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Summary Statement:
Within 1-2 months after settlement, juvenile snapping shrimp develop an elastic mechanism
which allows them to generate ultrafast strikes, cavitation bubbles, and the highest recorded

accelerations for underwater, repeated-use movements.
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Abstract:
Organisms such as jumping froghopper insects and punching mantis shrimp use spring-

based propulsion to achieve fast motion. Studies of elastic mechanisms primarily focus on fully
developed and functional mechanisms in adult organisms. However, the ontogeny and
development of these mechanisms can provide important insights into lower size limits of
spring-based propulsion, the ecological or behavioral relevance of ultrafast movement, and the
scaling of ultrafast movement. Here we examine the development of the spring-latch
mechanism in the big claw snapping shrimp, Alpheus heterochaelis (Alpheidae). Adult snapping
shrimp use an enlarged claw to produce high-speed strikes that generate cavitation bubbles.
However, until now, it was unclear when the elastic mechanism emerges during development
and whether juvenile snapping shrimp can generate cavitation at this size. We reared A.
heterochaelis from eggs, through their larval and postlarval stages. Starting one month after
hatching, the snapping shrimp snapping claw gradually developed a spring-actuated mechanism
and began snapping. We used high speed videography (300,000 frames s) to measure juvenile
snaps. We discovered that juvenile snapping shrimp generate the highest recorded
accelerations (5.8x10° + 3.3x10° m s72) for repeated use, underwater motion and are capable of
producing cavitation at the millimeter scale. The angular velocity of snaps did not change as
juveniles grew; however, juvenile snapping shrimp with larger claws produced faster linear
speeds and generated larger, longer-lasting cavitation bubbles. These findings establish the
development of the elastic mechanism and cavitation in snapping shrimp and provide insights

into early life-history transitions in spring-actuated mechanisms.
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Introduction:
Biological systems achieve ultrafast motion through latch-mediated spring actuation

(LaMSA), a process that uses intricately coordinated springs and latches to temporarily store
and then rapidly release elastic energy to propel movement (Bennet-Clark, 1975; Gronenberg,
1996; Longo et al., 2019; Patek et al., 2004; Patek et al., 2011). LaMSA mechanisms have
repeatedly evolved across the tree of life, leading to incredible behaviors such as legless larval
flies leaping through the air (Farley et al., 2019), plants shooting ballistic seed projectiles
(Hofhuis et al., 2016), and mantis shrimp generating high speed strikes to capture or process
their prey (Patek, 2019; Patek et al., 2004). LaMSA research largely focuses on mechanisms
within a narrow size or age range of the organism; however, the biomechanics of an organism
changes over ontogeny as the underlying mechanical systems change in size and shape (Herrel
and Gibb, 2006).

Identifying when LaMSA elements develop and how development coincides with the
emergence of behavior can help elucidate how a biomechanical system relates to ecological
shifts in early life history. Mantis shrimp develop their LaMSA mechanism as they transition to
the pelagic zone and begin feeding (Harrison et al., 2021). During this transition, mantis shrimp
develop the saddle and meral-v, both elastic elements found in the adult mantis shrimp LaMSA
mechanism (Patek et al., 2007; Rosario and Patek, 2015; Zack et al., 2009). Biological LaMSA
mechanisms are often complex mechanical systems that integrate multiple elements, including
motors (e.g., muscles), springs (e.g., tendon, apodeme), and latches (Anderson et al., 2014;
Blanco and Patek, 2014, Claverie and Patek, 2013; Longo et al., 2019); understanding when and
how these mechanisms develop within systems helps inform the ecological and evolutionary
relevance of spring actuation in biology (Roberts and Azizi, 2011; Wood, 2020).

Ontogeny and development are also useful in exploring scaling constraints on the size
and kinematics of biomechanical systems (Dangles et al., 2007; Herrel and Gibb, 2006; Kolmann
and Huber, 2009; Tanner et al., 2010; Vincent et al., 2007). For example, the negative scaling
coefficients for feeding kinematics and morphology in first-feeding zebrafish larvae reflect the
challenges of a viscous-dominated fluid environment (Hernandez, 2000). During early life
history stages, the larval operculum is underdeveloped, and the relative water viscosity is much

greater. At these small sizes, larval feeding is likely constrained by the time it takes to force
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viscous water out of the buccal chamber (Hernandez, 2000). Mathematical and physical models
of LaMSA mechanisms suggest that smaller LaMSA mechanisms deliver elastic energy more
efficiently and generate greater accelerations than larger LaMSA mechanisms (llton et al., 2018;
llton et al., 2019). Comparative studies of the scaling of LaMSA kinematics provide mixed
support for these models (llton et al., 2018; Sutton et al., 2019). The phylogenetic variation
inherent in broad comparative datasets can make it difficult to disentangle variables and isolate
the effects of size (Freckleton and Jetz, 2009; Mufioz, 2022). For example, even though a
jellyfish nematocyst and a locust jumping leg both use elastic recoil to achieve ultrafast
movement, they use different physical structures for different behaviors. Ontogenetic scaling
of LaMSA morphology and performance can provide important insights into how growth and
size affect function within a system and whether that agrees with mathematical models or
larger comparative studies.

Here we establish the development and scaling of LaMSA in snapping shrimp. Snapping
shrimp (Alpheidae) are a clade of decapod crustaceans that use a LaMSA mechanism in their
enlarged, specialized claw to generate cavitation bubbles (Fig 1; Anker et al., 2006; Dinh and
Patek; Kaji et al., 2018; Kingston et al., 2022). Cavitation is an incredibly energetic event that
occurs when liquid water briefly vaporizes and implodes; the collapse of the bubble releases
energy in the form of light, heat, and sound (Brennan, 1995). Adult snapping shrimp create
these bubbles by rapidly inserting a plunger on their dactyl into a corresponding socket on their
propodus, and thereby ejecting a high-speed jet of water and cavitation bubble (Versluis et al.,
2000). Substantial prior research addresses snapping shrimp behavior (e.g., Dinh et al., 2020;
Hughes, 1996; Nolan and Salmon, 1970; Schein, 1977), evolution (e.g. - (e.g., Anker et al., 2006;
Chow et al., 2021; Kaji et al., 2018), development (e.g., Knowlton, 1973; Spence and Knowlton,
2008), biomechanics (e.g., Kim et al., 2010; Lohse et al., 2001; Ritzmann, 1974; Versluis et al.,
2000; Yang et al., 2020), and ecology (e.g., Butler et al., 2017; Mathews et al., 2002). A previous
study on snapping shrimp development showed that the postlarval claws were undifferentiated
(Young et al., 1994), which suggests that snapping shrimp do not have a LaMSA mechanism

when they settle in adult habitats. Even so, to our knowledge, research has not addressed the
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timing and emergence of the snapping behavior during development, the scaling of snap
kinematics, and the threshold size and kinematics that successfully produce cavitation.

