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Synopsis The air–wa ter in terface of th e plan et’s water b o dies, such as p onds, lakes, and streams, presents an uncertain ecolog- 
ic al niche w i th p redato ry t hre ats from a bov e an d be lo w. A s Mi crov eli a ameri cana m ove across th e water surface in sma l l ponds, 
they face potent ia l in jury from a ttacks by bird s, fis h, an d un derwat er invert ebrat es. Thus, our s tudy inves t igates the effe cts of 
losing indiv idu a l or p a irs of ta rsi on M. am eric an a ’s ab ili ty to wa l k on water. Remova l of bot h hind t arsi causes M. am eric an a 
t o roc k their b o dies (yaw) while running across the water surface at ±19 ◦, comp are d to ±7 ◦ in nonablate d spe cimens. This 
incr ease in yaw, r esu lt ing fr om the r em oval of hin d tar si , indicat es that M. am eric an a use th eir hin d legs as “rudders” to regulate 
yaw, orig inat ing from the cont ra latera l midd le legs’ st rokes on the water’s sur face t hrough an a lternat ing t rip o d gait. Ablation 

of the ipsi latera l midd le and hind tarsi disrupts dire ct iona lity, ma king M. am eric an a turn in the dire ct io n o f their intact limbs. 
This loss of dire ct iona lity does not occur with th e rem oval o f co nt ra latera l midd le an d hin d tar si . How ev er, M. am eric an a lose 
their ab ili ty to use the al ter nating tr ip o d gait to wa l k on water on the day of cont ra latera l ablat ion. Remarkab l y, by the next 
day, M. am eric an a adapt and regain the ab ili ty to walk on water using the alternating trip o d gait. Our findings elucidate the 
spe cia lize d leg dynamics wit hin t he alter nat ing t rip o d gait of M. am eric an a , an d th eir adaptab ili ty to tarsal loss. This r esear ch 

could guide the development and desig n st rateg ies of sma l l, adapt ive, and resi lien t micro-robots tha t c an ad a pt to con t rol ler 
ma lfunct io n o r actuato r da mage f or wa l king on wat er and t er restr ial sur faces. 
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Introduction 

For tiny water-wa l kin g in sects, v enturin g across the
water’s surface invo l ves more than b a lancing on sur-
face tension. These tiny or ganism s encounter compe-
t it ion and pre dat ion from a bov e, be low, an d on th e
water itself. L o comotion—a n orga nism’s m eth od of
moving through its environment—serves as a signifi-
cant evol u tio nary p res s ure s haping m orph olog ica l t raits
( Dickinson et al. 2000 ). In aquatic environm ents, th e
manner in which an insect moves across wat er oft en de-
termin es its vuln erabi lity to pre dat or s, makin g the a bil-
ity to quickly adapt to chan gin g co ndi tio ns essential for
ep ineusto n o r ganism s livin g on the water surface. Mi-
cro vel ia am eric an a is a water-wa l kin g in se ct that, un li ke
other water s triders, pos ses ses the ab ili ty to move o n
lan d ( Bus h an d Hu 2006 ; Crumière et a l. 2016 ; O’Nei l
et a l. 2024 ), a l low ing it to nav igate o bs t acles on t he wa-
A dvance A ccess pu blication Jun e 19, 2024 
C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
t er’s surface , suc h as flo at ing plants li ke duckwe e d, or
even to flee to land to escape aquatic p redato rs. Beyo nd
maneuv erin g on the surface of water without sinking
( Hu an d Bus h 2010 ), wat er strider s m ust con tend with
mu lt iple pre dat or s in and out of the water ( Krupa and
S ih 1998 ), compet e for r esour ces and m ates ( Wil son
et al. 1978 ; Crumière et al. 2019 ; Toubiana et al. 2021 ),
an d navigate th e af ter mat h o f co nflicts that resul t in
b o dily damage . S h ould an M. ameri cana esc ape w i th i ts
life but lose a limb, it faces the cha l len g e of con tin uing
to move on water. 

