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ABSTRACT

The cory catfishes (Callichthyidae) are small, South American armored catfishes with a series of dermal
scutes that run the length of the fish from posterior to the parieto-supraoccipital down to the caudal
peduncle. In this study, we explore the anatomy and functional performance of the armored scutes in
the three-striped cory catfish, Corydoras trilineatus. The lateral surface has a dorsal and a ventral row
of scutes that interact at the horizontal septum. The scutes have little overlap with sequential posterior
scutes (~33% overlap) and a deep ridge in the internal surface that connects to the underlying soft tissue.
The internal surface of C. trilineatus scutes is stiffer than the external surface, contrary to the findings
in a related species of cory catfish, C. aeneus, which documented a hypermineralized, enamel-like, non-
collagenous, hyaloine layer along the external surface of the scute. Clearing and staining of C. trilineatus
scutes revealed that the scutes have highly mineralized (~50% mineralization) regions embedded in be-
tween areas of low mineralization along the posterior margin. Puncture tests showed that posterior scutes
were weaker than both anterior and middle scutes, and scutes attached to the body required 50% more
energy to puncture than isolated scutes. Corydoras trilineatus has the strongest armor in areas critical for
protecting vital organs and the external armored scute receives synergistic benefits from interactions to
the soft underlying tissue, which combine to provide a tough protective armor that still allows for flexible
mobility.

Statement of significance

Our study investigated the anatomy and performance (mineralization, imbrication, and punc-
ture resistance) of scutes in a small, armored catfish. The scutes make use of overlapping con-
nections with adjacent scutes reinforced by a deep, internal, mineralized ridge. The mineraliza-
tion varies across the scute with lower mineralization occurring in areas of overlap while the
highest degree of mineralization is found in the central portion of the scute. These tiny fishes
can withstand up to four Newtons of puncture force. To put this into context, these fish are five
orders of magnitude less massive than a famous armored fish, piracuru, but withstand just two
orders of magnitude less force. In other words, their puncture resistance is quite impressive for
their size.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Dermal armor is found in every major group of vertebrates, in-
cluding fishes, amphibians, squamates, archosaurs, and mammals.
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bone to lightweight keratin and structures including: plates (Pla-
coderms) [1], osteoderms (dinosaurs, crocodiles, turtles, etc.) [2-
10], and scales (pangolins, extant fishes) [2,3,11]. In extant fishes,
scales are usually composed of stacked layers of Type I collagen
fibers arranged in a Bouligand pattern, reinforced by a superficial,
collagen-deficient, enamel-like, capping layer that is hypermineral-
ized and hardened by hydroxyapatite and connected by a network
of collagen fibers that provide additional mechanical reinforcement
[12-19].

Fishes with scales range in size from 2 to 350 c¢cm (standard
length, SL) [20-28] and scales are classified into four major cate-
gories: placoid, cosmoid, ganoid, and elasmoid [15,18,29], the com-
position of which varies greatly. For example, placoid scales (der-
mal denticles) are comprised of ectomesodermal scales anchored
into the underlying stratum compactum via Sharpey fibers [30].
The scales do not overlap, instead they are separated via skin tis-
sue [30]. The surface of the scale is covered in a dentine layer
with an acellular basal plate and an underlying pulp cavity sur-
rounded by a layer of dentine [18]. Cosmoid scales (ex. ancient
Sarcopterygians) were composed of layers of dentine and spongy
bone capped by vitrodentine without a core pulp [15,18]. Ganoid
scales (ex. alligator gars (Atractosteus spatula) [27] and adult Sene-
gal bichirs (Polypterus senegalus)) [23,24] are composed of rigid,
jointed plates connected by a peg-and-socket joint. The plates are
composed of two layers - a thin hyper-mineralized ganoine layer
that covers a vascularized dentine plate and an underlying thick
parallel-fibered bony basal plate [31]. Most extant fishes, including
the piracuru (Arapaima gigas) [25], striped bass (Morone saxatilis)
[26], and extant Sarcopterygians, the coelacanth (Latimeria chalum-
nae) [20-21] and lungfish (Neoceratodus forsteri) [22], are covered
by elasmoid scales - thin, imbricating scales consisting of a bony
surface and fibrous collagen layers capped by a hypermineralized
layer called the “limiting layer” [15,18]. Elasmoid scales are sepa-
rated into two subcategories: cycloid and ctenoid scales. Ctenoid
scales (ex. coelacanth, striped bass and other Perciformes) have
spiny denticulated structures - ctenii (tubular dentine with enam-
eloid on the tip) - protruding from the posterior surface of the
scales. Cycloid scales (ex. A. gigas, salmon - Oncorhynchus sp., and
many carp: Cyprinidae) lack the posterior denticulated protrusions
[15].