Here we address three central questions. (1) At what size and age do snapping shrimp
develop their LaMSA mechanism? (2) Is the LaMSA mechanism capable of generating cavitation
at this size? (3) How do claw kinematics compare to adult snapping shrimp and other biological
LaMSA mechanisms? To address these questions, we reared snapping shrimp larvae through
early development and established when the snapping claw, snapping behavior, and cavitation
bubbles emerged. We then compared juvenile snapping shrimp strike kinematics with adult
kinematics and with other high-acceleration biological systems collected from the literature.
Based on comparative studies and mathematical models, we predicted that snapping shrimp
would develop their LaMSA mechanism shortly after the larvae transition into the adult
habitats and that juvenile snapping shrimp would generate accelerations greater than their

adult counterparts (llton et al., 2018).

Methods:

Specimen collection and claw development:
As our egg source for the ontogenetic study, we collected four gravid female Alpheus

heterochaelis from mudflats in Beaufort, NC in July 2020. Female snapping shrimp adhere their
developing eggs to their pleopods. We carefully scraped the eggs off the pleopods and placed
them into 10x10x10 cm? plastic containers filled with synthetic seawater. Synthetic seawater
was made by mixing sea salt (Instant Ocean, Spectrum Brands, Blacksburg, VA,USA) into RO
grade fresh water (temp: ~27 C°, salinity: ~30 ppt). Containers were gently rocked on a variable
speed shaker table, which kept water continually flowing over the eggs. Within 20 days,
hatching ended. Newly hatched larvae were kept under the same conditions as the eggs and
inspected daily to determine the timing of larval molts. After 5-6 days, all larvae completed
their three pelagic larval stages and settled as postlarva (Fig 1; Knowlton, 1973). Postlarvae
were taken off the shaker table and transferred into individual plastic containers filled with
synthetic seawater and kept under ambient light. At the postlarval stage, snapping shrimp
began feeding on one- to two-day-old Artemia nauplii (Grade A Brine Shrimp Eggs, Brine Shrimp
Direct, Ogden, UT, USA). Snapping shrimp were fed daily. Their containers were cleaned every

1-2 days. Cleaning consisted of a 50% water change and removal of old food and detritus.
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Around one-month post settlement, juvenile snapping shrimp began snapping their
major chelae during water changes and feedings. Over three weeks, we selected 20 juvenile
shrimp from each of the four egg clutches (5 individuals per clutch) to visualize and measure
striking behavior. Individuals were chosen to encompass a range of body sizes present in each

egg clutch at the time of data collection (SFig. 1).

Strike and Cavitation Probability:
Juvenile snapping shrimp strikes (281 strikes, 20 individuals, 3-15 strikes per individual)

were collected using a high speed video camera attached to a microscope (model 165M FC
stereomicroscope, Leica Microsystems Inc., Buffalo Grove, IL, USA; 256x128 pixel resolution,
300,000 frames s, Fastcam SA-Z, Photron, San Diego, CA, USA). To film juvenile strikes, we
removed each individual from its container, dried the carapace with a paper towel, and affixed
a toothpick to the carapace using cyanoacrylate glue. We held the toothpick and snapping
shrimp in place using small clamps. We then filmed the strikes using a dorsal view and
attempted to elicit fifteen strikes from each individual by agitating them with a toothpick. A
maximum of fifteen strikes for each snapping shrimp was decided prior to data collection. Out
of the twenty individuals tested, only two stopped striking before reaching fifteen strikes (one
individual struck only 3 times and another individual struck only 8 times). Because we were
unable to track individual molts for all snapping shrimp across our experiment, measurements
of snapping shrimp reflect size and not a specific molt. High speed video was collected for each
strike attempt. We defined a strike attempt as follows: an individual cocks the dactyl open,
directs the claw away from the body, and rapidly rotates the dactyl. Videos were calibrated
using a 0.1 mm-scale ruler (PEAK 1972-50 Glass scale; GWJ Company, La Quinta, CA, USA)
filmed in the plane of focus.

Strike attempts were binned into two categories: full strikes and incomplete strikes. If
the dactyl completely closed against the propodus during a strike attempt, it was considered a
full strike (Movie 1). If the dactyl did not fully close, we considered it an incomplete strike
(Movie 2). Full strikes were further categorized by whether they generated a cavitation bubble
or not. If a strike generated a cavitation bubble, we measured the distance each bubble
traveled and the duration of bubble collapse. Bubble travel distance was defined as the linear

distance between the location of collapse from the edge of the propodus socket. Collapse
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duration was defined as the length of time between the bubble’s maximum size and when the
bubble collapsed. Statistical tests comparing snapping shrimp size and strike probabilities are

outlined below.

Strike Kinematics:
Of the 281 strikes collected from juvenile snapping shrimp, only 125 (19 individuals, 2 -

13 per individual) were full strikes and in the proper orientation for kinematic analyses. We
manually tracked four points on the snapping claw: two points on the dactyl and two points on
the propodus (DLTdv7 MATLAB script; MATLAB 9.4, version R2018a; Hedrick, 2008). Point
tracking began one frame before dactyl rotation and ended when the dactyl fully closed.
Tracked points were converted into angular displacement and smoothed using a LOESS model
fit. Angular velocity was calculated from the first derivative of the fitted positional data with
respect to time. Angular acceleration was calculated from the first derivative of a LOESS model
fit to the angular velocity (Fig. 3). One random strike was digitized 10 times to calculate the
digitizing error. The standard error of the reported mean from digitizing constituted 0.7% of the
reported rotation measurement, 0.8% of the velocity measurement, and 1.4% of the
acceleration measurement.

