
INVITED PAPER

Caudal Spine Morphology and Puncture Performance of Two
Coastal Stingrays
Caitlin S. Shea-Vantine,* Katherine A. Galloway ,*,† Danielle N. Ingle,*,‡

Marianne E. Porter * and Stephen M. Kajiura*,1

*Department of Biological Sciences, Florida Atlantic University, Boca Raton, FL 33431, USA; †Department of Biological

Sciences, Nicholls State University, Thibodaux, LA 70310, USA; ‡Department of Marine Biology, Texas A&M University

at Galveston, Galveston, TX 77554, USA

1E-mail: kajiura@fau.edu

Synopsis A diagnostic characteristic of stingrays in the family Dasyatidae is the presence of a defensive, partially serrated

spine located on the tail. We assessed the contribution of caudal spine morphology on puncture and withdrawal

performance from two congeneric, co-occurring stingrays, the Atlantic stingray, Hypanus sabinus, and the bluntnose

stingray, Hypanus say. Spines exhibited a high degree of morphological variability. Stingray spines were serrated along

50.8% (H. sabinus) or 62.3% (H. say) of their length. Hypanus say had a greater number of serrations along each side of

the spine (30.4) compared with H. sabinus (20.7) but the pitch did not differ between species. We quantified spine

puncture and withdrawal forces using porcine skin as a model for human skin. Puncture and withdrawal forces did not

differ significantly between species, or within H. say, but withdrawal force was greater than puncture force for H. sabinus.

We incorporated micro-computed tomography scanning to quantify tissue mineral density and found that for both

species, the shaft of the spine was more heavily mineralized than the base, and midway (50%) along the length of the

spine was more heavily mineralized than the tip. The mineralization variability along the spine shaft may create a stiff

structure that can fracture once embedded within the target tissue and act as an effective predator deterrent.

Introduction

Stingrays are named for their caudal spine, also re-

ferred to as a caudal barb or stinger. The spine is

dorsoventrally compressed with a sharp, pointed tip,

and with lateral, rear-facing serrations (with respect

to the tip) on both sides (Fig. 1). The spine is po-

sitioned on the dorsal surface of the tail from near

the base to near the tip, depending on the species

(Su et al. 2017; Hughes et al. 2018). Spines first

appeared on myliobatid stingrays from the Late

Cretaceous period, which corresponded with the

rise of many large predatory sharks (Schwimmer et

al. 1997; Shimada 1997; Marmi et al. 2010; Chabain

et al. 2019). Stomach content analyses have shown

that stingrays are the prey of large marine predators

including sharks, teleosts, and cetaceans (Gudger

1946; Randall 1967; Snelson et al. 1984; Stevens

and Lyle 1989; Cliff and Dudley 1991; Lowe et al.

1996; Allen 1999; Duignan et al. 2000; National

Marine Fisheries Service (NMFS) 2006). Their spines

are often found broken off and embedded in the

body cavities, heads, and jaws of their predators,

indicating their use as a defensive tool (Gudger

1946; Snelson et al. 1984; Cliff and Dudley 1991;

Dean et al. 2017; Huskey 2021).

The spine is a two-fold defensive structure; it

inflicts physical tissue damage and delivers venom

to the wound. Vascular venomous tissue is housed

within ventrolateral grooves along the length of the

spine and covered with a protective integumentary

sheath, which is ruptured during puncture and

allows the venom to enter the wound (Halstead et

al. 1955; Russell 1965; Enzor et al. 2011). When pro-

voked, stingrays will elevate their tail and puncture

the spine into the target or lash their tail in a side-

to-side motion, which results in a slash-like lacera-

tion (Spieler et al. 2013; Hughes et al. 2018). During

the strike, the spine can embed sandy, microbially

rich, integument into the damaged tissue, providing

additional irritation within the wound (Diaz 2008).
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The serrations located along the lateral sides of the

spine are presumed to contribute to puncture and

inhibit easy removal, causing further soft tissue dam-

age (Halstead and Bunker 1953). If the spine

becomes deeply embedded into the target, it will

often break off or detach from the tail.