Ke y e vol u tio na ry drivers f o r the ab ili ty to wa l k on wa-
t er inc l ude p redato r avo idan ce, as seen in th e b asi lisk
lizard , mat e displays or “rushing” in birds like West-
ern a nd Cla rk’s grebes, a nd a co mb inatio n o f these fac-
t or s for or ganism s that spend significant time at or near
the water’s s urface, s uch as fishing spiders ( Do lo medes )
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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r wat er strider s ( Ger r i d ae ) ( Hsie h 2003 ; Suter 2003 ;
 lifton et a l. 2015 ). For these sma l ler epineuston in-

ects and spiders ( Bush and Hu 2006 ; Hu and Bush
010 ), surface tension plays a crucial role in water lo-
o motio n. Their b o dies, cov ered in hy drophobic hairs,
nable them to pr opel acr oss the water wi thou t sink-
ng ( Ander sen 1976 ; Sut er et al . 1997 ; Bush et al . 2007 ;
rumière et al. 2016 ). Although researc her s have ex-

en siv e ly studied th e m orph olog ica l ada pta tions tha t al-
ow inse cts li ke M. am eric an a to wa l k on water ( Gao
 nd Jia ng 2004 ; Sut er 2013 ; Koh et al . 2015 ; St einmann
t al. 2021 ), an d th e unique use of th e a lternat ing t ri-
 o d ga it, simila r to a nts a nd coc kroac hes ( Kram et al .
997 ; Bohn et al. 2012 ; Hume au et al. 2019 ), t he impact
f limb loss on M. am eric an a an d h ow it a ffects their lo-
o motio n remain unexplore d. D uring our observations
f M. am eric an a in the wild, w e hav e found some or-
ani sms mi ssing parts of limbs, which inspired our in-
est igat io n into loco motive perfo rma nce a fter natural
bl ation. In our l abo rato r y obser vations, sin ce Mi crov-
li a cann ot regen erate th eir limbs af ter t h eir final m olt
 Fr ick 1949 ), t he loss of a limb can lead to them becom-
ng easy prey to predat or s b oth ab ove and below the wa-
 er’s surface . Whi le inse cts co mmo nly lose b o dy parts
 A rba s and Weidner 1991 ; Maginnis 2008 ), and some

ay even s h ed limbs in ten t iona l ly thro ugh auto tomy
 Joseph et al. 2018 ; Emberts et al . 2020 ; St einmann et al .
021 ), i t beco mes an addi tio n al ch allen g e when each
arsus h e lps to lev erag e surface ten sion to flo at and wa l k
n the water ( Bush and Hu 2006 ; Hu and Bush 2010 ). 

We spe cifica l ly invest igate th e m echanics of M. amer-
c an a with missing tar si . The focus of this paper is on
hic h tar sus removal a ffe cts dire ct ion and pro p ulsion

n d h o w M. a m eric an a moves in sp i te o f limb loss. Pre-
ious studies have ident ifie d the middle legs as primary
pro p ulsers” due to their lar g e stroke amplitudes com-
 are d to the front and hind legs ( Andersen 1976 ), but
he roles of other legs remain less under st o o d. We ex-
lore the effects of tarsus loss on M. am eric an a loco-
otion by examining b o dy velo city and dire ct iona lity

n water. Through high-spe e d imag ing, pose est imat ion
of tware (D eepLabCut) ( Nat h et al. 2019 ), a nd in sit u
 blation, w e observ e ho w M. a m eric an a , desp i te these
ha l len g es, adapts and continues t o navigat e wat er sur-
aces. 

aterials and methods 

earing and experimental setup 

e col le cte d M. am eric an a fro m po n ds an d cree ks
n Kennesaw, GA, USA. The in sects w ere housed in
 17 . 5 × 14 . 0 × 6 . 5 inch 

3 plastic container, fil le d with
a ter main tained a t a lab tem pera ture of 20 

◦C , and
u pplemented wi th d uckwe e d from t heir or ig ina l habi-
ats. We exposed the M. am eric an a to circ adi an light-
ng from 8 a.m. to 8 p.m. Addi tio nally, fro m Mo nday
 hrough Fr iday, we fed t h e specim ens d aily w ith f r uit
ies pr ocur ed fr om Car o lina Bio log ica l Supp l y Com-
any, B urlington, N C, USA. In total, we ana lyze d the

oco motio n o f 20 s pecimens in res ponse to the follow-
n g a blation s ( N = 3 specimen s fo r each case): no nab-
a ted (con tr ol), single fr ont t arsus, single middle t arsus,
ingle hind t arsus, bot h front t ar si , bot h middle t ar si ,
oth hind tar si , ipsilat eral middle and hind tar si , and
ont ra latera l midd le an d hin d tarsi ( Fig. 1 C). We ob-
erve d on ly one spe cimen for both midd le ta rsi a nd sin-
le front tarsus a blation s. Sin gle front tarsus ablation
a s not stati st ica l ly differ ent fr om th e n onablate d spe c-

m en ( Supplem enta ry Table S6 ), a nd bot h middle t arsi
b lated M. am eric an a w ere una ble to wa l k on water and
id not survive beyond 48 h post-ab lation. Gi ven these
u tco m es an d th e limite d avai labi lity of spe cimen s, w e
 rio ri t ize d the p reservatio n o f specimens. 