After filming, we fixed individuals in 4% glutaraldehyde with 0.2 M PBS and 8% sucrose
mixture. After fixation, we imaged each snapping shrimp, surgically removed their snapping
claws, and then imaged the dorsal, lateral, and ventral facing sides of each claw (2560x1920
pixel resolution; DFC 450 C camera; model 165M FC microscope; Leica Microsystems Inc.,
Buffalo Grove, IL, USA). Each image was embedded with a digital scale bar calibrated using a
0.02 mm stage micrometer. Claws were weighed using a microbalance (resolution: 1 ug; XPE56
Mettler Toledo, Pleasant Prairie, WI, USA). Finally, the dactyl was surgically removed from the
propodus and weighed. During one of the dissections, one dactyl was accidentally lost,
therefore, we only report dactyl mass for 19 individuals (Table S1).

We measured the carapace length, snapping claw length, dactyl length, and plunger
distance from microscope images of each snapping shrimp (Image J, V2.1.0; National Institute
of Health, Bethesda, MD, USA; Schneider et al., 2012). Carapace length was defined as the
distance from the tip of the rostrum to the posterior edge of the carapace at the midline.

Snapping claw length was defined as the distance from the joint between the propodus and
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carpus to the distal-most point on the dactyl. Dactyl length was defined as the distance from
the point of rotation on the propodus to the dactyl tip. Plunger distance was defined as the
distance between the point of rotation and the apex of the plunger. Morphological
measurements are illustrated in Figure S#. To reduce the effect of measurement error, all mass
and length measurements were collected three times each and we report the mean value here.
Plunger speed was calculated by multiplying the angular velocity in radians per second by the
plunger distance. Linear acceleration of the claw was calculated by multiplying the angular
acceleration in radians per second squared by dactyl length. Statistical tests comparing strike
kinematics and snapping shrimp size are further outlined below. It is important to note that we

cannot differentiate between size and age within juvenile snapping shrimp.

Evidence of LaMSA in juvenile snapping shrimp:
Using the kinematics and morphology measured above, we estimated the power density

required to rotate the snapping shrimp dactyl during a strike. We used a similar approach
developed for measuring mantis shrimp energetics (McHenry et al., 2012). During a snapping
shrimp strike, both the dactyl and propodus rotate through the water. Given the complexities
of modeling multiple rotations at high rates in tiny structures, we simplified the model to only
include the rotation of the dactyl. This is a conservative approach to measuring power density
because it underestimates total strike energy by not including propodus rotation. We
approximated total strike energy (Estrike) as:

Estrike = Exe + Eqa
Where Eke is the kinetic energy of the strike and Eq is the energetic cost of drag.

Strike kinetic energy (Exe) generated during claw closure was calculated as:

IpactyitIwater
— Yy (4)2

E
KE 2

where | is the moment of inertia and @ is the angular velocity of the strike. The moment of
inertia of the dactyl was calculated using a blade element approach (McHenry et al., 2012;
McHenry et al., 2016). Using microscope images of snapping shrimp claws, we divided the
dactyl into twenty different chord-wise elements along its length (Fig. S2). For each element,
we measured the chord thickness (i.e., linear dimension along the length of the dactyl), chord

length (i.e., linear dimension parallel to the flow), chord width (i.e., linear dimension
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perpendicular to the flow), and the distance from the center of each element to the point of
rotation. The volume of each element was approximated using the calculation for an elliptical
cylinder. We assigned a mass for each element by taking the mass of the entire dactyl and then
assigning a mass proportional to the element’s relative volume. We then calculated the
moment of inertia for the dactyl by summing the moment of inertia for each individual
element:
Ipgetyr = Tieam; + 1%,

where mjis the mass of each element, r; is the distance of each element from the point of
rotation.

The dactyl accelerates an added mass of water which is proportional to the moment of

inertia of the water, lwater. Iwater Was calculated using the following equation (Sarpkaya, 1986):

Lvater = 7 T Pwater [, T2 h2 dL,

Where h is the chord width, r is the distance from the point of rotation, and L is the length of
the dactyl.

The energetic cost of drag (Eq) was calculated by integrating the drag torque (74rq4)
over the angular displacement of the strike (McHenry et al., 2012):

Eqy = foyd Taragdy,

where y, is the total angular excursion of the strike. This integral was solved using the
cumtrapz function in R (cumtrapz, R v.1.3.959).

We modeled torque created by drag on the dactyl with the same blade-element
approach which integrates the force generated by elements along the length of the dactyl.

Torque was calculated with the following equation (Hoerner, 1965):
1 dy\?
Tarag = 5 P TyL® (d_]t/) ,
where Z_Z is the angular velocity, L is the length of the dactyl, pis the density of water (1025 kg

m-3) and T, is the drag-torque index. The drag-torque index is a dimensionless number
calculated by approximating the shape of the rotating structure as an elliptical cylinder

(McHenry et al., 2012). The number indicates the degree to which the rotating structure
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generates drag as it rotates through a fluid. We calculated T, using the equation (McHenry et

al., 2012):
1
Ta = 75 Xi=1 h;(Cy)irAl,
where Al is the thickness of each element, r is the distance between each element and the
point of rotation, Cy is the drag coefficient of the element, and h is the width of the element.
The drag coefficient (Cy) was calculated for each individual element by modeling a uniform

elliptical cylinder (Hoerner, 1965):

Co=k(1+5)+11(3),
where c is the chord length and k is a shape coefficient that varies with the geometry of the
structure. For a uniform elliptical cylinder, a fixed value (k=0.015) is predictive of empirical drag
measurements (Hoerner, 1965). Morphological measurements taken for energy calculations are
shown in Figure S2.

Finally, we divided the total strike energy by strike duration and snapping claw mass to
determine the mass-specific maximum power output of the strike. We compared the modeled
power outputs of the juvenile snapping shrimp strikes to the previously measured maximum
power outputs of muscle (1200 W kg in Coturnix chinensis; Askew et al., 2001).