Stingrays regularly replace older primary spines

with newer secondary spines. The secondary spines

grow from inferior to the primary and cause it to be

shed. The number of spines present varies among

species. For example, the Atlantic stingray, Hypanus

sabinus, has a maximum of two spines at any given

time, (Teaf and Lewis 1987; Amesbury and Snelson

1997), whereas the spotted eagle ray, Aetobatus nar-

inari, can have up to eight spines simultaneously

(Gudger 1914).

Stingray spines are composed of mineralized col-

lagen and their morphology is highly variable, both

inter- and intra-specifically, in the number of serra-

tions, serrated length of the spine, and spine cross-

sectional shape (Chabain et al. 2019). Previous work

has investigated the possible correlation between

spine morphology and habitat among freshwater

and marine species (Schwartz 2005); however, spine

morphology has not been conclusively linked to

ecology or phylogeny (Chabain et al. 2019).

Addressing relationships between spine morphology,

mineral density, and puncture and withdrawal forces

will facilitate understanding of defensive puncture

mechanics of the stingray spine.

For this study, we hypothesized that greater sharp-

ness of the spine tip will result in decreased force

required to puncture the target tissue, using porcine

skin as a model for humans. We further hypothe-

sized that the rear-facing serrations will catch on the

punctured tissue and result in a withdrawal force

that exceeds the puncture force. However, spines

with a greater serration density, or pitch, have less

space between each serration and it is less likely that

the tissue fibers can catch on the serrations.

Therefore, we hypothesized that spines with greater

pitch will require lower withdrawal force. Finally, we

hypothesized that the newly developed secondary

spines will be less mineralized than the primary

spines. To test these hypotheses, we examined two

ecologically similar congeners, the Atlantic stingray,

H. sabinus (Lesueur 1824) and the bluntnose sting-

ray, H. say (Lesueur 1817). Both stingray species oc-

cur in shallow, inshore, coastal and estuarine habitats

(Bigelow and Schroeder 1953; Thorson 1983; Snelson

et al. 1988) and are sympatric in the Western

Atlantic and Gulf of Mexico (Bigelow and

Schroeder 1953; Robins and Ray 1986; Snelson et

al. 1989). Hypanus say can grow to a larger size

(52–73 cm disc width, (Snelson et al. 1989)) than

H. sabinus (27–45 cm disc width, (Last et al.

2016)), but they share a similar diet of gastropods,

worms, and bivalves (Bigelow and Schroeder 1953;

Michael 1993; Dulvy and Reynolds 1997; Smith

1997). Their overlapping ranges, similar ecologies,

and congeneric relationship would lead us to hy-

pothesize that their spine morphology and punc-

ture/withdrawal forces should be generally similar.

Methods

Morphology

Specimens were collected during previous studies

under Florida Atlantic University IACUC protocols

A13-21, A16-16, A19-26, and Georgia Southern

University IACUC protocol I17001. We were pro-

vided with either isolated spines or tails with spines

still attached. Spines or tails were removed from

wild-caught, freshly euthanized animals, and frozen

before shipment; spines were never subjected to al-

cohol or formalin, which might have affected their

mechanical properties. In the case of specimens with

two spines, primary spines were classified as the su-

perior spine and the newer inferior spine as second-

ary (Schwartz 2007). Only primary spines were

examined morphologically and used as the puncture

tool in mechanical tests. Spines were cleaned with

deionized water to remove any integument and

placed on a matte background with a ruler to pro-

vide a scale. The spines were photographed individ-

ually with a Nikon D70s camera equipped with a 60-

mm macro lens. Photos were imported into ImageJ

(Bethesda, MD), the scale was calibrated with the

ruler in frame, and total spine length and serrated

length were measured (cm). The number of serra-

tions was counted from the right side of each spine

(Fig. 1). Serration density, or pitch, was calculated as

the number of serrations divided by the serrated

length and expressed as serrations per centimeter.