icrovelia americana tarsus ablation 

efore a p art icu lar M. am eric an a was ab lat ed , it was
n esth et ize d by placing it into a fre e zer for ∼2 min. This
ed to the insect’s temporary incap acitat ion, which a l-
owed for easier and more accurate ablation to be done.
f ter being t aken ou t o f the fre e zer, we place d the M.
m eric an a under a magnifying glass, and the corre-
pon ding segm ent(s) ( Fig. 1 C) of the leg(s) were re-
oved with a Fine Science Tools (Fine Science Tools

USA), Inc, 4000 East 3rd Avenue , Suit e 100 Foster
ity, CA 94404-4824) disse ct ing knife. An example of

n M. am eric an a with its middle tar si ablat ed is s h own
n Fig. 1 A. After being cut, the spe cimen wou ld regain
onsciousn ess an d be placed into a sma l l co ntainer o f
ater fro m i ts n atural h ab i tat fo r recovery. After 1 h o f
eing in the contain er, th e M. ameri cana was rem oved,
 ts loco motio n was reco rded, and i t was then placed
ac k int o con tainmen t. Addit iona l ly, after having 24 h
 o recuperat e from the init ia l ablat ion, the inse ct’s loco-

otion was once again r ecor ded. 

ecording 

o r ecor d the r espo nse o f th e M. ameri cana to th eir ab-
at ions, a Phot ron FASTCAM Mini AX2000 (Photron

SA Inc, 9520 Padgett St re et Suite 110 San Diego, CA
2126) was used with a frame rate of 1000–2000 frames
er second at a resol u tio n o f 1024 × 1024 p ixels. A
ikon 70–200 mm f/2.8G ED VR II AF-S NIKKOR
oom lens, purch a sed from B&H Photo (420 9th Av-
nue, New York, NY USA 10001), was mounted on
h e cam era for enhan ced docum en ta tion. Th e cam era
as mounted vertically on a Th or labs O pt ica l Rai l for
 top view of M. am eric an a loco motio n o n water. The

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae077#supplementary-data
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Fig. 1 ( A ) High-resolution z -stack image and scanning electron microscopy image of a M. americana with an ablated middle right tarsus. ( B ) 
Schematic of experimental setup. A high-speed camera is mounted above a container of water, which rests on a diffuser. A light source is 
set at a short distance below the diffuser to provide even lighting when recording. Microvelia americana are recorded individually running 
on the water. ( C ) Illustration showing tested M. americana ablations. Circled parts of legs indicate the different locations of ablations. Eight 
ablation conditions are investigated in this paper. ( D ) Gait cycle indicating the power stroke (filled rectangles) and recovery phase (blank 
rectangles) of the alternating tripod gait. Colored legs corresponding to the gait cycle showcase the alternating movement. 
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M. am eric an a were placed in a 10 . 0 × 10 . 0 × 1 . 5 cm 

3

Petri dis h (Th erm o Fis h er Scientific, 168 Third Avenue
Walt ham, MA USA 02451)) t hat was fil le d ha lfway with
water and rested on top of a white diffuser ( Fig. 1 B). An
LED light was also lit un dern eath th e Petri dis h for bet-
ter lightin g. The a blated in sects w er e then pr odded for
m ovem ent, which was r ecor ded and ana lyze d one vide o
at a time. 
Tracking, postprocessing, and analysis 