We performed error (uncertainty) analyses for strike kinematics and energy calculations
based on the uncertainty of the mass (5 x 1020 kg), distance (5 x 10° m), and time
measurements (300,000 frames s'%; 1.5 x 10”7 s). The resulting uncertainty in our reported
calculations ranged from 10.3 to 20.3% (speed: 10.3%, acceleration:10.4%; Energy: 10.3%;
Power Density: 20.3%) and is represented via the significant digits reported in Table 1.

LaMSA mechanism:
Adult A. heterochaelis use a torque-reversal latch to mediate the flow of elastic energy

in their snapping claw (Ritzmann, 1974; Longo et al., in revision). In adults, unlatching is
achieved via a “trigger muscle”, a section of the closer muscle that originates along the anterior
medial edge of the propodus (Ritzmann, 1974; Kaji et al., 2018). We looked for the
development of the trigger muscle in juvenile A. heterochaelis to determine whether juveniles
use a similar torque-reversal latch for their LaMSA mechanism. The propodus is slightly

transparent in juvenile snapping shrimp, so we used images taken of snapping claws under the
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microscope to determine the presence or absence of the trigger muscle. We used microscope
images of developing A. heterochaelis snapping claws to look for the development of the
saddle-like regions in juvenile snapping shrimp (Fig. 1).

Kinematic Comparisons:
Finally, we compared juvenile snapping shrimp strike accelerations to adult A.

heterochaelis strikes and other biological LaMSA mechanisms. Adult A. heterochaelis strike
accelerations were calculated by Versluis et al., 2000; however, they did not report the mass of
the snapping claw or dactyl. We weighed snapping claws and dactyls from adult A.
heterochaelis collected in Beaufort, North Carolina (n=3). We then used the dactyl mass from
juvenile and adult snapping claws for our kinematic comparisons. Our larger comparative
dataset was expanded from a previously-compiled dataset of LaMSA mechanisms (llton et al.,
2018; Longo et al., 2021). We added a series of recently reported high-acceleration systems
including larval mantis shrimp (Harrison et al., 2021), larval dragonfly (Biisse et al., 2021), trap-
jaw spider (Wood, 2020), slingshot spiders (Alexander and Bhamla, 2020), larval bark beetles
(Bertone et al., 2022), thirteen species of trap-jaw ants (Booher et al., 2021; Gibson et al., 2018;
Larabee et al., 2017), and seventy-seven species of frogs (Mendoza et al., 2020; Moen et al.,

2013; Moen et al., 2021).

Statistical Analyses:
We used one-way ANOVAs to test whether body mass or snapping claw mass differed

between egg clutches. We then used a major axis regression between log-transformed claw
mass and log-transformed body mass to determine whether snapping claw growth was
positively allometric across individuals (ma function; smatr; Warton et al., 2012). The slope of
the major axis regression was evaluated against a null hypothesis of isometry (slope of 1).

To determine whether larger claws were more likely to produce full strikes than smaller
claws we binned individuals into two groups: (1) individuals that produced full strikes 100% of
the time and (2) individuals that sometimes produced incomplete strikes. We ran a Welch Two
Sample t-test comparing snapping claw mass between the two groups (20 individuals; Fig 4A).
We then repeated this test using cavitation probability to determine whether larger claws were
more reliable at producing cavitation bubbles. This t-test only included data from full strikes

(n=19 individuals; Fig 4B).
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Finally, we tested how bubble travel distance, bubble collapse duration, maximum
angular velocity, and maximum plunger speed scaled with claw mass using linear models (Im
function; Imer package, R v.1.3.959). Linear models for bubble travel distance and collapse
duration only included strikes that produced cavitation bubbles (216 strikes, 16 individuals, 4 to
15 strikes per individual). Linear models for maximum angular velocity and plunger speed only
included strikes for which we measured strike kinematics (125 strikes, 19 individuals, 2 to 13

strikes per individual).

Results:

Snapping Shrimp Development
We successfully hatched and raised A. heterochaelis eggs through their pelagic larval

phase into the postlarval and juvenile stages. The entire larval pelagic phase of A. heterochaelis
was complete after roughly five days. This phase consisted of three pelagic larval stages
separated by discrete molting cycles. During the first and second larval stages, larvae had three
pairs of swimming appendages, while in the third and final larval stage larvae had six pairs of
swimming appendages (Fig 1). After settlement, the six sets of swimming appendages
transformed into six sets of pereopods: three anterior sets of chelae and three posterior sets of
walking appendages (Fig 1). The first pereopods started as undifferentiated chelae and over a
two-month period, they gradually differentiated into the major and minor chelae (snapping and
non-snapping claws). After the third or fourth molt, the snapping claw began forming a plunger
and socket. At this same time, the propodus developed two saddle-like shapes on the lateral
and medial sides of the claw (Fig. 1). Over several molts, the plunger and socket deepened, and
two saddle-like shapes become more pronounced. At the same time, the closer muscle inside
the propodus developed new origin sites along the propodus that correspond with the trigger
muscle seen in adult A. heterochaelis (Ritzmann, 1974). Roughly one month after settlement
(~5-6 molts), juvenile A. heterochaelis began snapping during feedings and water changes (J.
Harrison pers. obsv.). After two months (~8-9 molts), juvenile snapping claws showed
remarkable similarity to adult snapping claws.

We found no statistical difference in body mass or snapping claw mass between

clutches (body mass: df= 3, F=0.0722, p= 0.974; snapping claw mass: df=3, F=0.1819,
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p=0.9071). However, juvenile snapping claw mass was positively allometric relative to carapace
length during this early period of growth (Fig. 2; slope = 1.7, R?=0.91, p<0.001, df = 18).