To quantify spine sharpness, a close-up photograph

of the dorsal surface of the spine tip was taken to

determine the tip included angle (Anderson 2018;

Crofts and Anderson 2018). The angle tool in

ImageJ was used to measure the angle formed from

the margins of the left and right lateral edges of the

spine tip.

Puncture testing

Puncture experiments were conducted using porcine

skin as the tissue target. Adult abdominal porcine

skin is often used in biomedical testing as a human

model (Avon and Wood 2005; Herbig et al. 2015;

Crofts and Anderson 2018) and was obtained from
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Sierra Medical Group (Whittier, CA; Godin and

Touitou 2007; Galloway and Porter 2021). All por-

cine skin was shipped frozen and kept frozen until

use in puncture testing; it did not undergo multiple

freeze–thaw cycles. A sample of skin was thawed and

dissected into squares of �2.5 � 2.5 cm. Skin sam-

ples were �5 mm in thickness and included a 2-mm

layer of skin, a 1- to 2-mm layer of underlying fat,

and a 1-mm layer of muscle (Galloway and Porter

2021). A rubber dissection mat was cut into a 100 �
60 mm block and a well (10 � 10 mm, 15 mm depth)

was cut into the rubber mat and filled with 5% agar.

The skin was pulled taut and tightly secured with

dissection pins to the rubber mat immediately above

the agar well. The agar well allowed the spine to

pierce completely through the skin without adding

additional resistance by also piercing through the

rubber mat.

Spines (n¼ 14 H. sabinus; n¼ 13 H. say) were

secured with tension clamps to an Instron E1000

Materials Testing System outfitted with a 50

Newton (N) load cell and all mechanical tests were

controlled using Bluehill Universal Software v.3.67

(Norwood, MA). The spines were clamped at 50%

of total spine length and oriented with the tip facing

directly downward into the porcine skin at a 90�

angle. Each mechanical test consisted of three parts:

puncture, 1-s hold, and withdrawal. Both puncture

and withdrawal were at a rate of 30 mm min�1 based

on previous puncture testing of a barbed spine

(Crofts and Anderson 2018; Crofts et al. 2019).

Slower testing speeds are often used in mechanical

testing to accurately capture initial puncture forces,

and/or in specific testing regimes with multiple

actions such as puncture and withdrawal (Crofts

and Anderson 2018; Crofts et al. 2019; Galloway

and Porter 2021). Spines were driven into the skin

to 20% of the total spine length to standardize

among different-sized spines, and to ensure that

multiple serrations penetrated the skin. After being

embedded into the skin, the spine was held in place

for 1 s before starting withdrawal. The spine was

withdrawn until the tip was no longer embedded

into the target material. Each spine was tested only

once and a new sample of skin was used for each

puncture trial.

Micro-CT scanning

After puncture testing, a subset of spines (n¼ 11 per

species) was wrapped in gauze and scanned using

micro-computed tomography (micro-CT) in a

Bruker Skyscan 1173 (Kontich, Belgium). Two

Bruker Skyscan-manufactured densitometry phan-

toms (0.25 and 0.75 g cm�3) were scanned simulta-

neously and were used to calibrate the Skyscan CT-

analyzer software (CT-An; Kontich, Belgium). The

two densitometry phantoms were either wrapped

with the stingray spines for scanning or were

scanned separately with the same settings used to

scan the spines; consistent settings (i.e., resolution

and voltage) are critical for generating accurate cal-

ibrations for samples. Tissue mineral density (TMD,

g cm�3), the volumetric density of calcium hydroxy-

apatite, was calculated using Bruker DataViewer and

CT-An (Kontich, Belgium) at four regions along the

length of the spine: 0 (tip), 20, 50, and 90% (base) of

the total length of the spine.