After r ecor din g, DeepLa bCut ( Mathis et al. 2018 ; Nath
et al. 2019 ) pose estimation machine le ar ning sof t-
ware was ut i lize d to t rack th e h ead an d abdomina l t ip
of th e M. ameri cana in eac h video. A cust om Matlab
( Th e MathWor ks In c. 2022 ) script was used to calcu-
l ate the displ acement, velocit y, a nd yaw a ngle from the
De epLabCut t racking data. 
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tatistical analysis 

 or sta t ist ica l ana lysis, we use d a linear mixe d-effe cts
 ode l ( Bates et al. 2015 ) to find whether the set of treat-
 ent effects yie lded differen ces am ong th e m eans of

ach grou p wi th p ost-ho c Tuk ey’s difference cr iter ion
o find which pairs of t reat ment effe cts were stat ist ica l ly
ifferent (a l l of the p airwise comp a risons a re given in
upplementa ry Inf orm ation ). We u sed a linear mixed-
ffects m ode l sin ce abl ation t ypes vary in the number of
 ria ls p er sp ecim en an d to account f or a ny possible ra n-
o m effects fro m individ ua l spe cimens. We comp are d
ifferent m ode ls with an d with out repeate d t ria l s a s a
 reat ment effe ct an d foun d n o s tatis tical difference be-
ween m ode ls. Th er efor e, we used the model with only
bl ation t ype as a t reat ment effe ct. In a l l m ode ls, spec-
men number is t reate d as a random effec t. A c ustom
 script (R version 4.4.0) ( Hot hor n et al. 2008 ; Genz
nd Bretz 2009 ; Bates et al. 2015 ; RStudio Team 2020 ;
 Core Team 2024 ) was used for s tatis tical an alysi s. We
efine d stat ist ica l sig nificance as ∗P < 0 . 05 , ∗∗P < 0 . 01 ,
nd 

∗∗∗P < 0 . 001 . 

esults 

idened yaw angle 

ir st, we trac k eac h specimen as it wa l ks across the wa-
er surface ( Fig. 2 B). In comparing nonab lated M. am er-
c an a to those M. am eric an a wit h bot h hind t arsi re-

ov ed, w e observ e an increase in yaw alon g the b o dy
s it wa l ks on water. We then measure the maximum
 o dy velo ci ty o f each spe cimen, b ase d on t he t arsi re-
 oved, an d compare these velocities to that of the non-

blate d spe cimens ( Fig. 2 C). Mi crov eli a ameri cana with
 o tarsi rem ov ed achiev e a s m aximum velocity ( v max =
4 cm/s, N = 3 specim ens, an d n = 21 tr ials). D esp i te
em oving eith er both front or both hind tar si , M. amer-
c an a ’s maximum b o dy velo city remains at 12 cm/s ( N
 3, n = 21, and P > 0 . 05 ). This a lig ns with previ-

us r esear c her s’ pre dict ions t hat t he middle legs are t he
ain pro p u lsers generat ing f orwa rd thru st ( A ndersen

976 ). Con sequently, removin g both middle tarsi ren-
ers a M. am eric an a incapab le of m oving across th e
a ter (see Supplemen tary Movie S1 ), red ucing i ts ve-

ocity to 2 cm/s. Next, we ca lcu late the yaw angle over
ime for eac h t est ed specimen ( Fig. 2 A). We find that,
ost-ab lation, M. am eric an a exhib i ts an increase in yaw

n both dire ct ions as th ey m ove on th e wat er surface .
 n alyzing the yaw angle versus time data, we identify

he chan g e in yaw an gle ( �θ = θf − θi ) for each cy c le ,
h ere th e absol u te val ue o f the yaw angle is s h own in
ig. 2 D. For both nonablate d spe cim ens an d th ose with
ront tarsi ablat ed , the yaw angle reaches �θ = ±7 

◦

s they run across the water surface ( Fig. 2 D). Spec-
mens with both hind tarsi ablated exhib i t a yaw an-
le more than double ( �θ = ±19 

◦) that of the nonab-
ated and frontablate d spe cimens ( P < 0 . 001 ). This re-
ul t undersco r es the r ole of th e hin d tar si as “rudder s”
hat serve to minimize side-to-side rocking during wa-
er wa l king (se e Supplementary Movie S2 ). We did not

e asure t he yaw angle for specimens wit h bot h mid-
le tarsi ablated as they could not walk across the water
urface. 

eviated directionality 

o as ses s t he impact of t ars al loss on M. am eric an a di-
e ct iona lit y, we c a lcu late d the rat io of the fina l displace-

ent ( D 2 ) to the total distance t ravele d ( D 1 ) for both
 onablated an d ab lated M. am eric an a ( Fig. 3 A). For a
t raight p at h, t he ratio D 2 /D 1 ∼ 1 . For nonablate d spe c-
m ens an d m ost t ypes of abl ations, M. am eric an a typi-
a l ly t ravel in a st raight line, with D 2 /D 1 > 0 . 90 , and
 h owed n o s tatis tical difference between groups ( P >
 . 05 ). How ev er, M. am eric an a missing ipsi latera l mid-
le and hind tarsi are nota ble ex ception s, exhibitin g
 2 /D 1 ≈ 0 . 86 , indicating a significant deviation from
 straight line ( P < 0 . 001 ). Fig. 3 A illustrates this devi-
tio n wi th a n exa mple of a n ipsi latera l l y ab late d spe c-
m en trave ling in a circu lar p ath and ending up fac-
ng the o p posite dire ct ion from where it started (see
upplementary Movie S3 ). D 2 /D 1 was found to vary sig-
ificantly from 0.5 to 0.99 ( Fig. 3 B). 