Strike and Cavitation Probability
Starting one-month post-settlement, juvenile snapping shrimp began striking. During a

strike, juvenile snapping shrimp extended their major claw away from the body, fully opened
their propodus (~90-100 degrees), held the dactyl open for roughly 500 ms, and then rapidly
closed the dactyl. We attempted to elicit fifteen strikes from twenty juvenile snapping shrimp;
however, two individuals stopped striking before we reached 15 strike attempts. Our final
dataset was comprised of 281 strike attempts across twenty individuals (3-15 strikes per
individual). We were unable to elicit strikes from juvenile snapping shrimp smaller than 3 mm in
carapace length. Snapping shrimp with larger claws were more reliable at producing full strikes
(Fig 4A; t=-3.6887, df=9.9652, p= 0.00421) and more reliable at producing cavitation bubbles
(Fig 4B; t=-3.441, df=16.054, p = 0.00334). This means that larger snapping shrimp were more
likely than smaller snapping shrimp to produce full strikes and those strikes were more likely to
generate cavitation bubbles. Only 24 out of 240 full strikes did not produce cavitation bubbles.
Juvenile snapping shrimp with claws larger than 2 x 10° kg produced full, cavitating strikes
every time we attempted to elicit a strike (Fig 4).

Strike Kinematics and LaMSA
Maximum angular velocity did not vary with the size of the snapping claw (Fig 5A; n=125

strikes, 19 individuals, 2-13 strikes per individual). However, snapping shrimp with larger claws
produced greater linear speeds (Fig 5B; R?=0.175, F-statistic=4.821, p<0.05, df=17). Maximum
linear acceleration of the juvenile snapping shrimp strike was on average 5.464 x 10° + 1.621 x
10° m s2, two orders of magnitude greater than adult A. heterochaelis strikes (7.2 x 103 m s%;
Versluis et al., 2000). Notably, peak acceleration of juvenile strikes generally occurred well after
the dactyl started rotating (Fig 3D). Juvenile snapping shrimp with larger claws produced
longer-lasting bubbles that traveled further (Fig 5C,D; bubble duration: R?=0.843, F-statistic =
81.42, p<0.001, df= 14; bubble distance: : R?=0.90, F-statistic = 133.377, p<0.001, df= 14).
Average strike kinematics are reported in Table 1.

Mass-specific power of juvenile snapping shrimp strikes was on average 4.33 x 107 +

2.185 x 107 W kg* (Fig 6). These measurements far exceed the maximum measured power
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output recorded for vertebrate muscle (1200 W kg*; Askew et al., 2001). The power density of
juvenile snapping shrimp strikes is similar to Dracula ants (5.0x10° W kg!; Larabee et al., 2018)

and snapping termites (1.1x107 W/kg; Seid et al., 2008).

Discussion:
Juvenile A. heterochaelis use a LaMSA mechanism that generates the highest recorded

accelerations measured for underwater, repeated-use, ultrafast movements (Fig 7). Our study
shows that the LaMSA morphology and snapping behavior develop gradually between one- and
two-months post-settlement (Fig 1). The spring-actuated strikes of these juvenile snapping
shrimp are so fast that they form cavitation bubbles, even in claws smaller than 1 mg (Fig 4).
Larger juvenile snapping shrimp have larger snapping claws, which are more likely to produce
full, cavitating strikes than smaller snapping claws (Fig 4A,B). Angular velocity does not change
with claw size (Fig 5A); however, larger claws produced faster linear speeds and longer-lasting
bubbles (Fig 5B-D). The average power density for juvenile strikes (4.3 x 107 + 3.7 x 10’ W kg™?)
exceeds known muscle power limits and strongly suggests a LaMSA mechanism (Fig 6). Joint
morphology and muscle orientation suggest that juvenile A. heterochaeilis use a similar torque-
reversal latch found in adults. We explore these results in the context of snapping shrimp
development and ecology, other biological LaMSA mechanisms, and the implications of

biological limits for spring-actuated movements.

Timing of claw development and striking behavior:
Snapping claw development in A. heterochaelis is a gradual process that begins several

weeks after larvae have settled. Alpheus heterochaelis undergo an abbreviated pelagic larval
phase when individuals hatch as advanced zoeae, molt twice, and eventually settle out as
postlarvae in adult habitats (Fig 1; Knowlton, 1973). Larval stages take roughly five days, during
which the larvae do not feed and exhibit almost no growth (Knowlton, 1973). We initially
predicted that snapping shrimp would develop their LaMSA morphology during the postlarval
transition when they first enter adult habitats. However, an earlier study showed that
postlarval A. heterochaelis reared in the lab did not possess snapping claws (Young et al., 1994).
Here we support Young et al.’s findings, and further show that the timing of LaMSA
morphogenesis occurs between one- and two months after settlement (Fig 1). This gradual

differentiation of the snapping claw over several molts in juvenile snapping shrimp is
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remarkably similar to snapping claw regeneration in adult A. heterochaelis (Govind et al., 1988).
We see several distinct morphological shifts in the developing claw (Fig 1). For example, the
plunger and socket gradually increase in relative size as the snapping shrimp grow. Likewise, the
two saddle-like regions on the propodus become more apparent in the larger juveniles. A
deeper understanding of the genetic drivers of claw development and how they relate to tissue
differentiation and growth within the claw will further elucidate why the transition to striking
behavior occurs at this age and size in snapping shrimp.

Development of the snapping claw corresponded with the onset of striking behavior in
juvenile snapping shrimp, although not all strike attempts were successful. Smaller snapping
shrimp, without fully developed snapping claws, were less likely to produce full, cavitating
strikes compared to the larger and older juveniles (Fig 4A,B). Of the individuals we tested, the
snapping shrimp with the smallest claw mass was unable to achieve complete claw closure
during any of its fifteen strike attempts. We were also unable to elicit strikes from any snapping
shrimp with claw mass less than 0.03 mg, likely because the spring-latch mechanism was not
fully developed at that size. It is also noteworthy that both of the snapping shrimp that stopped
striking before we reached our maximum fifteen strikes were among the smallest we tested.

