertical
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jumps, which can increase survivorship during encaoantéh predators such as antlions (Patek
et al., 2006; Spagnat al., 2009; Larabee &uarez2015).

Anochetus Mayr is the sister genus @dontomachus and together they represent a single
evolutionary transition to power amplified mandibles within the subfamily Porefirsaabeet
al., 2016). Rlative toOdontomachus, ants in the genusnochetus are generally smaller, have a
distinct head morphology, and frequently ambush and steigpgreywhenhunting In contrast,
Odontomachus'species typically relpn the crushing force difieir mandibles aloe for prey
capture (Brown, 1976; Brown, 197/Be la Moraet al., 2008. Performance of mandible strikes
is correlated with body size @dontomachus (Spagnaet al., 2008), with smaller species
generally producing faster but less forceful strikl¥kile the performance properties of
Anochetus mandible strikes have never begmantified they are likely to have similacaling
relationships between performance and bodytsizpecies in the gen@xlontomachus.

In this study, we describe the mandible strike kinematics of four speddesdfetus. In
addition to.quantifying interspecific variation withimochetus, we compare their strike
performaneerta two species©@fiontomachus. While Odontomachus are generally larger than
Anochetus, one<of our specieg\(emarginatus) is similar in size to smallg&ddontomachus
(Larabeest:al., 2016). We use theskata to test théollowing hypotheses based on twalingof
body size.with performance seenddontomachus: 1) Anochetus mandibles will achieve higher
acceleratios and velocities, and Znochetus mandibles will generatiess kinetic energy
relative tolarger species @dontomachus. We also use x-ray micratomography (microCT), a
method ofviswalizing three dimensional morphological structures (Friegtrath 2014 Wipfler

et al., 2016)techaracterize the internal morphologpmichetus's trapjaw mechanism.

Materialsand Methods

Colony Collection and Maintenance

We selected four speciesAfiochetus representative of the morphological, phylogenetic and
size diversity'within the gesuFigure 1): two specie8, horridus andA. emarginatus, from the
emarginatus'species group (Brown, 1976; Brown, 1978; clade F in Laretae 2016); one
speciesAnochetus targionii, from themayri species group (Browrdi976: Brown, 1978; clade F
in Larabeeet al., 2016); and one speciésochetus paripungens, from therectangularis species
group (Brown, 1976; Brown, 1978; clade G in Laraéied., 2016). We compared the
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kinematics ofAnochetus to two species dDdontomachus choserto represent the large variation
in size seen in this genu®©dontomachus chelifer (the largestFigure 1 E) and. ruginodis (one
of the smallestFigure 1 F. The kinematics oD. ruginodis mandible strikes were originally
described_in Spagrei al. (2008); videos recorded for that study were reanalyzed using the

methods deseribed below.

FilmingandVideo Analysis

We filmedmandible strikes with a Phantom V9.1 high speed camera (Vision Research Co.,
Wayne, NJ) connected to a Zeiss SteREO Discovery V20 Microscope (Carl Zeiss Inc.,
Oberkochen,sGermany). Three individualsdohorridus were filmed using a Phantom Miro eX4
camera (Vision Research Co., Wayne, NJ) instead of the V9.1. Indiadisalere restrainedy
attaching a size three insect pin (Bioquip, Rancho Dominguez CA) tettexof their head

with utility wax (Kerr Laboratory Products, Orange, CA). This pin was placed in angust
micromanipulator to positiothe ant's mandibles ia frame prior to striking. Strikewere
stimulatedoyseitherblowing on the ant or touching the trigger hairs / antennae with an insect pin.
Videos were filmed at a rate of 80,000 to 100,000 frames per s@beridreeA. horridus

filmed with.the Miro eX4 were filmed at 58,823 fp¥Ye recorded betweethreeand five
individualsfor each species, and between four and twenty strikes per individual {J.ahfter
recording, each ant was preserued-20°C freezer for at least 24 hours. Within one week of
filming, the.mass of each ant waxeasured with a UMX2 ultra microbalance (Mettler Toledo,
Columbusy#OH). Antsverethen imaged using a Leica M205 C stereo microscope (467 nm
resolution)-attached to a fivaegapixel Leica DFC 425 digital microscope camaral the head
width, head length, and mandible lengths measured. The mandibles were then removed and
weighed individually using the microbalance.

