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Synopsis Rha gove li a ori and er is a freshwater water st rider nat ive to the rivers and streams of North and Sout h Amer ic a, know n 
fo r i ts dist inct ive skat in g mov ement on the water’s surface. This m ovem ent resembles the correlated random-wa l k p attern se en 
in microor ganism s such as Esc heric hia col i . Pr evious studies h ave prim a rily f ocused on limb ada pta tions and biomechanics, 
le aving t he e colog ica l sig ni!cance inade quately addresse d. We co mb in e !e ld observatio ns wi th co nt rol le d labo rato ry experi- 
ments using a "ow mi l l to invest igate the dynamics of R. ori and er un der t ypic al "ow co ndi tio n s. Our !ndin gs indica te tha t this 
insect exhib i ts a tw o-dimen sional run-and-t um ble motio n, o ften inco rpo ra ting la teral t um b les fo l lowing st raight r uns (r un 
distance: 30 . 7 ± 9 . 3 mm). We !nd that this behavior is resilient to chan g es in "ow spe e d. In-si lico simu lat io ns o f p art ic le int er- 
ceptio n demo nstra ted tha t this loco motio n m eth od enhan ces en coun ter ra tes com p are d to lin ear m ovem ent, p art icu lar ly wh en 
the sim ula ted fo o d particle is following a rapid "ow !eld. Our results document run-and-t um ble loco motio n in a millimeter- 
scale organism, s h owcasing a unique example o f co nv er g ent behavior across diverse taxo no mic grou ps and p roviding val uable 
insigh ts in to loco motio n e cology whi le s erving as a s ource o f insp iratio n fo r b io insp ir ed r obotics and envir o nmental explo ratio n 
algo ri thms. 

Introduction 
Naviga ting com plex environmen ts e#cien tl y for exp lo- 
ration and r esour ce acquisi tio n p res ents ke y cha l len g es 
fo r mob ile o r ganism s. Various species from di$erent 
taxa hav e dev elope d unique forag ing a nd sea rc h strat e- 
g ies ( Bel l 2012 ), often st ri king a b a l ance bet ween di- 
re ct iona l per sist en ce an d explo rato ry rando mness to 
enhan ce th eir chan ces of survival and r epr oduction. 
St rateg ies such as correlated random walks ( Kareiva and 
Shigesada 1983 ), Lévy "ights ( Vi swan ath an et al. 1996 ; 
Pyk e 2015 ), a nd a r ea-r est ricte d searches ( Smith 1974 ; 
Othmer et al. 1988 ) have been thoroughly studied in 
bot h ter restr ial and aquatic or ganism s, s h ow casin g how 
sele ct ive pres s ures tailor organi sm al beh avior to speci!c 
e colog ica l sett ings. 

Th e run-an d-t um ble loco motio n st rategy e$e ct i vel y 
alt ernat es between straig ht, direc tional runs and quick, 
rando m reo r ient ations (t um bles). Thi s beh avior h a s 

been exten siv ely r esear ched in micr oor ganism s such as 
Esc heric hia co li , which use run-and-t um ble to navigate 
chemica l g radien ts, th us im provin g their a b ili ty to e#- 
ciently !nd nutrients ( Berg and Brown 1972 ; Patteson 
et al . 2015 ). S imilar ly, th e unice llula r algae Ch lamy- 
do mo nas r einhar dtii also employs this strategy by ad- 
jus ting "a gell ar sy nchro nizatio n, allowing a shift be- 
twe en st ra ight swimming a nd rap id reo r ient ations, fa- 
ci litat ing e$e ct ive sp at ia l explorat ion ( Polin et al. 2009 ). 

Alt hough t here h a s been con sidera ble r esear ch at 
the microbial lev el ( Ber g and Brown 1972 ; Ishihara 
et al. 1983 ; Polin et al. 2009 ; Gomez-Marin et al. 
2011 ; Patteson et al. 2015 ; Johnson et al. 2024 ), run- 
and-t um ble beh avior i s st i l l lar g e ly un explored at th e 
mi l limeter sca le. Rha gove li a ori and er , comm on ly se en 
skimmin g ov er "owin g stream s in No rth and Sou th 
Am erica, exhi b i ts a m ovem en t tha t r esembles the pr e- 
vious ly descri bed run-an d-t um ble behav ior ( Fig . 1 ). 
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2 Tiwari et al.

Fig. 1 (A) R. oriander is a millimeter scale member of the family Veliidae . (B) The natural habitat of R. oriander consists of shallow streams 
and cr eeks, wher e individuals ar e typicall y f ound near gentl y !o wing water, along edges, and within small ed dies or calm surface regions. (C) 
Environmental observation set up: 10 ′′ × 10 ′′ × 10 ′′ netted enclosure designed to be dropped over R. oriander in its natural habitat (D) 
Exemplar trajectories of R. oriander extracted from "eld videos show sequential linear motions and sharp turning behavior. (E) 
Run-and-tumble motion has been observed across a diverse set of taxa and lengthscales in nature, ranging from E. coli bacteria and C. 
reinhardtii at the micro-scale to R. oriander at the millimeter scale. C. reinhardtii silhouette modi"ed from the original image by Database 
Center for Life Science (DBCLS). 
Rha gove lia is a unique genus within the water strider 
family (Ve liidae). Th ey exce l in n avigating fa st-"owing 
stream s, ena blin g them to inhab i t areas that other water 
striders do n ot, an d possi b l y take ad vantage of new eco- 
log ica l niches ( Drake 1914 ; Cheng and Fernando 1971 ; 
Panizzi et al. 2015 ). Prior studies have mainly focused 
on R. ori and er ’s distin ct m orph olog ica l t rai ts, incl uding 
spe cia lize d hydrophi lic fans on their midd le legs, which 
enable swift turns through el astoc api l lary-driven mor- 
phin g ( Chen g a nd Ferna ndo 1971 ; Sa nt os et al . 2017 ; 
Ortega-Jim en ez et al. 2024 ). These fans are believed 
to be the morp ho log ica l innovat ion a l lowing them to 