daptation to tarsus loss 

i crov eli a ameri cana adapts to the loss of key b o dy lo-
omot ive p a rts (ta r si , leg) aft er a blation. We observ ed
han g es in the b o dy velo ci ties o f M. am eric an a imme-
iatel y fo llowin g a blatio n (wi thin an hour) comp are d

o 24 h l ater. Before abl ation, M. am eric an a achieved
 mean maximum b o dy velo city ( v max ) of ∼14 cm/s.
h ose missing th eir cont ra latera l midd le an d hin d tarsi

nit ia l ly st ruggle d with a lower maximum velocity of
 cm/s on the day of their ablation ( N = 3, n = 15). How-
ver, by th e n ext day, th eir v max in creased to ∼8 cm/s ( N
 3, n = 21, P < 0 . 001 , see Supplementary Movie S4 ).

or M. am eric an a under g oin g ipsi latera l midd le and
ind ablatio n, desp i te al so mi ssin g tw o tar si , the dif-

erence in v max between the day of ablation and the fol-
ow ing d ay wa s not stati st ica l ly sig nificant ( N = 3, n =
5, Fig. 4 A, P > 0 . 05 ). The type of ablation also sig-
ifica ntly a ffe cte d their gait cyc le . Mi crov eli a ameri cana
i th i psi latera l ablat io ns co nt inue d to use the alternat-

ng trip o d gait. In contrast, those with a blation s on op-
osite sides displayed no discernible p erio dicity in their
ai t o n the day o f their ablatio n ( Fig. 4 B), yet man-
ged to return to t he alter nat ing t rip o d gai t wi thin 24 h
 Fig. 4 C). 

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae077#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae077#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae077#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae077#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae077#supplementary-data
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Fig. 2 Yaw angle, trajectory, and maximum velocity for nonablated and ablated M. americana . ( A ) Yaw angle over time of an M. americana 
before ablation (nonablated) and after ablation (both hind ablated conditions), with a visual difference in the size of yaw angles. ( B ) 
Trajectories of a nonablated and both-hind ablated M. americana . The increase in yaw of a both-hind ablated M. americana is visibly greater. 
The labeled circles indicate the point of maximum velocity along the path. ( C ) Violin and box plot of maximum velocities ( v max ) of four M. 
americana , r epr esenting the distribution of v max for every trial in each condition. Pairs without bars had no statistical difference. From left 
to right: control (nonablated) M. americana ( N = 3 specimens, n = 21 trials), both front tarsi ablated ( N = 3, n = 21), both hind tarsi 
ablated ( N = 3, n = 21), and both middle ablated ( N = 1, n = 4). Micr o velia americana , missing their middle tarsi lose the ability to propel 
themselves. Only one middle ablated specimen was tested to pr eserv e the population since the specimen did not survive within 48 h of 
ablation. The white circle r epr esents the median. Other points r epr esent experimental values from each trial. The box r epr esents the 
second and third quartiles, with the extended lines r epr esenting the first and fourth quartiles. ( D ) Violin and box plot of yaw angles ( �θ ) 
of three M. americana conditions. Pairs without bars had no statistical difference. From left to right: control (nonablated), both front tarsi 
ablated, and both hind tarsi ablated. When missing its hind tarsi, the M. americana ’s yaw angle increases. The yaw angle for both the left and 
right directions is plotted. Statistical analysis shown are pairwise comparisons of treatment groups. We defined statistical significance as ∗
P < 0 . 05 , ∗∗P < 0 . 01 , and ∗∗∗P < 0 . 001 . 
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Fig. 3 Displacement compared to actual distance traveled. ( A ) Displacement ( D 2 ) of M. americana compared to distance traveled ( D 1 ), 
showcasing circular path for the ipsilateral ablated M. americana versus a nonablated M. americana , which moves in a straight line. The 
trajectory of the Micr o velia is from bottom to top. ( B ) Violin and box plot showing the comparison of a set of M. americana ablation 
conditions and their displacement–distance ratio traveled in each trial ( N = 3 for each ablation condition). White circle represents the 
median. Other points r epr esent experimental values from each trial. Statistical analysis shown are pairwise comparisons of treatment 
groups. Pairs without bars had no statistical difference. Ipsilateral ablated M. americana w er e the only treatment group to have hindered 
directionality shown by its lower displacement–distance ratio ( N = 3, n = 16). We defined statistical significance as ∗P < 0 . 05 , ∗∗P < 0 . 01 , 
and ∗∗∗P < 0 . 001 . 
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iscussion 