To digitize mandibles strikes, we tracked the tips of each mandible in each video in
MATLAB (2014a) using a custom script taken from Spagra. (2008). The cumulative
displacement’of the mandibles was then calculated trigonometrically frorytheotdinates of
the mandible tips generated by this script. These values were then exportedrtiRIvehere
the cumuléive angular displacement wamoothed using a quintic spline via the penalized
smoothing splines package (pspline). Instantaneous rotational velocity and rotataabaration
were calculated by taking thedtrand second derivatives of displacement, respectively, and used
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to determine the maximum value for each variable. Maximum linear velocity and acceleration
were calculated by multiplying the maximum rotational velocity and acceleratidre bgrigth
of the mandible. Rotational kinetic energy (K)saalculated by modeling each mandible as a
thin rod of uniform density rotating about one end, using the equation:

1

K=— 24,2
6mrw

Where m s the mandible mass, r is the mandible length, and w is the maximum riotationa
velocity. Maximum rotational kineticreergy and strike duration were used to estimate maximum
power output (P) for each strike, using the equation:
K
pP=
tm,

Wheret is the duration of the strike and, s the estimated mass of the mandible closer muscle.
This estimate .assumes a combined mandible closer muscle mass equal to one fourth that of the
ant’s body'mass based on the relationship between mandible closer’s size and body meiss in ot
odontomachine species (Larabee unpublished data) and is a conservative estimate of the
maximum power output of the mechanism. Our goal in calculating power output is naito obt
absolute measurements for each species, but rather estimates that will allow us to determine if
they are usingwa power amplification mechani¥ime delay between the release of each
mandible-during strikes was calculated by subtracting the frame number oftimeandible’s

release from the frame number of the second, and dividing the result by the fiame ra

MicroCT

To examing the internarangement of head musculaturémochetus, one individual ofA.

horridus was examined using X-ray microtomography (microCT). The ant was fixed in alcoholic
Bouin’s solution (Sigma Aldrich Corporation, Steinheim, Germany) for 24 hours, aften whic

was washed in'70% ethanol and dehydrated through an etbexies (at least 20 min each at

70%, 80%, 90%, 95%, and two changes of 100%). The ant was stained overnight in I2E (2%
iodine wiv in' 100% ethanol) to increase contrast of muscle tissue and then wasb@bin 1

ethanol. To preserve microstructure of soft tissue, the specimen was critical point dried
(AutoSamdri-931.GL Supercritical Point Dryer, Tousimis Research CorporatehyiRe,

MD), and stored in a desiccator for approximately 24 hours before scanning. The head of the ant

was placed in an appropriately sized pipette tip which was sealed with cottoraanddsasing
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an Xradia MicroXCTF400 scanner (Carl Zeiss, Oberkochen, Germany) set at 25kV voltage and
5W power with an exposure time of three@ads. 1441 images were taken at different rotations
spanning 180°. Tomographic reconstruction was performed in Xradia XMReconstructor 8.1.
Volume renderings and surface models were produced in Amira 5.6.0 (FEI, HillsiByran®

used to calculate the relative voluntleat themandible abductgradductorand trigger muscke

occupy inthe head capsule.

Statistics

To compare the kinematic properties of mandible strikes between species, only the fastest of the
left and right mandible were used for eathke Kinematic properties of mandible strikes were
compared between species using an ANOVA and post hoc Tukey HSMtkestrikestreated

as a radom effect nested within individualall stats were performeid R version 3.3.3 (CRAN
Studios) using the package nhff@nheiroet al., 2017)

Results
The species ofinochetus examined in this study exhibit a five-fold difference in body size
between‘the smallest and largest species (Table 1; Figure 1). ThepaasiE power of
Anochetusstfikes rangd from 4.3x16to 1.9x16 W/kg, with all species producingtrikesthat
havepower output valugfar above those possible throudinectmuscle contraction alone
(Josephson, 1993Fhe kinematic profiles ohnochetus targionii andA. paripungensresemble
those ofO.ruginodis, the smaller of the tw@dontomachus species examined in this study
(Figure 2, blaek curvesinochetus horridus andA. emarginatus, in contrast, have different
strike kinematic profiles from the othAnochetus species examed (Figure 2).