Even at millimeter size scales, juvenile snapping shrimp move rapidly enough to
generate cavitation. Cavitation is a highly energetic event: the collapse of the bubble generates
light, heat, plasma, and the distinct popping sound that gives the animals their name (Kim et al.,
2010; Lohse et al., 2001; Tang and Staack, 2019). The cavitation bubble in adult snapping
shrimp is formed by a vortex of water ejected from the snapping claw when the plunger is
rapidly rotated into the corresponding socket on the propodus (Hess et al., 2013). In juvenile
snapping shrimp, claw size is crucial in the formation and ejection of these bubbles (Fig 4B).
Snapping shrimp with snapping claws smaller than 1 mg did not always cavitate, even if they
achieved a full strike (Fig 4B). Interestingly, smaller juvenile snapping shrimp were able to
rotate their dactyls just as quickly as larger juveniles (Fig 5A), although larger snapping shrimp
with longer dactyls could generate slightly higher speeds (Fig 5B). However, even though they
are not moving much faster, snapping shrimp with larger claws generated cavitation bubbles

that lasted significantly longer and traveled further than snapping shrimp with smaller claws
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(Fig 5C,D). This is likely because the larger juveniles have more a pronounced plunger on the
dactyl (Fig 1), which would eject a greater volume of water. The formation of the cavitation
bubble is likely only possible when the snapping claw can generate a vortex of water with
sufficient volume and speed. Further research into the fluid dynamics of the water jet during
claw development will help elucidate how this vortex is formed and what is necessary to
generate a cavitation bubble.

These results lead to several questions. Why do smaller claws strike and cavitate less
reliably? At smaller sizes, it may be more difficult for A. heterochaelis to engage and maintain
the geometric latching mechanism. At smaller sizes, smaller movements are necessary to
unlatch the mechanism, increasing the potential risk to trigger the mechanism before it was
fully loaded. Additionally, smaller claws may not have the right tuning between spring stiffness
and muscle power. If the muscle cannot load the spring effectively, the mechanism will not be
able to store the elastic energy necessary to rotate the dactyl at sufficient speeds. However, it is
also important to mention that even though we labeled some strikes as unsuccessful, these
movements were still ultrafast (<1 ms). Why would snapping shrimp attempt to strike if the
mechanism is not reliable? Snapping shrimp use their snapping claws in antagonistic
interactions with conspecifics or predators (Nolan and Salmon, 1970). Adult snapping shrimp
use open snapping claws as a visual indicator of the size and competitive ability of their
opponents (Hughes, 1996). Even if juvenile claws are not snapping reliably, the juvenile may still
be signaling with the claw when it opens and it may be directing the claw towards an opponent
or aggressor. Alternatively, juveniles may be “practicing” their strikes. Mechanical forces play
an important role in the normal development and growth of musculoskeletal systems (Nowlan
et al., 2010). For example, jaw opening behaviors during early development in larval zebrafish
mechanically control joint morphogenesis and chondrocyte maturation through the Wnt
signaling pathway (Brunt et al., 2017). The formation of myotendinous junctions in Drosophila
indirect flight muscles requires mechanical signaling from tendon cells during embryogenesis
(Fernandes et al., 1996). Loading and firing their LaMSA mechanism during early ontogeny may

help juvenile snapping shrimp develop their snapping claw.
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Even at the millimeter size, juvenile snapping shrimp are capable of projecting cavitation
bubbles that travel almost twice the length of their dactyls (Fig 5C). We initially predicted that
juvenile snapping shrimp would develop their snapping claw when they transitioned into adult
habitats after settlement. Instead, we found that the development of the snapping claw is
delayed nearly a month after settlement. However, shortly after the claw is developed,
snapping shrimp are capable of projecting cavitation bubbles several millimeters. Snapping
shrimp use cavitation bubbles in agonistic encounters with conspecifics and predators (Nolan
and Salmon, 1970). Projection of the bubble beyond the length of their claw is a critical step for
juvenile snapping shrimp to begin engaging in contests over resources and defending

themselves against predators.

Evidence of LaMSA in juvenile snapping shrimp:
Evidence for the juvenile snapping shrimp LaMSA mechanism comes from their ultrafast

kinematics and our approximations of the power required to produce the strike. Claw closure
duration of juvenile snapping shrimp strikes ranged from 0.2 to 0.6 ms (Table 1). Larger
juvenile snapping shrimp exhibited the longest durations. Peak angular velocities of juvenile
strikes exceeded 22,000 radians per second (>1,200,000 ° s). This is of a similar order of
magnitude as the LaMSA strike in the Dracula ants (Mystrium camillae, 56,000 rad s; Larabee
et al., 2018). In comparison, King prawns (Litopenaeus vannamei) are a group of shrimp that do
not use spring actuation to close the claws: their angular velocity clocks in at only 56.5 radians
per second (Kaji et al., 2018).

The peak power density for juvenile snapping shrimp strikes was approximated as 4.27 x
107 W kgL. Similar orders-of-magnitude are present in the Dracula ant (5 x 10° W kg!; Larabee
et al., 2018) and termite soldier strikes (1.1 x 10’ W kg!; Seid et al., 2008). Every juvenile
snapping shrimp strike showed power densities several orders of magnitude higher than the
maximum measured power density of muscle (1121 W/kg in Coturnix chinensis; Askew et al.,
2001). Therefore, the juvenile snapping shrimp strike must use spring actuation. Determining
whether or not LaMSA is present through calculations of power density is particularly useful
when direct measurements of spring dynamics are not feasible (Larabee et al., 2018; Longo et
al., 2019; Patek et al., 2004). As discussed in the Methods section, the blade element models

we used to approximate power density likely underestimate the amount of fluid drag.
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Therefore, our calculations of energy and power underestimate the actual power requirements
needed for snapping shrimp strikes.

Juvenile A. heterochaelis likely use the same torque-reversal latching mechanism as
adults (Kaji et al., 2018; Ritzmann, 1974). Torque-reversal latches restrict the flow of energy
when the mechanism is in a particular geometric configuration (Longo et al., 2019). When the
snapping shrimp claw is open, a large portion of the closing muscle places a torque on the
dactyl that keeps the dactyl open. When the latch is engaged, the muscles load elastic energy
into elastic elements in the claw (Longo et al., In review). Unlatching occurs when a trigger
muscle (a section of the closer muscle) shifts the direction of loading around the pivot point,
thereby reversing the torque sign and rapidly closing the claw (Longo et al., In review;
Ritzmann, 1974). A juvenile snapping shrimp claw that can generate high-speed strikes has a
closer muscle along the medial facing side of the claw, whereas postlarval snapping shrimp
claws — which are incapable of rapid strikes - lack this muscle (Fig. 1). One- to two-month old
juvenile A. heterochaelis show a similar closer muscle orientation as adult snapping shrimp;
which suggests that juveniles use a similar LaMSA mechanism as adults (Kaji et al., 2018;
Ritzmann, 1974).