o r loco motio n o n t he water sur face, it is a well-
ocumente d st rat egy among wat er strider s t o rely on
heir middle legs as the primary pro p ulsers of interfa-
ial m ovem ent ( An der sen 1976 ). Wat er strider s suc h
s Ger r i d ae ( Hu an d Bus h 2010 ; Crumière et al. 2016 ),
ha gove lia ( Santos et al. 2017 ; Ortega-Jim en ez an d
ha mla 2021 ), a n d Veli a ( An ders en 1976 ) us e a rowing
ait in which only the middle legs row a gains t the wa-
 er surface t o prope l th emse lves f orwa r d. The r emaining
egs are used fo r su ppo rt to float on the wat er’s surface .
his r esear ch affir ms t hat M. am eric an a , desp i te using
n a lternat ing t rip o d gait, pr ior itize t heir middle legs for
ro p ulsion, a findin g con sistent w ith prev ious studies
 An dersen 1976 ). Th e crit ica l role of these legs be comes
vident u po n their ablatio n, which resul ts in a signifi-
ant decrease in velocity from 14 to 2 cm/s, underscor-
ng their indispen sa b ili ty fo r wat er traver sal (Fig. 2 C). 

Cont rast ing the a lternat ing t rip o d gait of M. ameri-
 an a with other hexap o d s th at occa sion a l ly (or acciden-
a l ly) enter aquatic envir onments r eveals a unique adap-
atio n in i ts loco motio n stra tegy. F or instance, Cam-
ono tus sc h m itzi ants swimming in p i t c her plant diges-
ive fluids o r an ts tha t acciden ta l ly fa l l in to wa ter use
ot h t h eir front an d middle legs fo r p ro p ulsion ( Bohn
t al. 2012 ). Their front legs kinemat ica l ly mimic ter-
est ria l m ovem ent, th eir middle legs serve as rudders,
n d th eir hin d legs act as rol l stabi lizers ( Yanov i ak and
reder ick 2014 ). D esp i te these an ts em ploying an alter-
at ing t rip o d gai t, their “swimming” ep isodes are b rief
 nd ra re, lasting under 45 s in p i t c her plant fluids o r
on g er wh en th ey fa l l from a t re e canopy in to wa ter. In
ontrast, M. am eric an a spends most of its time on water
urfaces ( Andersen 1976 ; Crumière et al. 2016 ). The re-
o val of M. a m eric an a ’s front tarsi does not impact ve-

oci ty o r dire ct iona lity, s ugges ting that the front tarsi do
ot play a lar g e role in pow erin g water wa l king but may
t i l l exist to su ppo rt the b a lance of the a lternat ing t rip o d
ai t. Ablatio n studies reveal that M. am eric an a ’s hind
egs function as rudders, facilitating directional move-
 ent an d red ucing yaw o n water ’s sli ppery surface. 
The p redato r–p rey dynamic un der lin es th e impor-

ance of ada pta tio n fo r s urvival, not jus t in evading
 redato rs bu t in recov erin g fro m attacks. W hile many
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Fig. 4 Velocity of M. americana and how they adapt their gait. ( A ) Violin and box plot of maximum velocity ( v max ) comparison of two 
ablated conditions, a contralateral middle and hind tarsus ablation and an ipsilateral middle and hind tarsus ablation, on the day they are 
ablated ( N = 3, n = 21 for ipsilateral and N = 3, n = 15 for contralateral) and one day after ( N = 3, n = 16 for ipsilateral and N = 3, n = 