Mean strike durations fak. horridus (mean = SD: 0.251 + 0.11ms) aAdemarginatus
(0.22 £ 0.08msare longer thai. targionii (0.101 £ 0.04ms) ané. paripungens (0.103 +
0.04ms) and.are similar to strike duratioesorded fothe largerO. ruginodis (0.19 + 0.09ms)
andO. chelifer(0.24 + 0.09ms; Figure 3ARAnochetus targionii andA. paripungens both have
similar maximum rotational velocities (37,000 + 3,000rad/s and 36,500 + 3,000rad/s,
respectively, rounded to the nearest five hundred) that are significantly highéndka seen in
Odontomachus (31,500 £ 6,000rad/s f@. ruginodisand 17,000 + 3,500rad/s f@x. chelifer;
Figure 3B).Anochetus horridus andA. emarginatus have maximum rotational velocity values
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that are sintar to each other and are the slowest of all species examined in this gtiEB0H
3,000rad/s and 12,500 * 2,500rad/s, respectivielgkimum rotational velocity is attained at
approximately the same time for all species,Autorridus andA. emarginatus accelerate and
decelerate at a slower rate tt@herAnochetus andO. ruginodis (Figure 2B, C). Mean linear
velocity was.ewest in the mandible strikesfohorridus (19.9+ 4.3m/s)andA. emarginatus
(23.6 + 4.2m/s) and highest @ chelifer (40.0 £ 7.5m/s)with all other species obtaining
intermediate'maximum velocitied.(targionii: 29.4 + 2.4 A. paripingens. 29.0 = 2.7m/sQ.
ruginodis. 33:7% 6.3; Figure 3C).

Maximum rotational acceleration was lowesgirhorridus (2.6x16 + 8.4x10rad/€) and
A. emarginatus(1.8x10 + 4.5x10rad/$), both of which were similar in value to the larger
chelifer (2.8x1@+ 8.1x10rad/$). All other species onochetus andOdontomachus examined
obtained peak rotational accelerations two to threedithat ofA. horridus andA. emarginatus
(A. targionii: 8.8x10 + 1.1x1Grad/$, A. paripungens: 8.5x1¢ + 9.6x10rad/$, O. ruginodis:
7.0x1¢ + 1.7x1Crad/$; Figure 3D). Linear acceleration followed the same pattern,Avith
horridus andAw=eémarginatus reaching the lowest peak linear acceleratioBBJ + 1.1x10m/s’
and 3.5x10+ 8:8x1dm/<’, respectively) and all other species reaching peak linear accelerations
approximately two times greater thanhorridus andA. emarginatus (A. targionii: 7.1x10 +
8.9x10m/srA. paripungens: 6.8x16 + 9.0x1dm/<, O. ruginodis: 7.5x10 + 1.9x10m/<, O.
chelifer: 6.5x10 + 1.8x10m/s’; Figure 3E).

Maximum kinetic energys positively associated with body size (Figure 3F). The
smallest thre@nochetus species had the lowest kinetic energy valdesafgionii: 2.0 + 0.31
wl, A. horridus0.93+ 0.3 J, A. paripungens: 2.4 + 0.49 uJ), while A. emarginatus andO.
ruginodis, the two medium sized species, had intermediate kinetic energy {alue
emarginatus: 7.1+ 2.3 uJ, O. ruginodis: 10 + 3.4 pJ). Odontomachus chelifer, the largest
specieshad.the most energetic strike of all species examined (100 £ 35 pJ).

In most strikes examingtie mandibles were not released simultaneadisliiorridus:
40 of 41 strikeS;A. emarginatus: 18 of 22 strikesA. targionii: 14 of 17 strikesA. paripungens:
28 of 32 strikes)lag times between each mandible starting its acceleration averaged from 0.03 to
0.12ms among species (Figure 4). This variation was significant (nested AN&@A, df=5,
p<0.001) and paired comparisons revealedAhborridus had longer lag times between
mandibles thar\. targionii andA. paripungens (Tukey HSD, p<0.001; other paired comparisons
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p>0.05). Maximum rotational and linear velocity did not differ significantly betwleeatstest

and slowest mandible within a strike for any species extqgripungens (paired ttest,

rotational velocity: t=6.9, df=62, p<0.0001; linear velocity: t=4.3, df=62, p<0.000A).

targionii, the first mandible to be released tended to reach a higher maximum rotational velocity

than the second (exact binomial test, number of successes =13, number o1 4ias0.001).