t hr ive in demanding, high-"ow environm ents; h ow ev er, 
th eir unique locom otion be havior might also play a crit- 
ical role in their s ucces s. 

In this study, we co mb ine emp irica l !eld observat ions 
wi th co nt rol le d tes ts in a cus tom-desig ne d "ow mi l l to 
explore how varying "ow co ndi tio ns in"uence the run- 
and-t um ble behavior of R. ori and er . We propose that R. 
ori and er ut i lizes run-and-t um ble motion to maneuver 
across the water’s sur face, wit h chan g es in its runs and 
t um bles expe cte d to correlate with di$erent "ow rates. 
Furt her more, t hrough mat hemat ica l m ode lin g, w e an- 
t icip a te tha t thi s beh av ior w i l l improve the e#ciency of 
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Interfacial run-and-tumble locomotion 3 
enco untering po tent ia l fo o d p art icles in simu late d "ow 
environments. 
Materials and methods 
Animals 
We col le cte d R. ori and er ( Fig. 1 A) from th e 
Ea st Pali sades Trail in At lant a, GA, USA 
(33 ◦53 ′ 18 . 8 ′′ N 84 ◦26 ′ 21 . 4 ′′ W ), its n atural h abitat 
in pon ds an d cree ks ( Fig. 1 B), an d maintain ed th em 
in a cont rol le d labo rato ry enviro nm ent. Th e insects 
were kept in a water !l le d plast ic en closure m e asur ing 
(12 × 24 × 12) in ch es, an d th e ambien t tem pera ture 
wa s m a inta ined at ( ∼ 20 ◦C). An aqua ri um !l ter and 
air stones were included in the water to ensure a steady 
"ow. Th e en clos ure was s u pplemented wi th aquatic 
pla nts, algae, a nd decomposin g leav es to en sure that 
th e environm ental con dit ions mimicke d their natura l 
hab i tat. Ins ects were expos ed to a circ adi an lighting 
cycle of 12 h and were fed a diet of live spr ingt ails ( Fol- 
somia c an dida ) dail y. Since our stud y invo l ved working 
wi th o nly inverteb rates, i t did not r equir e an Insti- 
tu tio n al A nim al Care and Use Co mmi ttee (IACUC) 
approval. 
Behavioral testing 
Init ia l studies were per for med at the !eld site with a 
GoP ro ca m era m ounte d on a t rip o d and a top-down 
view of a se ct io n o f th e "owing cree k ( Fig. 1 C). We se- 
le cte d the re cording area by identifying a region with 
po p u lat io ns o f R. ori and er active ly m oving on th e wa- 
t er’s surface . A subset ( n = 1 −3) of th ese in divid- 
ual s wa s enclosed within a m es h boun dary that al- 
lowed them to remain in th e !e ld of v iew, w ithout 
o bs t ruct ing water "ow. C h aracteri st ic t racks capture d 
dur ing t h e !e ld r ecor dings ar e i l lust rate d in Fig. 1 D. 
Th e m ovem en t tra jecto ry o f th e R. ori and er displays a 
uniq ue pat t ern, c haract erized by the bug trav elin g in 
re lative ly straight lin es, fol lowe d by sudden dire ct iona l 
chan g es. 

To study the loco motio n o f R. oriander in a con- 
t rol le d labo rato ry settin g, w e desig ne d a custom "ow 
mi l l ( Fig. 2 A) consist ing of a thre e-side d acrylic enclo- 
sure (9 × 7 × 2 in ch es) open at the t op. Filt ered deion- 
ized water was continuously pum ped in to one side and 
a l lowe d to "ow out over the o p posit e edge . Below this 
enc losure , a res ervoir hous ed the pumps for water re- 
circu lat io n and co nta ined a n upwa r d-facing light sour ce 
th at wa s di$u sed by the acrylic enclosure to create uni- 
form i l luminat ion. 

We veri!ed the velocity !elds within the setup us- 
ing Particle Image Ve locim etry (PIV), with lycop o dium 
pow der servin g as t racer p art ic les t o v isu a lize "ow t ra- 

j e cto ries. Flow veloci ties were ad justed and co n!rmed 
at 8–10 mm/s (low "ow), 29–31 mm/s (medium "ow), 
and 34–36 mm/s (high "ow) before introducing the test 
indiv idu als to the "ow mi l l . Previous studies ( Ort ega- 
Jim en e z et a l . 2024 ) have report ed observing Rhagov- 
elia in natural "ows as high as 1600 mm/s with signif- 
icant turbulen ce leve ls (i .e ., rat io betwe en root-mean- 
square of "ow velocity "uctuations to the mean veloc- 
ity) as high as 65%. 