21 for contralateral). Pairs without bars had no statistical difference. For the contralateral ablation, M. americana are unable to walk on 
water on the day of ablation, but can walk the next day. White circle r epr esents the median. Lines r epr esent the first and fourth quartiles. 
Other points r epr esent experimental values from each trial. The box r epr esents the second and third quartiles. ( B ) Gait plot of an M. 
americana with a contralateral ablation within 1 h of its ablation. ( C ) Gait plot of an M. americana with an opposite side ablation > 24 h 
after its ablation, which matches with the alternating tripod gait of nonablated M. americana . We defined statistical significance as 
∗P < 0 . 05 , ∗∗P < 0 . 01 , and ∗∗∗P < 0 . 001 . 
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in sects can reg enerate limbs durin g larval s ta ges af-
ter molting ( Michaud et al. 2020 ; Zhong et al. 2023 ),
many do not, espe cia l ly after au toto my ( Joseph et al.
2018 ), m uscle degenera tio n ( Perso ni u s and Ch apm an
2002 ), or reaching final molting s ta ges ( Sus ta r a nd
Tuthi l l 2022 ). Mi crov eli a ameri cana un der g oes fiv e in-
sta rs, a fter molting ceases ( Frick 1949 ; Nakasuji and
Dy ck 1984 ), makin g a ny postmolt da ma ge, s uch as tar-
sus or limb loss from an aerial bird or underwater fish,
per manent ly affect their mob ili ty and dire ct iona lity. 

Mi crov eli a ameri cana uses its middle legs as primary
pro p ul sers, cau sing a side-to-side rocking motion in the
dire ct io n o f the active leg (d ue to al ternating leg strides).
Wi thou t hind tar si , this roc king motion int ensifies, in-
dicating their role as rudders (see Supplementary Movie
S2 ). How ev er, th e rem oval of front tarsi does not alter
the yaw angle. For a nonablate d spe cimen, thi s i s at a
ran g e of ±7 

◦ (Fig. 2 D). Upon removal of both hind tar si ,
M. am eric an a rocks (yaws) at ±19 

◦. 
Our fin dings in dica te tha t the exten t and loca tio n o f

limb loss crit ica l l y influence M. am eric an a ’s ab ili ty to
ma inta in dire ct ion whi le moving on water. Loss of both
t he middle t arsi is fat al as t he orga nism ca nno t pro pel
itse lf an d eventua l ly dies of fatigue. How ev er, in most
other cases of tarsus damage, M. am eric an a is st i l l able
to move on water after tarsus loss. Part icu larl y, M. am er-
ic an a wi th i psi latera l midd le an d hin d tarsi rem oved
s h ow co mp ro mise d st raight-lin e m ovem ent, often veer-
ing off course (Fig. 3 A) (see Supplementary Movie S3 ).
This im pairmen t s ugges ts cha l lenges in pre dator eva-
sio n o r p r ey captur e due to r e duce d dire ct iona l cont rol.

Cont rast ingl y, M. am eric an a wi th co nt ra latera l mid-
dle and hind tarsi ablate d init ia l ly lose the a lternat ing
trip o d gait (Fig. 4 A) and show a significant drop in
b o dy velo ci ty (2.17 cm/s), bu t wi t hin 24 h, t hey regain
t he tr ip o d gait (Fig. 4 B) (see Supplementary Movie S4 )
and a pproxima te the spe e d ( v max ) of those wi th i psilat-
era l ablat io ns, favo ring straighter paths. These observa-
tio ns undersco re the hind tarsi’s role in moderating yaw
caused by cont ra latera l midd le leg m ovem ent, aiding
in dire ct iona l stabi lity. This insigh t con trasts with the
r owing gait, wher e any immobi lizat ion increases yaw
( Meshkani et al. 2023 ), hig hlig hting the alternating tri-
p o d gai t’s b io me chanica l advantage in maintaining di-
re ct iona lity despite limb loss. Thus, M. am eric an a , de-
sp i t e lac kin g the a b ili ty t o regenerat e limbs post-final
m olt, dem onstrates remar kable resilien ce an d adapt-
ab ili ty in the face of physical im pairmen ts, adding an-
oth er compe l ling narrat ive of survival and ada pta tion
wit hin t h e natural wor ld. 