This was not the case fér paripungens (exact binomial test, number of successes=9, number of

trials=28, p=0.08)A horridus (exact binomial test, number of successdsailmber of

trials=31, p=0.72), oA. emarginatus (exact binomial test, number of successes=5, number of

trial=13, p=0.58). h these species, there is no relationship between which mandible is released

first and whichrobtains a higher velocifys in Odontomachus bauri (Pateket al., 2006),

Anochetus mandibles begin to decelerate before crossing the midline (Figure 4B, C).
ThemicroCT scan oA\ horridus revealedhe mandibleloser(adductormuscleAdM)

occupy most of the ventral and postesectiors of the headapsule and account for 20% of the

total head eapsule volun{&igure 5) Contraction of hesemuscle when the mandibles are

locked openylikely deforms the mandible apoderaiswing elastic energy to be stored prior to

a strike. The trigger muscl€¢AdM) are specialized sections of the mandible closer muscle that

consist ofva,small group of muscle fibers inserting on the mandible adductor apodeme

ventrolaterally and originating #te ventrolateral side of thpostgenal section of the head

capsule They occupy 0.17% of the head capsule volume and account for 0.9% of the volume of

the mandible adductor musclehese fibers are likely fast twitch muscle fibers based on previous

studies of thissmuscle in other species of{eap ants, and their contthon rotates the

mandibles eutof their locked position and allows the mandibles to swing shut wherstite ela

energy stared in the apodemes is releaBled.mandibleopener (abductorpuscledAbM) are

much smaller than thealosercounterparts, occupying 2.5% of the total head capsule volume.

The mandible abductor musciesert near the base of the mandible and attach to the medial

portion of the postgena between the closer muscl€ontraction of these muscles opens the

mandibles.and, if contracted far enough, locks the mandibles into the open position.

Discussion

I nfluence of body size and morphology on strike performance
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Our estimates of mass specific power output for each species exceed those possible through
muscle contraction alondosephson, 1993), confirming thatochetus mandible strikes are
indeed power amplifiedAll species followed a pattern of increasingly energetic strikes with
larger body mass. This relationship is likely driven primarily by the increasandibie masss
body size inereasedinochetus targionii andA. paripungens mandible strikeglosely resemble
those ofOdentomachus ruginodis, although they consistently outperfo@®nruginodis in many
aspects-oftheirstrike kinematics, on average obtaining higher peak rotational velocities and
accelerations:"As both species are considerably smalleOthaginodis, these results are
consistent with the relationship between strike performance and body size found in
Odontomachus(Spagnaet al., 2008). In contrasA. horridus andA. emarginatus (both from the
emarginatusspecies group) hava@milar mandible strikes that consistently underperform other

Anochetus andOdontomachus species, on average obtaining lower peak velocities and

accelerations. This relationship cannot be explained by relative differences in body size, as the

body mass,oA. horridusis intermediate betweeh targionii andA. paripungens, and one fifth
that of A. emarginatus. Other factors, such as similar head and mandible morphology, differing
life history strategieyr evolutionary constraints (Larabeteal., 2016) may partially explain
differences.in strike performance Afhorridus andA. emarginatus relative to otheAnochetus
species.

Both A. horridus andA. emarginatus have relativelyjong, thin mandibles with respect to
their head width compared to the otA@ochetus speciesThe average mandible length to head
width ratiods132 and 1.12 fér. horridus andA. emarginatus, respectively, compared to 0.74
and 0.69 forA=targionii andA. paripungens. These differences in relative mandible length,
however, do not translate to differencesdlativemass the average mandible mass to body
mass ratia is 0.011 and 0.012 farhorridus andA. emarginatus compared to 0.011 and 0.010

for A. targionii.andA. paripungens. Having more elongate mandibles increases the minimum

distance needed between the ant and its prey for a strike to be successful, possibly increasing the

chances of.successfulbapturing prey. The reduced strike performeaseen irA. horridus and

A. emarginatus.may be an adaptation to prevent their mandibles from fracturing under the

increased stresses of a more forceful strike. The reduced strike performance in this species group

could therefore be the result of a traafebetween the probability afuccessfully capturingrey
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and the amoundf internal stress the mandible experiences when biting, an idea that warrants
future study.
I nfluence of physiology on strike performance