F or our experimen t, we t est ed R. ori and er m oving on 
t he sur face of t h e "owing water arena un der th e three 
"o w regimes (lo w "o w, medium "o w, and high "o w). 
Five ad ul t individ uals were t est ed for each "ow, result- 
ing in 15 t ria ls, 1 indiv idu al per tr ial. Dur ing exper- 
imen ta tion, a GoPr o Her o 9 was pl aced v iew ing the 
arena top-down and r ecor ding the insects at 240 fps, 2K 
resol u tio n fo r !ve minu tes. 
Data analysis 
Vide o re co rdings o f t ria ls wer e pr oces sed using Ado be C ©

Pr emier e Pr o. The video pr ocessing included r emoving 
!s h ey e len s disto rtio n and cro p ping the video to our re- 
gio n o f interest. We t hen used D e epLabCut, a neura l 
n etwor k-b ase d ma rk erless tracking softwa re ( Nath et al. 
2019 ), t o trac k two po ints o n t he animal: t he anter ior- 
most tip of the head and the pos terior-mos t tip of the 
abdom en, through out th e t ria l. We ext racte d t he inst an- 
taneou s coordin ates of the head and tail an d th en took 
t heir inst ant aneous av erag e t o det er mine t he approxi- 
ma te loca tio n o f the b o dy cent er. From the extract ed po- 
si tio nal data, we co mpu te d various met rics such as in- 
st ant ane ous spe e d, mea n squa red displacement curves, 
run-di stance di st ribut ion s, and turnin g an gles. To re- 
d uce no ise in our data, w e ex cl uded any low-co n!dence 
estimates from DeepLabCut as well as any points close 
to the boundary of the observation arena. The t rimme d 
d ata y ielded p erio ds of t raj e c tory data, w hich were used 
f or downstrea m a n alysi s. Exempl ary d ata, along w ith 
rej e ct ion bounda ry ma r gin s and water "ow dire ct ions, 
are v isu a lize d in Fig. 2 B. 
Statistical analysis 
We per for med var ious st at ist ica l tests to check for sig- 
ni!ca nt di$eren ces in distri bu tio ns acros s tes t condi- 
tions and across po p ulation s. We observ ed three con- 
di tio ns (low "ow, medium "ow, and high "ow con- 
di tio ns) wi th n = 5 indiv idu al replic at es for eac h 
"ow. 

For lin ear ly distri buted m etrics such as spe e d, run 
dista nce, a nd mea n squa red displacement (MSD) expo- 
n ents, we con ducted th e following s tatis tical analyses. 
We quant i!e d t he var iab ili ty wi t hin e ach "ow co ndi tio n 
by co mpu ting t he st a nda rd dev i atio n (S D) o f th e tim e 
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4 Tiwari et al.

Fig. 2 (A) Schematic of the laboratory observational setup of R. oriander locomotion. (B) Example snapshot of the experimental arena 
showing a superposition of insect trajectories. Dashed lines indicate the boundaries used for selecting trajectories included in subsequent 
analysis. Scale bar, 10 mm. (Insect silhouette not to scale) (See SI video 1 for sample motion of R. oriander ) (C) Instantaneous speed time 
series corresponding to the highlighted trajectory in panel B. Blue points indicate local speed peaks, which align with the blue markers on 
the trajectory shown in panel B. (D) Close-up trajectories of the mid-legs and body center as the R. oriander performs a sequence of 
“tumble–run–tumble” movements. Color gradients along each track represent the instantaneous speed of the corresponding limb. Violin 
plots showing the distribution of individual (E) median speeds and (F) median run distance across different !ow conditions in the arena. 
Both the quantities w er e not found to be signi"cantly different across !ow conditions (Kruskal–Wallis test for Median speed p > 0 . 1 and 
Median run distance p > 0 . 09 ) White dot in the center indicates median of the N = 5 replicates. Gray box shows the interquartile range. 
The whiskers are upper and lower adjacent values. 
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Interfacial run-and-tumble locomotion 5 
ser ies for e ach indiv idu al replic ate an d th en applied 
Levene’s test ( Levene 1960 ) to evaluate di$erences in 
va ria nce across "ow co ndi tio ns. We then co mpu ted the 
per-replic ate medi a ns a n d con ducted n on-pa ra metric 
Kruska l–Wa l lis tests ( Kruska l and Wa l lis 1952 ) to as- 
sess wh eth er th e m e dian va l ues o f th ese m etrics dif- 
fere d betwe en co ndi tio ns. If a signi!cant main e$ect 
emer g ed, w e per for med p ost ho c p airwise comp arisons 
using the Bo nferro ni co rre ct ion to account for mu lt iple 
test ing. To dire ctly comp are MSD sca ling exponen ts a t 
s h ort versus long t imesca les within individuals, we em- 
ployed the Wilcoxon signed-rank test ( Wilcoxon 1992 ), 
a non-pa ra met ric p aire d test ap pro priate for sma l l sam- 
ple sizes and no n-no rma l ly dist ribute d data. In addi- 
tion to reporting the p-values, we quanti!ed e$ect sizes 
using Cli$’s delta ( Cli$ 1993 ) ( δ), providing a ro bus t, 
non-pa ra metr ic me asure of t he magni tude o f observed 
di$eren ces between s h ort- an d long-tim e MSD expo- 
nents. In addi tio n, we eval uated wh eth er th e step-length 
dist ribut ions fol lowe d a sca le-fre e (po wer-law) form b y 
app l ying the Clau set–Sh alizi–Newm an go o dness-o f-!t 
p roced ure ( Clauset et al . 2009 ), whic h estimat es t he t ail 
expon ent, an d computes a Monte-Carlo p-value. Sub- 
sequently, t o c haract erize th e un der lying distri bu tio nal 
s hape wh en pow er-law !ts w er e r ej e cte d, we comp are d 
a lternat ive light-tai le d m ode ls (Wei bu l l, Gamma, and 
Log norma l) using maximum li keli ho o d est imat ion and 
m ode l se le ct ion b ase d on the Akai ke Informat ion Cri- 
terio n (AI C) ( Anderso n and Burn ham 2002 ; Akai ke 
2003 ). 