Analysis

All data were tested to confirm that they met the

assumptions of the appropriate models before statis-

tical testing. Data that were not normally distributed

were subjected to a log transformation. If trans-

formed data were still not normally distributed, a

nonparametric test was used. To test for differences

in spine morphology between species, a t-test or

Mann–Whitney U-test (for nonparametric data)

was applied. Linear regressions were used to investi-

gate the relationships between the total length of the

spine and morphological parameters: serration num-

ber and tip angle. A paired t-test was used to test for

differences in puncture and withdrawal forces. A

generalized linear mixed model with interaction

terms was used to quantify the contribution of mor-

phology to puncture and withdrawal forces. To eval-

uate mineralization among the four spine regions of

fully mineralized spines, a nonparametric Friedman

analysis of variance (ANOVA) with a Nemenyi post

hoc test was used. All statistics were completed in R

Studio 1.1.456 (https://www.r-project.org/) at an al-

pha level of 0.05.

Fig. 1. Morphometrics of a representative H. sabinus spine. Total

spine length was measured from the tip to the base, and serrated

length was measured from the first serration to the last serration

along the length of the spine. The tip included angle was mea-

sured from the margins of the left and right lateral edges of the

spine at the tip. TMD was determined at the tip, 20, 50, and 90%

(base) of the total length of the spine (vertical red lines). The

TMD measurements were taken within 5% of the total length

(blue shaded areas).

Caudal spine morphology and puncture performance 751
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Results

This study examined spines from 12 H. sabinus and

13 H. say specimens. Of the 12 H. sabinus specimens,

10 had only a single spine and 2 had two spines. For

the H. say specimens, 12 had only a single spine and

1 had two spines. We did not include the primary

H.say spine from the individual that had two spines

due to size constraints; the primary spine was too

small for the Instron tension clamps. Because we

were provided with isolated spines, we lacked infor-

mation on the sex or body size of the individuals

and all measurements are relative to the total length

of the spine.

Morphology

The mean total length of the spines did not differ

significantly between species (t-test; t¼ 2.1098,

P¼ 0.257) but the range of spine lengths was greater

for H. sabinus (32.0–64.0 mm) than for H. say (40.2–

53.1 mm). The proportion of the spine that was ser-

rated was 50.8 6 14.45 SD% of total spine length in

H. sabinus and 62.3 6 10.98 SD% in H. say, and this

difference was significant (Mann–Whitney U-test;

Z¼ 2.1837, P¼ 0.029).

The total number of serrations along each side of

the spine was greater in H. say (mean ¼ 30.4 6 7.29

SD) compared with H. sabinus (mean ¼ 20.7 6 4.73

SD) (Mann–Whitney U test; Z¼ 3.2269, P¼ 0.001).

The number of serrations correlated positively with

spine length (y¼ 4.993x þ 18.767, R2 ¼ 0.313) for

H. sabinus, and the slope was significant (ANOVA

regression; F¼ 5.4641, P¼ 0.038) (Fig. 2). In con-

trast, the number of serrations correlated negatively

with spine length (y ¼ �5.4979x þ 88.189, R2 ¼
0.024) for H. say, and the low R2 value yielded a

slope that was not significant (ANOVA regression;

F¼ 0.2682, P¼ 0.615). The pitch was 9.51 6 2.33

SD for H. sabinus and 10.01 6 1.73 SD for H. say

and did not differ between species (t-test; t¼ 2.0639,

P¼ 0.534).

Included tip angle differed between species; the

tips of H. sabinus formed a more acute angle

(mean ¼ 16.1 6 1.79 SD degrees) than H. say

(mean ¼ 19.4 6 2.71 SD degrees) (t-test; t¼ 2.0796,

P¼ 0.002). Tip angle also increased with spine length

for H. sabinus (y¼ 0.3968x þ 14.301, R2 ¼ 0.049),

but the low R2 value yielded a slope that was not

significant (ANOVA regression; F¼ 0.6249,

P¼ 0.448) (Fig. 3). In contrast, tip angle decreased

with spine length for H. say (y ¼ �4.9717x þ
43.674, R2 ¼ 0.486) and the slope was significant

(ANOVA regression; F¼ 10.3809, P¼ 0.008).