Elastic potential energy is stored through deformation of the propodus and possibly
through stretching of the large apodeme which connects the closer muscle to the dactyl (Longo
et al., In review). Exoskeletal deformation combined with stretched apodemes and other
tendon-like structures are often used in other LaMSA systems for storing and releasing elastic
energy. For example, locusts store some elastic energy in an apodeme when they are preparing
to jump (Bennet-Clark, 1975). In snapping shrimp, the closer muscle fibers are directly inserted
onto the apodeme. During contraction, the closer muscle would likely apply a strain on the
apodeme, storing elastic energy. A second potential region for energy storage is the
exoskeleton. Many arthropods store elastic energy in their exoskeleton, including mantis
shrimp and locusts (Bennet-Clark, 1975; Zack et al., 2009). Mantis shrimp use a saddle-like
structure in their exoskeleton to store and release elastic energy (Patek et al., 2007; Zack et al.,
2009). Hyperbolic paraboloids, also known as saddles, are surfaces often used in engineering or

architecture to distribute stresses, increasing relative stiffness, and reducing buckling or failure.
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Many adult snapping shrimp species, including Alpheus heterochaelis, have hyperbolic
paraboloids in the exoskeletons of their claws which deform and recoil during their high speed
strikes (Longo et al., In review). Here we show similar bending and recoil in the saddle-like
regions of juvenile claws during strikes (Movie 3). Further research is needed in order to
establish how stored elastic energy is delivered to the dactyl rotation; it is likely similar to the
dual spring mechanism found in trap-jaw ants (Sutton et al., 2022).

LaMSA mechanisms often vary in their presence or morphology across an organism'’s life
history. Gall midges, bark beetles, and dragonflies use LaMSA during their larval stages but lose
the mechanism when they transition to their adult morphotypes (Bertone et al., 2022; Biisse et
al., 2021; Farley et al., 2019). Planthoppers nymphs use biological gears to mechanically couple
their legs during high-speed jumps, but lose the gears when the nymphs molt into their adult
forms (Burrows and Sutton, 2013). In snapping shrimp, the larvae do not possess a LaMSA
mechanism. Even when larvae initially transition into adult habitats during settlement, they lack
the snapping claws (Fig 1). It is possible that snapping shrimp must reach a certain size or age
before they can develop their LaMSA mechanism; however, more research is needed to
determine whether this is the case. Morphological and behavioral transitions in LaMSA offer
important sources of variation that can be leveraged to explore critical morphology and

biomechanical constraints on spring-actuation in biology.

Kinematic comparisons:
Juvenile A. heterochaelis have some of the highest recorded accelerations for repeated-

use LaMSA mechanisms (5.8 x 10° m s?; Fig 7). Adult A. heterochaelis accelerations are much
slower, only reaching around 2.9 x 10* m s (Versluis et al., 2000). Adult snapping shrimp are
over an order of magnitude greater in carapace length, around 5.5 cm total length for adults
compared to 0.8 cm in juveniles (Versluis et al., 2000). Juvenile snapping shrimp angular
velocities and accelerations are also an order of magnitude greater than adults (angular
velocity: 27,000 rad s in juveniles vs. 3,500 rad s in adults; angular acceleration: 5.4 x 108 rad
s2in juveniles vs. 5.8 x 10° rad s2 in adults; Versluis et al., 2000). This would suggest that even
though angular velocity did not scale significantly within the juvenile snapping shrimp sampled
in this study, angular velocity would likely scale significantly when looking across the full

ontogenetic size range of A. heterochaelis. These data support our predictions based on
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mathematical models which reveal that smaller LaMSA systems generate the greatest
accelerations (llton et al., 2018). However, while the juvenile snapping shrimp are faster than
adults in terms of acceleration, the linear speed of the plunger entering the socket is greatest in
adults (approximately 30 m st in adults and only 8 m st in juvenile strikes). Further research is
also needed to understand how the jet of water is formed in the snapping shrimp claw across
these different size scales and how closing speed affects the generation of the cavitation
bubble.

Juvenile snapping shrimp strikes are similar in size and acceleration to some small trap-
jaw ants (Fig 7; Spagna et al., 2008). However, the juvenile strikes are particularly impressive
because they must overcome the hydrodynamic drag of the water. Even with drag and added
mass, snapping shrimp achieve similar accelerations as trap-jaw ants. Dracula ants and
termites, which are of similar size to juvenile snapping shrimp, can achieve higher accelerations,
although their strikes move through the air and not water. Jellyfish nematocysts achieve higher
accelerations (5.4 x 10’ m s2; Niichter et al., 2006). However, smaller LaMSA mechanisms like
nematocysts or fungal ballistospores can only be fired once because the mechanism fractures
during energy release (Nuchter et al., 2006; Pringle et al., 2005).

Recent work in small LaMSA systems has suggested a lower size boundary for repeated-
use, ultrafast motion due to a constraint on biological materials (llton et al., 2018; Longo et al.,
2021; Sutton et al., 2019). We may be able to learn about this potential boundary by studying
LaMSA development. For example, juvenile snapping shrimp develop their mechanisms near
this size boundary. Why do they develop their mechanism at this size? Do other snapping
shrimp and other LaMSA systems develop their mechanism at similar size scales? To our
knowledge, the development of LaMSA mechanisms has been described in relatively few
groups, including mantis shrimp (Harrison et al., 2021), locusts (Burrows, 2016; Gabriel, 1985),
dragonfly nymphs (Bisse et al., 2021), larval gall midges (Farley et al., 2019), larval bark beetles
(Bertone et al., 2022), and now snapping shrimp. Every biological LaMSA system must develop
its mechanism at some point during the organism’s ontogeny. These mechanisms will likely
vary both morphologically and kinematically across development. Comparing relevant metrics

(e.g., power density, elastic energy storage) across the life history of the organism offers an
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insightful approach to exploring potential scaling and material limits in ultrafast biological
motion.