We applied t he Her m ans–Ra sson ( Herm a ns a nd 
Ras son 1985 ) tes t fo r each co ndi tio n o n the p o oled 
he ading dat a to as ses s dire ct iona l unifo rmi ty, which 
is sen sitiv e to mu lt imoda l dev i ation s and w el l-suite d 
for dete ct ing no n-unifo r m he ading distr ibu tio ns. Cir- 
cu lar stat ist ics were ca lcu late d using t he CircSt at tool- 
box ( Ber ens 2009 ). Cir cula r mea n, va ria nce, a nd sk ew- 
ness were ca lcu late d for each replicate in a "ow condi- 
tion, an d th e di$eren ces of th ese s tatis tics acros s "ow 
co ndi tio n s w ere estim ated u sing the Kru ska l-Wa l lis test. 
Pos t hoc tes ts were o nly perfo rm ed if th ere was a signif- 
ica nt di$eren ce. Togeth er, th es e analys es allowed us to 
evaluate both linear and dire ct iona l behaviora l met rics 
as a function of "ow condit ion, account ing f or va riabil- 
it y w ithin and across indiv idu als. 

Simulations 
We sim ula te th e insects’ m otio n using a co rrelated ran- 
dom wa l k m ode l. Th e sim ula tion s w ere per for med us- 
in g MATLAB programmin g lan guag e . The complet e 
code for this sim ula tion is available on GitHub ( Tiwari 
et al. 2025 ). 

Results 
Kinematics 
We observe that R. ori and er gen erat es bur sts o f fo r- 
ward motion by acti vel y row ing w i th i ts middle legs. 
Each stroke p rod uces a sharp increase in spe e d (from 
∼100 mm/s to ∼300 mm/s), mar king th e start of a 
pro p ul sion ph a se . Immediat ely aft er, the insect ent er s 
a p assive co ast in g phase durin g which it decelerates 
smooth ly whi le ma inta ining a re lative ly st raight t raj e c- 
t ory. Following eac h r un, R . ori and er t ypic a l ly exe cutes 
a sudden dire ct iona l chan g e or t um ble. These t um ble 
even ts occur a t th e en d of th e dece leration experien ced 
dur ing t h e insect’s lin ear m otion. Th e insect reorients its 
b o dy, often by s e v eral ten s of deg re es during a t um ble, 
in what appears to be a random dire ct ion. It then swiftly 
resum es m otion b y ro w ing w i th i ts mid legs to ini tiate a 
new run in the updated direction. This rapid ( ∼5 rows 
per se cond), re cur r ing patter n o f p ro p u lsion fol lowe d 
by glide creates a ch aracteri s tic s peed-tim e series: s harp 
pe aks cor r esponding to r o wing events follo wed b y grad- 
ua l de clines in spe e d. The p ro !le p resented in Fig. 2 C 
i s consi s tent acros s indiv idu als an d "ow con ditions, re- 
"e ct ing the b io me chanica l rhythm underlying this in- 
se ct’s locomot ion. Previous wor k ( Ortega-Jim en e z et a l. 
2024 ) have also reported t hat t hes e ins ec ts are ac ti vel y 
swimming in this fashio n fo r most of their lifetimes. 
Figure 2 D depicts a close-up v isu a lizat ion of this run- 
and-t um ble behavior by overl ay ing the t raj e cto ry o f the 
insect’s center b o dy alo ng wi t h t he mid leg seg ments, 
spe ci!ca l ly the midd le j oints and terminal tar si . The 
t rai ls are color-code d by their respe ct iv e in st ant aneous 
spe e d, revea ling t hat pe ak b o dy velo city o ccurs s h ortly 
af ter t he t um ble, as the insect initiates pro p ulsion in the 
new dire ct ion. The !gure indic ates t wo distinct tum- 
bles an d on e run, hig hlig hting th e s harp reor ient ation 
betw een run s an d th e b io me chanica l coordinat ion in- 
vo l ved in each transi tio n. Thi s vi sua lizat io n co n!rms 
that run-and-t um ble behavior in R. o ri and er em er g es 
fro m coo rdinated leg dynamics that alt ernat e between 
pro p ulsion and dire ct iona l chan g e. 
Rhagovelia oriander locomotion is independent 
of tested !ow rates 
To as ses s wh eth er external "uid fo rces a $ect loco moto r 
o utp ut, we quant i!e d the dist ribut ion of inse ct spe e ds 
a nd run dista nces across three "ow regimes. Figure 2 E 
s h ows th e distri bu tio n o f me dian spe e ds fo r individ ual 
insects under low, medium, and high "ow co ndi tio ns. 
The vio lin p lots rev eal ov erlappin g dist ribut ions, and 
s tatis tical an alysi s u sing the Kru ska l–Wa l lis test indi- 
ca tes tha t there is no signi!cant di$erence between con- 
di tio ns ( p > 0 . 1 ). 
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6 Tiwari et al.