Differences in muscle geometry and composition might explain differenéesanridus
andA. emarginatus strike performance (see for example Dastidl., 2016). However, the
muscle arrangement within the head capsuke bbrridus we report here is similar to that Af
graeffei 'asdescribed by Gronenbe& Ehmer (1996). In antspuscle attachment angle and the
proportion“of'mandible closer muscle consisting of fast and slow twitch musate it
influence bite performance (Gronenbet@l., 1997; Pauk Gronenberg, 1999Anochetus
species dosnetypossess fast twitch fibers in their mandible closer muscédyamistored elastic
energy (likely in the muscle apodeme or cuticle of the head) to provide the speed nedudsd for
strikes(Gronenberg &hmer 1996). Differences in strike kinematics are thus likely not due to
underlying physiological differences in mandible closer muscle fibers between species, and
likely reflect differences in the material properties of ¢hestic energy storing component of the
mechanismBReermining the specific structuressponsible for elastic energy storage within the
head capsuler@ddontomachus andAnochetus prior to mandible release and examining species
level differences in the matekiaroperties of those stcturesmay help to explain performance

differencesin future studies.

The venom potency of trgpw ants is another aspect that may influence the mandible

strike performance. Both mandibles and venom are important features for pay @ one

may ke negatively correlated to the other. This is well illustrated in scorpions where scorpions

with more“petent venom possess relatively slender claws (Van der Medidan 2010).
Althoughlittle data on the potency and the toxicity of ant venoms are availableAbaahridus

and A. emarginatus have unusual venom compositions that vastly contrast with venoms of

Odontomachus.and other ponerine ants (Touchat@l., 2015). Furthermore, the investigation of

the A. emarginatus venom resulted in the discovery of a novel family of neurotoxins that

reversibly paralyses insects (Touchatdl., 2016). Nevertheless, further venom investigations

extended torotheknochetus species are needed to suppoid tiypothesis.

All four Anochetus exhibited a lag between the release of the first and second mandibles

during a strike. These lag times were similar to those observed i®totkomachus species,

and there was no difference in performance between the first and second mandible to be released
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with the exception oA. targionii, in which the first mandible to be released consistently reached
a higher maximum rotational velocity compared to the second. This contrasts wittdihgsf

of Pateket al. (2006), who found that i®. bauri the second mandible to be released usually
reached a higher maximum velocity. A delay between mandibles in their release may be the
result of the time it takes to transmit a signal from sensory neurons to th&gpooiatieng moto
neurons (Pateét al., 2006). InA. graeffel, the sensory neurons attached to trigger hairs do not
cross overtothe opposing side of the subesophogeal ganglion like the@dtmiomachus
(Gronenberg & Tautz, 1994; Gronenberg & Ehmer, 1996), suggestingnibeitetus should

have longer lag times compared to its sister genus. Our results are not consistent with this

pattern, possibly because the difference in lag time is so minute that we were not able to detect it

at the frameates used in this study. It is also possible that this neuronal configuration is
restricted to certain species liRegraeffei, and in the species examined in this study crossing
over of the sensory trigger neurons does occur in a similar man@domtomachus. Future
studies using histological methods to examine how neurophysiology varies betweenaptcies
examiningsthesperformance Af graeffel mandible strikes will be able to answer this question.
Lag time between mandible release is likely resddb ponerine traaw ants; in many
myrmicinestrapjaw ants Daceton, Orectognathus, Epopostruma, andStrumigenys) the labrum

is modifiedto act as the latch, allowing the mandibles to be released simultaneously
(Gronenberg, 1996Db).

In all species examed, both mandibles begin to decelerate before crossing the midline,
similar toQdentomachus mandible strikes (Patedt al., 2006). This premature deceleration is
thought to be-adaptive as it would prevent the mandibles from crashing into each otther at fu
force if the ant misses its target. Examining the kinematics of more phylogdigetidependent
trapjaw mechanismée.g. in other ant generajll determine if this deceleration is a universal
characteristic. of trajaw mandibles to reduce mandibleav or if it is restricted to certain taxa.
Most myrmicine tragaw ant genera, for example, are smaller bodiedikaly generate less
force than ponerine trgpw antswhich have morenassive mandible®reventing mandibles
from colliding.at full forcemaybeless of an issue ismaller species

Gronenberg & Ehmer (1996) described the jepimechanism i\ graeffei, noting that
the morphology, musculature, and neurophysiology of the mechanism are generally similar to
Odontomachus but differ in a fewkey characteristicnochetus graeffei has a trigger muscle
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composed of fibers that attached indirectly to the mandible apodeme via shditathents,

while in Odontomachus the trigger muscle fibers all attach to the apodeme directly (Gronenberg
& Ehmer, 1996). The mandible closer musclédofraeffei also contains more filameattached
muscle fibers compared to the closer muscl@dantomachus (Gronenberg & Ehmer, 1996).