Conclusion:
This study establishes the development and kinematics of the big-claw snapping shrimp

(Alpheus heterochaelis) snapping claw and LaMSA mechanism. Juvenile A. heterochaelis strikes
are the highest reported accelerations for underwater, repeated-use LaMSA movements. The
snapping claw develops between one- to two months after snapping shrimp settle as
postlarvae. Even at the millimeter size, juvenile snapping shrimp strikes generate cavitation
bubbles that produce audible sounds. The juvenile snapping shrimp LaMSA mechanism appears
to use a similar torque-reversal latch seen in their adult counterparts. These findings offer
insights into the development of LaMSA systems and potential limits to repeated-use and
ultrafast motion. They also encourage engineering innovations of LaMSA at far smaller size
scales than are reflected in current innovations of physical models and robotic systems (Armour
et al., 2007; Busse et al., 2021; Divi et al., 2020; Hawkes et al., 2022; Hess et al., 2013; Kim et al,,
2021; Koukouvinis et al., 2017; Steinhardt et al., 2021).
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590  Figure 1: Juvenile snapping shrimp develop their LaMSA morphology between one- and two-
591 months post-settlement.
592  Developmental sequence of Alpheus heterochaelis and their snapping claws through the first

593  seventy days post-hatching. At the postlarval stage, the first pereopods are undifferentiated
594  chelae which differentiate after several molts. Snapping claws on the right correspond with the
595 individuals shown to their left. The images of the snapping shrimp are scaled relative to the 5-
596 millimeter scale bar shown below the bottom snapping shrimp. The arrows on the bottom

597  snapping claw indicate the saddle-like regions developing on the propodus exoskeleton. Solid
598 horizontal scale bars beneath snapping claws represent one millimeter.

599
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Figure 2: Larger snapping shrimp have larger snapping claws and are generally older.
Scaling of claw mass relative to body mass in an ontogenetic series of snapping shrimp. Points

represent several snapping shrimp individuals (n=20) at different ages. Size of points represent
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Figure 3: Juvenile snapping shrimp rapidly close their snapping claws and produce cavitation
bubbles.

(A) A subset of a high speed image sequence of a juvenile snapping shrimp strike shows the

dactyl swinging shut and generating a cavitation bubble that is ejected away from the claw (to
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the left of the page). The kinematics of the snapping shrimp strike shown in panel A in terms of
the dactyl’s angle (B), angular velocity (C), and angular acceleration (D). Blue lines represent
LOESS models fit to the data and used to calculate the derivative with respect to time. High
speed video was filmed at 300,000 frames per second. Vertical blue line in kinematic panels
represents the frame highlighted in panel A. The juvenile snapping shrimp featured here was 37

days old with a 2 mg snapping claw.
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Figure 4: Juvenile snapping shrimp with larger claws strike and produce cavitation bubbles more
reliably than shrimp with smaller claws.
(A) The probability that individual snapping shrimp produce full strikes. Full strikes are defined

as snaps during which the dactyl completely closes against the propodus. (B) The probability
that an individual snapping shrimp produces cavitation bubbles during full strikes. Green points
represent individuals that generated full strikes or cavitation bubbles 100% of the time. Grey
points represent individuals that sometimes did not complete a strike or did not cavitate. The
boxplots represent the spread of individuals shown in the corresponding panel below. The line
in the box represents the median, the box encompasses the middle 50% of the data, and the
whiskers represent the bottom and top 25% of data values. Points on the box plots represent

outliers.
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Figure 5: Larger snapping claws do not rotate faster than smaller claws, although the plunger
enters the socket at a higher speed in larger claws. Larger snapping claws generate bubbles that
last longer and travel further than smaller snapping claws.

Scaling of snapping shrimp claw mass relative to claw kinematics and bubble dynamics during

high speed strikes. Claw kinematics include the peak angular velocity of the strike (A) and the
peak linear speed of the plunger during a strike (B). Bubble dynamics include the maximum
distance traveled (C) and the total collapse duration (D) of the cavitation bubble. Blue diamonds
represent individual averages and circles represent individual strikes. Black points represent
strikes that produced cavitation, gray points are strikes that did not cavitate. Lines represent
significant linear regressions using individual averages and the shaded regions represent their

95% Cl.
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Figure 6: Power density of juvenile snapping shrimp strikes show that their ultrafast movements

are powered by

(A) The power density of juvenile snapping shrimp strikes exceeds muscle power limits.

Therefore, juvenile snapping shrimp must use stored elastic energy to generate their high

spring actuation.

speed snaps. The red dashed line represents the maximum power output of vertebrate muscle,

1200 W kg (Askew et al., 2001). Blue diamonds are individual averages. Black circles represent

power density o

f strikes.
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Figure 7: Juvenile snapping shrimp strikes achieve accelerations over an order of magnitude
greater than adults.
Linear acceleration of high-acceleration systems compared to the mass of the accelerated

object. Shapes of the points represent taxonomic grouping (n=198 species), green diamonds
represent snapping shrimp. Data includes both repeated and non-repeated use LaMSA
mechanisms. Original comparative dataset was compiled from llton et al., 2018 and Patek,
2019; we further added 106 additional species from published literature. References are

available in Supplementary Table 2.
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1 Table 1: Average strike kinematics of juvenile A. heterochaelis.
Individuals | Strikes per Carapace Claw Dactyl Strike Angular Angular Angular Plunger | Linear Strike Power
individual Length Mass Mass Duration | Displacement | Velocity Acceleration | Speed Acceleration | Energy | Density
(m x 103) (kg x107) | (kg x 108) | (s x10%) (rad) (rad s1x (rad s2x 108) | (ms?) (m s2x 105) (Jx10 (W kgt
104) 2) x 107)
19 6 4.1 13.259 16.21 3.2730 1.34 2.26 5.4 8.0 5.8 1.7 4.3
(2-13) (3.1-5.9) (1.663- (1.37- (2.0330- | (0.86-2.14) (1.56-9.30) | (1.5-16.5) (2.6- (1.4-15.1) (0.04%- | (0.4-
44.683) 67.23) 6.1166) 13.9) 7.3) 18.0)

u b WN

Numbers represent the mean with the minimum and maximum values in parentheses. Numbers marked with asterisk (*) are less
than the uncertainty of the measurement.
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