Puncture testing

The mean force required to puncture into porcine

skin was 3.5 6 1.80 SD N for H. sabinus and

3.7 6 3.89 SD N for H. say and this difference was

not significant (t¼ 2.1199, P¼ 0.269). The mean

withdrawal forces were 6.7 6 2.98 SD N for H. sabi-

nus and 5.1 6 4.19 SD N for H. say and this differ-

ence was also not significant (t¼ 2.0796, P¼ 0.092).

The mean puncture and withdrawal forces did not

differ significantly for H. say (paired t-test;

t¼ 2.0859, P¼ 0.126), but withdrawal force was sig-

nificantly greater than puncture force for H. sabinus

(paired t-test; t¼ 2.0556, P¼ 0.002). The mean

puncture and withdrawal forces were significantly

positively correlated for H. say and close to isometric

(y¼ 0.9256x þ 1.679, R2 ¼ 0.7364, F¼ 30.7232,

P< 0.001) (Fig. 4). In contrast, there was no signif-

icant relationship between puncture and withdrawal

forces for H. sabinus due to the low R2 value

(y¼ 0.2097x þ 5.933, R2 ¼ 0.016, F¼ 0.1950,

P¼ 0.667).

A generalized linear mixed model with interaction

terms was used to quantify the contribution of mor-

phology to puncture and withdrawal forces. None of

the morphological variables from the generalized lin-

ear mixed model had significant interaction terms

with puncture or withdrawal force for either species

(Table 1).

Fig. 2. Number of serrations plotted against spine length. The

number of serrations was positively and significantly correlated

with the total length of the spine for H. sabinus (open circles,

dotted line). There was no significant relationship between the

number of serrations and total length of the spine for H. say

(filled circles, solid line).
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Micro-CT scanning

Spine mineralization was quantified at four locations

along the length of the spine; 0 (tip), 20, 50, 90%

(base). Mineralization results were bimodally distrib-

uted with spines separating into either a high

(n¼ 16) or low (n¼ 6) mineralization category. We

hypothesized that the less mineralized spines were

newer secondary spines from individuals that had

already lost the primary spine. These less mineralized

secondary spines were not included in the statistical

analyses. Mineralization differed along the length of

the spine for both species (Friedman ANOVA; H.

sabinus, Q¼ 16.000, P¼ 0.001; H. say, Q¼ 21.480,

P< 0.001) (Fig. 5). A Nemenyi post hoc test deter-

mined which locations were more mineralized: for

both species, the 20% and 50% locations were sig-

nificantly more mineralized than the base (H. sabi-

nus, 20% P¼ 0.039, 50% P¼ 0.002; H. say, 20%

P¼ 0.002, 50% P¼ 0.001). In addition, the 50% lo-

cation was significantly more mineralized than the

tip for both species (H. sabinus, P¼ 0.039; H. say,

P¼ 0.049).

Discussion

Every year thousands of people worldwide are punc-

tured by stingray spines (O’Neil et al. 2007; Diaz

2008). As humans increasingly use nearshore marine

environments, stingray–human encounters will likely

increase (Lowe et al. 2007). By investigating stingray

spine puncture performance, we will be able to gain

a better understanding of this defensive tool and

possibly develop effective mitigation strategies.

Morphology and puncture performance

We hypothesized that greater spine sharpness would

result in a decreased puncture force and we quanti-

fied included tip angle as a metric for sharpness. The

mean included tip angle was only about 3� smaller

for H. sabinus, and the puncture force did not differ

compared with H. say. The radius of curvature

would be an alternative to included tip angle as a

metric for sharpness; however, the photographs were

not taken at a sufficient magnification to capture the

detail needed to confidently quantify the radius of

curvature.