We simi larly comp are d the distances covered dur- 
ing each run ph a se across "ow co ndi tio ns. As s h own 
in Fig. 2 F, t he distr ibu tio n o f run di stances rem ains 
co nsistent, wi th a typ ical run length o f app roximately 
30 mm across a l l t est ed "ows. Once again, no signi!- 
ca nt di$er ences wer e o bserved ( p > 0 . 09 ), s ugges ting 
that R. ori and er ma inta ins i ts loco moto r pattern r egar d- 
less of ambient "ow spe e d. R. ori and er ’s run-length dis- 
t ribut ion s w ere al so a s ses sed for sca le-fre e propert ies 
indicative of Lévy walks. Howe ver, power-law !ts were 
rej e cte d in a l l indiv idu als across co ndi tio ns (Clauset–
Sh alizi–Newm an test, p < 0 . 001 ), and step-length dis- 
t ribut ion s w ere in st ead bett er descr ibed by light-t ai le d 
m ode l s, such a s th e Wei bu l l or Gamm a di st ribut ions 
(See S I fo r m ode l co mpariso n using AI C). This co n- 
!r ms t hat t h e insects’ run-an d-t um ble t raj e ctories are 
no t Lévy-like, b ut rather follow a bo unde d stat ist ica l 
structure that remains ro bus t acros s "ow co ndi tio ns. 
Th ese !n dings in dica te tha t th e insect’s run-an d-t um ble 
strategy is not onl y stab le across the t est ed "ow envi- 
ro nments bu t also g ov erned by !nite-len gth ex cursion s 
rat her t han sca le-fre e locomot ion. 
Rhagovelia oriander performs Run and Tumble 
locomotion 
To quan tita ti vel y c haract er ize t h e m ovem ent of R. 
ori and er , we ca lcu late th e m ea n squa red displacement 
(MS D) as a functio n o f time ( Fig. 3 A). On a log-log 
scale, the MS D ini tially rises app roxima tely t 2 a t s h ort 
t imesca les ( t < 0 . 25 s ), indicat ing b a l list ic mot ion. 
How ev er, bey on d 0.25 s, th e MSD growth s lows, transi- 
tioning into a di$usive/sub-di$u sive regime, m a rk ed by 
expon ents aroun d 1. This shift r epr esen ts a qualita tive 
re duct ion in e$e ct iv e mov ement spe e d ov er lon g er 
d uratio ns. Impo rt ant ly, t he observed timescale for this 
t ransit ion close ly correspon ds to the av erag e interval 
betw een con secutiv e rowin g ev en ts (a pproxima tely 
0.25 s). 

To f urt her validate t hi s beh avio ral shift, we co mpare 
the MS D scaling expo nents ca lcu late d at s h ort an d long 
t imesca les across a l l thre e "ow co ndi tio ns ( Fig. 3 B). In 
each "ow regime (low, m edium, an d high), th e aver- 
age MS D expo nent co nsistent ly decre ases from s h ort 
to long t imesca les, indicat ing a steady t ransit ion from 
b a l list ic to di$usive/sub-di$usiv e behavior. Wilcox on 
sig ne d-ran k tests showe d a consistent downward shift 
in the MS D expo nent across a l l "ow co ndi tio ns, trend- 
ing toward s tatis tic al signi!c ance in each case (low 
"ow: p = 0 . 063 , Cli$’s δ = 1 . 00 ; medium "ow: p = 
0 . 063 , Cli$’s δ = 1 . 00 ; high "ow: p = 0 . 063 , Cli$’s δ = 
1 . 00 ). Con siderin g that the t ypic al run distance for the 
Rha gove lia in Fig. 2 f i s approxim ately 30 mm, while the 
observation arena len gth scale is almost 6 times the typ- 

ical run-len gth, w e ca n sa f ely as s ume t hat t he decre ase 
in MSD slope is not appe ar ing due to boundary con- 
s traints. This o bs erved decreas e in slope can also ap- 
pe ar if t he inse ct drast ica l ly swit c hes dire ct ion after each 
run, th us pla tea uing the MSD growth after only a rela- 
ti vel y short time of a single run. This evidence quan- 
t itat i vel y con!r ms t h e dynamic locom ot ion p atterns of 
the insec t charac terize d by a lternat ing run-and-t um ble 
m ovem ent. Th e MSD crossover alone is insu#cient to 
su ppo rt a Lévy-"ight interp retatio n, a s similar balli stic- 
to-di$usiv e tran si tio ns also occur in correlated random 
wa l ks. How ev er, when co mb ined wi t h t he step-lengt h 
an alysi s ( Fig. 2 F), which reveals light-tailed distribu- 
t ions (Weibu l l or Gamma) and rej e cts power-law !ts 
across a l l indiv idu als ( p < 0 . 001 ), the ev idence strongly 
su ppo rts a co rre lated ran dom wa l k rat her t han a Lévy 
"igh t. Th us, while the short-t ime sca ling is consistent 
with per sist ent (b a l list ic) mot ion, the overa l l p attern is 
!nit e , and not sca le-fre e. 