Ada ptable m u lt is urface gaits, s uch as the a lternat ing
trip o d gait ut i lize d b y M. a m eric an a ’s spe cia lize d leg dy-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae077#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae077#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae077#supplementary-data
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a mics, ca n be mimicked in future designs of small am-
hibio us robo ts as much interest is gat her ing in robotics
t the air–water interface and increasingly complex ter-
ains ( Li et al. 2009 ; Song et al. 2024 ). A ro bus t ro bot
i l l be able to traverse a variety of surfaces wi thou t hav-

ng to enact more complex motion than an a lternat ing
rip o d gait. 

imitations and future outlook 

ur study only focuses on the removal of tar si , as the re-
oval of the femur or the entire leg would have a greater

mpact on the overall balance, directio nali ty, and ve-
oci ty o f M. am eric an a , which would conflate the roles
 hat e ach leg h a s in loco motio n. Furt her mor e, differ ent
umbers of t ria ls were do ne fo r different specimens due

o fatigue of some specimens during experiments. Yet,
ur exper iment al setu p was able to p rovide us co nsis-
ent resul ts. Fu ture wo r k can in cre ase t he s ample size
nd also explore juvenile instar s t o further study the
pe cia lize d dynamics of M. am eric an a ’s legs and effect
 f o rganism size when wa l king o n water. Fu t ure st udies
an also determine whether other water-wa l kin g in sects
h at u se the altern at ing t rip o d gait also have these spe-
ia lize d leg dynamics. Moreover, our studies only focus
n chan g es in yaw an gle. We did not r ecor d videos fr om
ide view or measure forces to see how missing tarsi may
mpact chan g es in p i t c h, b a lance, weight dist ribut ion, or
 o dy height. Futur e r esear ch can r ecor d abla ted Micr ov-
l ia fr om th e side view an d m e asure t h e forces ( Zh eng
t a l. 2016 ; Wi ldeman 2018 ) p rod uced by each leg befo re
 nd a ft er ablation t o f urt h er un derstan d oth er chan g es
n loco motio n fro m tars us los s. 

Mi crov eli a h a s an oth er m eans o f p ro p ulsio n o n
 he water sur face, nam e ly Maran g o ni p ro p ulsion
 Andersen 1976 ), in which it spits a fluid from its
roboscis to lower the surface tension within a lim-

ted area. This re duct ion in surface tension a l lows the
i crov eli a to prope l itse lf f orwa rd, a nd i s u sed a s an

scape mech ani sm. Due to the red uced veloci t y c aused
y certain a blation s, Maran g o ni p ro p ulsion can be
 mo re p referred way to move in certain co ndi tio ns
uch as pre dat ion. Fut ure st udies could st udy wh eth er
he use of Ma ra n g oni pro p ul sion i s m ore like ly wh en

i crov eli a is missing a tarsus or limb. 

onclusion 

hrough a blation, w e inv es tigate the s pe cia lize d leg dy-
amics within M. am eric an a ’s a lternat ing t rip o d gait.
hroug h hig h-spe e d imag ing and pose est imat ion de ep

e ar ning sof tware, we me asure t h e ve locity, yaw an-
 le, and direc tio nali ty o f th e M. ameri cana with dif-
 erent missing ta r si . O ur resu lts s h o w that M. a meri-
 an a uses its hind legs as rudder s t o st abilize t he direc-
io n o f m ovem ent, while th e middle legs are th e main
ro p ulsers for locomo tion on water. When the front
arsi w ere a blated, w e observ e d no imp act in overa l l
 o dy velo ci ty o r yaw an gle, sugg estin g t hat t he front legs
 e lp in b a lan cing wh en M. ameri cana wa l k on water. 

Wh en rem oving th e cont ra latera l midd le an d hin d
egs, M. am eric an a was init ia l l y unab le t o traver se the
at er surface . Yet, th e sam e specim en adapt ed t o their
issing ta rsi a nd perf orm ed th e a lternat ing t rip o d gait

h e n ext day. Thi s contra sted with th e rem oval of the
psi latera l midd le an d hin d tar si , wh ere M. ameri cana
 ere a ble t o use the alt er nating tr ip o d gait imm ediate ly

ft er removal . How ev er, M. am eric an a wit h t he ipsilat-
ra l ablat ion had re duce d dire ct iona lity and som etim es
 ravele d in curved paths rather than straight paths.
hese results suggest t hat t h e rem ova l of midd le and
ind tarsi poses a threat to M. am eric an a in the wild
s M. am eric an a would have higher difficulty av oidin g
 redato rs o r catching p r ey fr om their r e duce d b o dy ve-

ocity an d inhi bite d dire ct iona lity. Ult im ately, thi s study
an influence the design o f fu tur e r obotics that may im-
lem ent th eir ow n speci alized leg dy na mics f o r loco mo-
io n o n t he sur face of water. 
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