Previous research suggested that the recurved ser-

rations along the length of the spine would also con-

tribute to reducing the puncture force (Abler 1992;

Cho et al. 2012; Anderson et al. 2016; Crofts and

Anderson 2018). Serrations act as stress concentra-

tors to stretch muscle fibers and facilitate the cutting

of tissue, and thus reduce the force required to pen-

etrate, as seen in barbed cactus spines and porcupine

Fig. 3. Included tip angle plotted against spine total length. There

was no significant relationship between included tip angle and

total length of the spine for H. sabinus (open circles, dotted line).

The included tip angle was negatively and significantly correlated

with the total length of the spine for H. say (filled circles, solid

line).

Fig. 4. Puncture and withdrawal forces of spines from H. sabinus

(open circles, dotted line) and H. say (filled circles, solid line)

embedded into porcine skin. Puncture and withdrawal forces are

positively correlated for both species but the regression is sig-

nificant only for H. say. The line of isometery in which puncture

force equals withdrawal force is indicated by a dashed line.

Caudal spine morphology and puncture performance 753
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quills (Cho et al. 2012; Crofts and Anderson 2018).

The greater number of serrations in H. say, distrib-

uted over a greater serrated length of the spine,

resulted in a pitch that did not differ from H. sabi-

nus. The similar pitch of the two species yielded

similar puncture forces, although the relationship

might not be causal. (Anderson 2009).

We further hypothesized that the rearward-facing

serrations would act as hooks that catch on the por-

cine skin and result in a withdrawal force greater

than the puncture force. If that were the case, the

slope of the regression would be greater than the line

of isometry (Fig. 4). The withdrawal force scaled

nearly isometrically with the puncture force for H.

say and the slope was less than isometric for H.

sabinus, but the low R2 value for H. sabinus does

not instill confidence in the relationship. When the

obvious outlier points well below the line of isometry

are removed, the R2 value increases and the slope for

H. sabinus is more aligned with the prediction.

An additional consideration is that the rigid ser-

rations on stingray spines do not change their ori-

entation during withdrawal, in contrast to the barbs

on cactus spines and porcupine quills that splay

away from the shaft and effectively increase the size

of the biological projection as it is withdrawn (Cho

Table 1 Results from generalized linear mixed model with interaction terms

Coefficients t-value P-value Coefficients t-value P-value

Total length 0.424 0.674 Total lengtha

Test Type

0.928 0.359

Serrated length 0.011 0.991 Serrated lengtha

Test Type

�0.332 0.742

Serrations along one side 0.276 0.784 Serrations along one sidea

Test Type

0.235 0.816

Included tip angle 0.382 0.704 Included tip anglea

Test Type

0.026 0.979

Serration density 0.229 0.820 Serration densitya

Test Type

�0.125 0.901

Species 0.115 0.909 Speciesa

Test Type

�0.572 0.571

Serrations in total �0.719 0.477 Serrations in totala

Test Type

�0.014 0.989

Test type 0.442 0.661

There were no significant interactions between the test type (puncture and withdraw) and any of the morphological characteristics measured.

aInteractions between coefficients.

Fig. 5. Spine Tissue Mineral Density. TMD was determined along the tip, 20%, 50%, and 90% (base) of the total length of the spine.

The TMD results are depicted for H. sabinus (open bars) and H. say (filled bars). The horizontal black line represents the median value

and is bounded by a box at the first and third quartiles. Outliers are shown as filled circles and the mean is the horizontal dashed line.

The base was less mineralized than the 20% and 50% locations, and the tip was less mineralized than the 50% location for both species.
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et al. 2012; Crofts and Anderson 2018). As a result,

the width of the puncture wound from the stingray

spine is the same as that required to withdraw the

spine. In these experiments, the taut skin did not

fully collapse back onto the serrations, thus minimiz-

ing their effectiveness. In addition, in this controlled

study, the spine was withdrawn directly through the

same path as it was punctured into the target tissue.