To con!r m t hat t he observed cor re lated ran dom wa l k 
invo l ves sharp reor ient ations c haract eristic of run-and- 
t um ble behavior, we next analyze t he tur nin g an gles be- 
tw een con secutiv e run s ( Fig. 3 C). A polar histogram 
(rose plot) of turning angles reveals a strong prefer- 
ence for sharp dire ct iona l re or ient atio ns, wi th app roxi- 
mately e qua l prob abi lit ies of turning left or right. (See 
S I fo r spe e d depen den ce of th e Rhagov eli a as a func- 
tio n o f dire ct io n o f i ts motio n wi t h respect to t he wa- 
ter "ow.) To quan tita ti vel y test this multimodal distri- 
bu tio n, we app l y the Herm ans–Ra s son tes t for circu- 
la r unif o rmi ty. The test strongly rej e cts unifo rmi ty fo r 
p o oled turning angle data under a l l "ow co ndi tio ns (low 
"ow: p < 0 . 0001 , T = 2 . 94 × 10 5 ; medium "ow: p < 
0 . 0001 , T = 1 . 04 × 10 6 ; high "ow: p < 0 . 0001 , T = 
2 . 69 × 10 7 ), con!rming a signi!cant ten den cy for lat- 
era l dire ct iona l chan g es. Furt her more , we t est whether 
t he tur nin g an gle dist ribut ions vary across "ow regimes 
by ca lcu lat ing circu lar stat ist ics (mean vector length 
R , circula r va ria nce, a nd circula r sk ewness) per in- 
sect and app l ying the K ruska l–Wa l lis test. No signi!- 
ca nt di$eren ces em er g e amon g "ow co ndi tio ns (mean 
v ector len gth: p = 0 . 1 ; circula r va ria nce: p = 0 . 1 ; cir- 
cula r sk ewn ess: p = 0 . 23 ). Togeth er, th es e analys es 
strengt hen t he c haract erizatio n o f R. ori and er ’s locom o- 
tion as consistent run-and-t um ble behavior, de!ned by 
p erio dic runs punctuated by distinct lateral reor ient a- 
tions. 
Run-and-tumble enhances interception of 
drifting particles 
Havin g esta blis h ed that R. ori and er employs a run-an d- 
t um ble loco motio n strategy, w e now inv estigate the po- 
tent ia l e colog ica l advantages of thi s beh avior. To ad- 
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Fig. 3 (A) Mean squared displacement (MSD) as a function of lag time shows an early time scaling exponent of approximately 2, indicative 
of ballistic motion, f ollo wed b y a r educed exponent around 1 at later times, consistent with diffusiv e/sub-diffusiv e behavior. (B) Early time 
exponents ( αEarly ) are signi"cantly higher than late-time exponents ( αLate ) across all !ow conditions, indicating a shift in locomotor 
behavior at longer timescales. (Wilcoxon signed-rank tests; lo w !o w: p = 0 . 063 , Cliff’s δ = 1 ; medium !ow: p = 0 . 063 , Cliff’s δ = 1 . 00 ; high 
!ow: p = 0 . 063 , Cliff’s δ = 1 . 00 ). White dot in the center indicates median of the N = 5 replicates. Gray box shows the interquartile 
range. The whiskers are upper and lower adjacent values. (C) Polar histograms of Rhagovelia oriander ’s turning angles show a strong 
pr efer ence for lateral left and right turns. (Herman-Rasson test for multimodality in circular distributions; low !ow: p < 0 . 0001 , 
T = 2 . 94 × 10 5 ; medium !ow: p < 0 . 0001 , T = 1 . 04 × 10 6 ; high !ow: p < 0 . 0001 , T = 2 . 69 × 10 7 ) The angular distribution is consistent 
across all !ow conditions when the N = 5 replicate means of circular statistics w er e compar ed.(Kruskal–Wallis test applied: on mean 
vector length: p = 0 . 1 ; on circular variance: p = 0 . 1 ; on circular skewness: p = 0 . 23 ). 
dress this, we develop a numerical sim ula tion to ex- 
amin e h ow run-an d-t um b le d ynamics a$ect encounter 
rates with passi vel y dr if t ing p art ic les, whic h act as inert 
p roxies fo r potent ia l fo o d items. 