This interspeeific variation in physiology may account for some of the eifée&s we see in
kinematics,betweeAnochetus andOdontomachus. The microCT scan oA. horridus suggests

that muscle arrangement is likely consistent across spede®dietus as muscle arrangement

in A. horridusclosely resembles that 8f graeffei at the level of detail discernable via MicroCT

scans. Mare detailed studies comparing head capsule musculature and innervation at the cellular

level are needed to confirm this.
I nfluence of‘phylogeny on strike performance

The confounding effect of sharegtolutionary relatedness may also partially explain the
strike performance patterns we obsen/thchetus horridus andA. emarginatus are closely
related, both being members of #mearginatus species group (Larabeeal., 2016). In contrast,
A. targioniisandA. paripungens originate from the phylogenetically and geographically distinct
mayri andrectangularis species groupistributed throughout the new and old world tropics
respectivelyl arabeect al., 2016) The strong similarities in their strike performance suggests
that morphelogy and body size are a large component of what determines strike perfanmance
this genus. However, the scope of this study does not allow for large scale comparisens of t
relaive roles of phylogeny and morphology on strike performance.
Conlcusion

Ourresults suggest that phylogeny, physiology, morphology and natural history of trap-
jaw ant species may each play an important role in determining strike perferratihough
undestanding the relative role of each will require describing the kinematics of a larger number
of species.in.an, explicit phylogenetic context. The repeated evolution of power athplifi
mandibles.in “tragaw” ants has been implicated in increased divegsifin rates and lineage
persistences«(Pie & Tscha, 2009; Moreau & Bell, 2013; Larabee & Suarez, 2014), although this
idea has not yet been tested empiricadilyture work should focus on describing the strike
performance of addition@dontomachus andAnochetus species, and combine this data with
phylogenetiqLarabeest al., 2016),natural history (Brown1976 Brown,1978),and
morphologcal informationto examine the relative importance of these factors on strike
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performance. Futurdwgiesthat study the performance of other independent evolutions of trap-
jaw mechanismssuch as those in the subfaniilyrmecinae, willalso shed light on which

kinematic properties of mandible strikes, if any, are universal to aljdrapnts.
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Tablesand Figures
Table 1. Summary ofAnochetus and Odontomachus measurements. Values in each column are
species means for a given trait £ standard deviation. Species are listed byogdanusottom by
increasing body mass. Mandible closer muscle mass is estimated Iptyimgltthe total body
mass by 0:25. n, number of strikes; i, number of individdedschetus targionii was collected
from leaf litter at the Villa Carmon Biological Research station in Peru (12.89474°S
71.403850°W) in August of 2012 horridus was colected from under a lognd a colony oA.
emarginatus was collected from the roots of epiphytes at the Nouragues National Nature
Reserve, French Guiana (3.982411°S 52.563872°W) in March of 20f#; pungens was
collected framrthe soil in Humpty Doo, NAustralia (12°34'21.37"S 131° 5'2.43"E) in April of
2010;0. cheliter was collected from Vigosa, Minas Gerais, Brazil (20°45'28"S 42°51'46"W) in
October of 20140. ruginodis was collected in October of 2005 from Archbold Biological
Station in Elorida (2711'5.61"N 81°20'19.64"W).