In nature, the spine and target tissue will move with

respect to each other between puncture and with-

drawal, so that the spine serrations will have a

greater opportunity to catch on the tissue and inflict

damage (Spieler et al. 2013; Hughes et al. 2018).

Despite these considerations, during the puncture

and withdrawal trials, stingray spine serrations did

embed into the somewhat elastic skin and catch on

connective tissue (Fig. 6).

This study examined puncture mechanics only in

isolated mammalian skin. In reality, the skin typi-

cally overlays striated muscle. As a serrated spine is

punctured through the skin and embedded into the

muscle, the myofibrils pushed aside during puncture

will collapse around the spine and be more readily

caught on the serrations, likely resulting in a greater

withdrawal force. The absence of a greater with-

drawal force in these experiments is likely attribut-

able to the taut skin being cut by the spine, and not

collapsing around it during withdrawal. Future

experiments could test muscle tissue in isolation,

then the skin and muscle composite in situ to pro-

vide a more biologically relevant result. In addition

to the puncture mechanics of target tissues, it would

also be informative to measure the force required to

pull a spine off of the tail, since stingrays can lose

spines during defensive interactions (Cliff and

Dudley 1991; Dean et al. 2017).

In this study, we used porcine skin as a model for

human skin, primarily to investigate the effects of

tissue damage to humans. However, the stingray

spine has evolved as a defensive structure against a

wide variety of predators, and it would be informa-

tive to test the puncture mechanics in different target

materials, such as skin from the buccal cavity of

sharks or from other large teleosts known to be

batoid predators. The depth and force of puncture

depend highly on the material properties of the tar-

get tissue (Anderson et al. 2016; Anderson 2018).

Recent work found that shark skin with greater den-

ticle densities may be harder to puncture than those

samples or species with fewer denticles (Galloway

and Porter 2021). Future work could elucidate the

efficacy of the stingray spine on its intended target

tissues.

We hypothesized that the pitch (serration num-

ber/serrated length of spine) could also influence

puncture and withdrawal forces. We expected that

spines with a greater pitch would have less space

between each serration and therefore it would be

less likely that the tissue fibers would catch on the

serrations. In contrast, a spine with low serration

density could potentially require an increased with-

drawal force because of the tissue becoming more

easily caught on the serrations. Other morphological

characteristics not quantified here, such as fineness

ratio, or serration angle, may also contribute to

puncture and withdrawal forces. A spine with a

low fineness ratio would have a greater width that

would increase drag and result in a greater force

required to puncture. Smaller serration angles would

result in the serrations lying close to the shaft of the

spine, whereas larger angles would orient the serra-

tions more orthogonal to the shaft. Spines with small

serration angles should have similar puncture and

withdrawal forces. However, if the spine possessed

large serration angles, they would increase the frontal

surface area which would require greater puncture

force and the orthogonal serrations would also catch

more easily on the target tissue during withdrawal

and thus increase the withdrawal force. Future work

could fabricate 3D printed spines that span a range

of morphologies to test how the shape and number

of serrations affect puncture and withdrawal me-

chanics. This would elucidate underlying principles

and tradeoffs in stingray spine design to minimize

penetration force and maximize damage to the target

tissue.

Differences in the position of the spine along the

length of the stingray tail may also contribute to the

overall puncture mechanics. The two species in this

study (family Dasyatidae), possess spines located ap-

proximately midway along the length of a thin,

whip-like tail. Some species, such as members of

the family Urotrygonidae, have the spine located

near the distal tip of a thick, muscular tail

(Johansson et al. 2004; Hughes et al. 2018). Other

species within the family Myliobatidae exhibit a

more pelagic lifestyle and have spines located near

the base of the tail that may limit the range of mo-

tion and potential effectiveness of the strike. These

differences in tail morphology could produce differ-

ent strike forces and kinematics.