The sim ula ted R. ori and er m oves at spe e ds drawn 
from a Gaussian dist ribut ion b ase d on exper iment al 
observations and executes runs of a pproxima tely uni- 
fo rm d uratio n. Aft er eac h run, the sim ula ted insect ex- 
periences dire ct iona l chan g es m ode led by a sup erp osi- 
tio n o f t wo circul ar Gaussi an dist ribut ions with means 
sep arate d by an adjustable parameter #φ ( Fig. 4 A, B). 
Spe ci!ca l ly, a va l ue o f #φ = 0 ◦ co rrespo nds to p redo m- 
ina ntly stra ight m ovem ent, while #φ = 180 ◦ indicates 
f requent shar p tur ns t hat are e qua l ly li kely to be left or 
r ight, wit h some !nite va ria nce a round ±90 ◦. Cha rac- 
ter istic tur nin g an gle dist ribut ions and r epr esen ta tive 
t raj e cto ries fo r #φ = 0 ◦, 90 ◦, and 180 ◦ are s h own in 
Fig. 4 A, B. 

In the sim ula tio n enviro nm ent, particles passive ly 
dr if t from lef t to r ight wit hin a squa re doma in of side 
length L under p erio dic b oun dary con ditions, m oving 
a t a constan t ho rizo nta l spe e d v f ( Fig. 4 C). This par- 
t icle spe e d v f s erves as a s eco nd ad justable pa ra me- 
ter in our m ode l. Th e sim ula te d pre dator is e quippe d 
with a f orwa r d-dir e cte d “vision triangle,” de!ned as an 
is os celes tri angle w ith a v ertex an gle of 45 deg re es and 
side len gth s of 40 mm, re"e ct ing the t ypic al run length 
observed exper iment ally. Pa rticles a r e consider ed inter- 
cepted when they enter this t riangu lar visua l reg ion. 

We explore the e$ects of turning s harpn ess #φ (0–
180 deg re es) and p art icle spe e d v f (0–200 mm/s) on 
encounter s ucces s, qu antify ing the number of p art icles 
captured ov er !x ed-d uratio n sim ula tions. Each pa ra m- 
eter co mb inatio n is eval uated across ten replicate sim- 
u lat ion s to en sur e r o bus t s tatis t ica l c haract erizatio n o f 
m ode l per for mance. 
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Fig. 4 (A, B) Sample turning angle distributions and sim ulated trajectories f or #φ = 0 ◦, 90 ◦, and 180 ◦, illustrating increasing angular 
reorientations. (C) Schematic of the simulation setup showing the vision triangle of the predator and food particle drifting from left to 
right. (D) Heatmap of particle encounter count as a function of Angular Separation ( #φ) and particle speed ( v f ), averaged over 10 
simulations. Particle encounter is maximized at intermediate #φ values for slow particles, while faster food particles favor sharper 
directional changes ( #φ ≈ 130 ◦–150 ◦), indicating an advantage of run-and-tumble-like strategies in dynamic environments. 

We v isu alize the co mb ine d e$e ct o f turning sharp ness 
( #φ) and p art icle spe e d ( v f ) on encounter s ucces s using 
a tw o-dimen siona l heat map ( Fig. 4 D). The x -axis rep- 
resents a ngula r sepa ration #φ, the y -axis corresponds 
to p art icle spe e d v f , an d th e color en codes th e total en- 
count er s during the sim ula tions. At low particle speeds, 
ca pture ra tes s h ow a clear unim odal re lations hip with 
#φ, peaking around #φ ≈ 100 ◦. Notab l y, at these low 
spe e ds, ext r eme dir e ct iona l chan g es ( #φ ≈ 180 ◦) re- 
sult in the lowest p art ic le encount er rat es, per for ming 
ev en w orse than straight-line movements ( #φ ≈ 0 ◦). 
As p art icle spe e d in creases, h ow ev er, t his pe a k in p art i- 
c le encount er shifts t owa rd higher a ngula r sepa rations 

( #φ ≈ 130 ◦–150 ◦), s ugges ting that more pron oun ced 
latera l turning be com es in creasingl y ad vantageou s a s 
fo o d p art icles move faster. 

These results indicate that while moderate lat- 
eral turning o p timizes number of encount er s when 
p art icles move slowly or remain nearly stationary, 
sharper dire ct iona l chan g es becom e in creasingly ben- 
e!cia l as p art icle spe e d in creases. Th erefore, th e 
run-and-t um ble strategy employed by R. ori and er , 
c haract erized by frequent latera l turns, li kely rep- 
resents an adaptiv e respon se that enhances fo o d 
p art ic le encount er s in env ironments w ith "ow ing 
s ubs trates. 
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Discussion 
In this study, we docum ent an d quan tita ti vel y char- 
acter ize t h e run-an d-t um ble loco motio n exhib i ted by 
R. ori and er , an interface-dwe l ling inse ct navigat ing dy- 
namic, "uid enviro nmen ts. Our observa tio ns demo n- 
stra te tha t R. ori and er em ploys repea t ed cyc les o f rap id 
dire ct iona l pro p ulsion (runs) int er sper sed with sharp 
latera l re or ient ations (t um bles), a behaviora l p attern 
we ll-docum ented in microbial taxa such as E. coli and C. 
r einhar dtii , but seldom observed at macroscopic scales. 
Thr ough contr olled labo rato ry experim ents an d com- 
pu tatio nal sim ula tion s, w e rev e al t hat t his dist inct ive lo- 
co motio n pattern likely prov ides ecologic al advantages 
by a ugmen ting prey encoun t er s, pa rticula r ly wh en prey 
a re f oun d on a m o ving or "o wing s ubs trat e . 