Figure 1. Representative images of study species displaying the morphological and size
variation present withid\nochetus andOdontomachus. Images are to scale. Anochetus
targionii. B: Anochetus horridus. C: Anochetus paripungens. D: Anochetus emarginatus. E:

Odontomachus chelifer. F: Odontomachus ruginodis. All imagesarefrom Antweb.org.
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Figure 2. Representative kinematic profiles Ariochetus mandible strikes. A: Angular
displacement versus time. Points represent raw cumulative displacement data, curves are the
spline fitted to those points. B: Angular velocity versus time. C: Angular aatiele versus
time. D: representative frames of thetargionii mandible strike described in & E:
representative frames from the video of #hemarginatus mandible strike described in 8-

For panels,AC,/species are indicated by color: Bléetargionii. Red:A. horridus. Purple:A.
emar ginatus."Blad: Odontomachus ruginodis. Odontomachus chelifer closely resemble®.
ruginodis and'was not included in these grapgiismbers between D and E indicate the time in
milliseconds relative to the start of the mandible strike. Strikes depicted here are shown in
SupplementalVideos 1-4.

Figure 3. Comparative mandible strike kinematics fmochetus andOdontomachus species

included in this'study. Values shown are means of the maximum values for the léfihand r

mandibles of each strike. Species are arranged by body mass, with the smallest species on the left

and the largest species on the right. Error bars denote one standard deviation mearthall
variables examined differed significantly between species (NANEWVA, df=5, p<0.05). Bars

that share letts’at their bases are not statistically distinguishable from one another based on a
Tukey HSD.test at the p=0.05 level. Arilee duration; Bmaximum rotational velocity; C:
maximumslinear velocity; Dmaximum rotational acceleration; Elaximum linearacceleration

F: maximum kinetic energyd. chelifer excluded from graph due to large difference from other
species)

Figure 4. Delay,in mandible release (the time difference between when the first and second
mandible begin to move) is present inAlbchetus spp. examined. A-C: graphs displaying
kinematic profiles of the left and right mandibles during a representatbaegionii strike (the

same strike depicted in Figure 2). Points represent the raw displacement data used to calculate
the spline, Sotl lines represent the left mandible, dotted lines represent the right mandible. A:
angular displacement vs time; B: angular velocity vs time; C: angular acceleration vs time. D:
Box and whisker plot depictg the time delay in mandible release betweenetth@and right
mandiblesfer,all mandible strikes examined.

Figure 5. Reconstructed model éihochetus horridus head capsule fromraicro-CT scanA:

2D coronal section of head capsuledBrsal view, with the left side of the head capsule
removed to show the arrangement of muscles relevant to the trap-jaw mechahibm aght
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side showing the external features of the h€adlateral view cut away to display the same
structures labetein A. AdM: mandible adductor musclapM: mandible abductor muscle,

fAdM: fast twitch adductor musclgrigger muscle), M: mandible and mandible apodeme. Voxel
size: 2.0 pm?>.

Supportinglnfor mation

Supplemental Video 1: representative mandible strike Arfiochetustargionii. The strike is the
same one-depicted in figures-LAand 4A-C. The video was filmed at 80,000 frames per

second.

SupplementalsVideo 2: Representative mandible strikeAriochetus horridus. The strike is the

same one depicted in figure 2A-C. The video was filmed at 100,000 frames per second.

Supplemental Video 3: Representative mandible strikeAriochetus paripungens. The strike is
the same one depicted in figure 2A-C. The video was filmed at 88,888 frames per second.

SupplementalWideo 4. Representative mandible strikeAfochetus emarginatus. The strike is

the same"one depicted in figure 2A-C, E. The video was filmed at 80,000 frames per second.
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Table 1. Summary of Anochetus and Odontomachus measurements

O. chelifer

Estimated
Species Locality . Head width Body mass Mandible Mandible closer
(mm) (mgq) length (mm) mass (ug) muscle mass
(mg)

A targionii Peru 17 4 1.07+£0.013 1.17+£0.001 0.80+0.01 13.65+0.64 0.29+0.02
A. horridus French Guiana 41 5 1.03+0.015 1.39+0.09 1.33+0.03 12.99+6.3 0.35+0.02
A. paripungens Australia 32 5 1.17+0.013 1.62+0.1 0.81+£0.04 16.69+1.9 0.41 £0.03
A. emarginatus French Guiana 22 3 1.72+0.03  5.85+0.31 1.93+0.1 72.72+57 1.4610.08
O. ruginodis Florida, USA 15 5 1.62x0.1 5.66 + 0.05 1.08+0.03 52.33x6.9 1.42+0.13

Brazil 15 3 2.68x0.17 30.1+5.6 2.34+013 366.33+93 7.53+14
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