Mineralization

We used TMD to quantify the extent of mineraliza-

tion along the length of the spine and found that

mineralization was not uniform along the spine
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length. Stingray spines can be considered highly min-

eralized; TMD measurements from both species at

20% and 50% of spine locations fall at the greater

end of the range for mineral density calculations

from human femur cortical bone (0.54–1.35 g

cm�3; Lang et al. 2004). Greater mineralization con-

fers greater material strength (ability to resist failure)

and stiffness (rigidity). However, hypermineraliza-

tion correlates the most strongly with stiffness, which

can render a material less tough (ability to absorb

energy); a stiff material is more brittle and may

break more easily (Turner 2002; Vogel 2003). If

stingray spines are most brittle in the middle of

the shaft, then the spine could fracture at this loca-

tion after it was impaled into a predator. A brittle

spine shaft could allow the stingray to escape after

inflicting damage to a predator and thus minimize

the risk of tissue damage to its own body.

We found that TMD was bimodally distributed,

with most spines exhibiting a high level of mineral-

ization, whereas some were much less mineralized.

We hypothesized that the more mineralized spines

were the older, primary spines and the less mineral-

ized spines were the newer, secondary spines that

were growing in to replace the primary spine, but

had not yet fully mineralized. Spines were only iden-

tified as primary or secondary when two spines were

present on an individual. Most individuals possessed

only a single spine, which was classified as the pri-

mary. It is possible that some of the spines classified

as primary (on individuals with only one spine)

could actually have been secondary spines, and the

primary spine had been shed or fallen off recently

prior to the animal being caught. This could account

for the low TMD values of some of the spines in our

study. To overcome this potentially confounding

factor, the analyses here were conducted on only

one mode from the TMD results: the more miner-

alized spines. If secondary spines are less mineralized

than primaries, then we expect that they will be less

brittle and less likely to break during puncture and

withdrawal. Additionally, individual stingrays could

have potentially suffered from pathology or injury

that compromised body tissues, including mineral

deposits in their defensive structures. The present

study collected samples from deceased wildlife whose

life histories are unknown; this introduces a limita-

tion regarding the extent that we can account for

confounding factors compared with studies that

test TMD in model systems such as mice. Future

studies could test whether primary and secondary

spines differ in TMD and brittleness by sampling

captive specimens between May and August, when

H. sabinus is known to have two spines prior to

shedding the primary spine (Teaf and Lewis 1987;

Amesbury and Snelson 1997).

Future directions

This study compared the spines from two ecologi-

cally similar congeners, although the spines of H. say

represented a smaller range of sizes than the spines

from H. sabinus. The largest spine of H. say was

�32% longer than the smallest spine, whereas in

H. sabinus, the longest spine was double the length

of the smallest. We also observed a high degree of

variation in spine morphometrics from both species.

This variation, coupled with the small range of spine

lengths for H. say, might have obscured some rela-

tionships and differences between the species. A

larger sample size, that included spines from a full

ontogenetic series, would help to illuminate potential

differences between species. Additionally, testing

Fig. 6. Scanning electron micrograph of H. sabinus spine tip embedded into 5 mm thick porcine skin during puncture trials. Inset shows

porcine skin tissue that remains on serrations after withdrawal. To obtain this image, porcine skin was placed in 70% ethanol and

graded up to 100% ethanol before drying in a Leica EM CPD300 critical point dryer. The image was captured with a JEOL NeoScope

JCM-7000 benchtop scanning electron microscope.
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species from across a wider ecological and phyloge-

netic range would inform us about morphology,

mineralization, mechanical performance, and the ef-

ficacy of different spine shapes. More to the point,

this article takes a first stab at examining the punc-

ture mechanics of stingray spines, and future studies

should examine a wide range of species, animal sizes,

and ecologically relevant target materials.
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