Th e be havio r o f R. ori and er is a compe lling exam- 
ple o f behavio ral co nv er g ence. Desp i te signi!cant mo r- 
p ho log ica l and e colog ica l di$erences, diverse taxa rang- 
ing from microscopic bacteria and algae to interfacial 
insects at millimeter scales in depen dentl y evo l ve sim- 
i lar locomot ion st rateg ies to e#ciently sea rch f or re- 
sources or more fav ora ble environm ents. Th e persis- 
ten ce of run-an d-t um ble m ovem ent across a wide ran g e 
of b o dy sizes undersco res i ts re levan ce as a search strat- 
egy, a lig ning with expe ctat io ns fro m scaling p rinci ples, 
p art icu larly in envir onments wher e con tin uous linear 
motion may be less e$ective. 

Run-and-t um ble loco motio n in R. oriander per sist ed 
across ambient "ow con ditions foun d in its natural en- 
vir onment. Our r esear ch s h ows tha t essen t ia l locomo- 
t ion p a ra met er s, inc luding spe e d and run length, re- 
ma in la r g e ly un chan g e d across the e colog ica l ly relevant 
"ow regimes we explored. This stab ili ty likely allows 
R. ori and er to take advantage of di$erent microhabi- 
t ats ne ar gent le stre a m edges a nd within sma l l e ddies 
or sur face are as, are as where prey avai labi lity and "uid 
dy namics c an vary unpredictab l y. Such resilience in be- 
haviora l st rateg ies is im portan t fo r o r ganism s livin g in 
"uid enviro nm ents mar ked by varying external condi- 
tions. 

From a bro ader e colog ica l p ersp e ct ive, th e run-an d- 
t um ble strategy observed here serves as a fascinating 
evol u tio nary sol u tio n fo r e$e ct ive sp at ia l explorat ion 
and r esour ce gat her ing . Prev ious the oret ica l and em- 
pir ical rese arch h a s re cog nize d search p atterns such as 
Lévy "ights and co rrelated rando m wa l ks as advanta- 
ge ous in spe ci!c scenarios. O ur r esear ch co ntribu tes 
to this on g oin g conv ersation by s h ow casin g run-and- 
t um ble loco motio n in the aqua tic in terfaci al env iron- 
ment, which is p art icu larly suite d to the dynamic and 
co mplex co ndi tio ns faced by mob ile o r ganism s. 

Beyon d fun dam enta l e colog ica l insights, the behav- 
iora l me ch ani sms of run-and-t um ble lo comotion do c- 
um ented in R. ori and er h old signi!can t poten t ia l for 

b io mimet ic te chnolog ica l a pplica t ions. Spe ci!ca l ly, the 
observe d locomot ion p attern s can in spire the design of 
se arch algor it hms for auton om ous surface robots. Such 
b io mimet ic a lgo ri thms could be pa rticula rl y valuab le 
in dev elopin g mobile swarm s ( Ruben st ein et al . 2014 ) 
for a pplica tion s includin g oceanic plastic debris cap- 
ture, o il sp ill mi tigatio n, a nd sea rch-a nd-rescue opera- 
tions ( Murphy 2008 ). Robots operating at "uid inter- 
faces must e#ciently explore lar g e sp at ia l areas while 
ada pting to com plex surface "ows and unpredictable 
tar g ets, co ndi tio n s analog ous to th ose en countered by 
interfacia l inse cts. Ther efor e, embedding p rinci ples de- 
rived f rom R . ori and er ’s run-an d-t um ble loco motio n 
into algo ri thmic co ntrol framewo rks could lead to en- 
hance d operat iona l e#ciency, ro bus tnes s, and adapt- 
ab ili ty o f au to no mo us robo tic systems. 

In co ncl usio n, we re cog nize s e vera l limitat ions 
within our study and list some future avenues. Al- 
though labo rato ry experimen ts are systema tic and con- 
t rol le d, they might not comp letel y re"ect the intrica- 
cies of natural hab i tats. Mo reover, our co mpu tatio nal 
m ode l st ream lines prey dynamics and p redato r sen- 
so ry systems, p r esenting r oom t o int egrat e more realis- 
t ic e colog ica l interact io ns and enviro nment al var iab ili ty 
in future sim ula tions. F or exam ple, we could incorpo- 
ra te esca pe ten den cies an d active m otion in th e simu- 
late d prey, a long with a fe e db ack-cont rol le d driver for 
the p redato r to acti vel y adapt its run and t um ble be- 
h avior ba sed o n i ts s ens o ry inpu ts. Gi ven that Rh agov- 
elia have been observed p reying u po n microcrust ace ans 
and sma l l inse cts ( Dra k e 1914 ; Pa nizzi et al. 2015 ), 
which exhib i t varyin g lev els of activ e loco motio n in ad- 
di tio n to passive dr if t, f utur e r esear ch could focus on 
c haract er izing t h e m ovem en t tra jectories and behav- 
io r o f these p rey i tem s. Inv est igat ing h ow Rhagov eli a 
detec t and ac ti vel y purs ue s uch mo b ile p rey in "ow- 
in g water w ou ld provide de eper insigh ts in to their for- 
a ging s trategies and ecological int eractions. Pur suing 
thes e propos ed exten sion s wi l l a lso exp an d possi bili- 
ties fo r b io insp ir ed r obo tics and adap tive comp utat iona l 
algo ri thms. 
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