Several families of fishes (including the armored catfishes: Lori-
cariidae, Doradidae, and Callichthyidae and members of several or-
ders: Siluriformes, Gasterosteiformes, Syngnathiformes, Scorpaeni-
formes, Tetraodontiformes) have modified elasmoid scales that
form thick, rigid bony scutes [18]. Scutes differ from ganoid and
elasmoid scales in that these other scales have odontogenic ori-
gins, while scutes are osteogenic in origin [18]. Scutes have lay-
ers of collagen fibers forming cellular bone and are covered by hy-
permineralized layers (hyaloine) either superficially (Callichthyidae
and Doradidae) or in sandwiched layers (Loricariidae) [18,32]. The
three-striped cory catfish, Corydoras trilineatus, is a small (2-6.1
cm SL), benthopelagic, armored catfish (Callichthyidae) of shallow
streams and rivers in South America, ranging from the Peruvian
Amazon to the central Amazon River basin in Brazil and Colom-
bia to the coastal rivers of Suriname [33-35]. The armor in this
genus comprises two rows (dorsal and ventral) of partially overlap-
ping scutes that run the length of the fish [36]. Corydoras’ scutes
resemble both ganoid and placoid scales in structure; the scutes
have a hypermineralized external surface similar to both types of
scales, there are two closely connected layers (similar to ganoid
scales), and they contain posteriorly located denticles (odontodes)
complete with a pulp cavity surrounded by a dentine cone (similar
to placoid scales) [18,37]. The scutes are composed of a collage-
nous, woven bony base with half of the posterior external surface
covered by a layer of hyaloine - a hypermineralized, enamel-like,
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non-collagenous tissue that is not present in larger armored fishes
like A. gigas [18].

The goals of this study are five-fold: 1) describe the anatomy of
the hard tissue that makes up the defensive armor; 2) determine
the mineral content and degree of overlap in Corydoras scutes for
comparison to other, larger fishes; 3) measure the puncture resis-
tance of scutes in situ on freshly euthanized fishes as a real world
performance metric for the armor; 4) quantify the effect of mul-
tiple scutes and soft tissue support on the mechanics of puncture
to reveal the functional contributions of structure; and 5) qualita-
tively assess puncture damage to compare to damage seen in other
fish armor.

2. Materials and Methods

The twenty-nine Corydoras trilineatus used for this study (2.1-
3.4 cm standard length) were obtained from pet stores in Orange
County, California, and online at PetSolutions.com and maintained
in one 151 L (40-gallon) aquarium breeder tank (dimensions 92.7
cm x 48.9 cm x 43.5 cm) using a freshwater aquarium filtration
system (Marineland ML90750 Magniflow Canister 220 Filter). The
C. trilineatus were fed daily with food appropriate for bottom-
feeding aquarium fish (dry shrimp pellets from API Fishcare). The
water was kept at 24-27°C using two Aqueon 100-watt heaters per
tank, and at a pH between 7.0 and 8.0 using Aqueon Water Condi-
tioner and API pH Down, conditions similar to the natural habitat
of C. trilineatus and other cohabitating Corydoras [38,39]. Corydoras
trilineatus specimens were euthanized prior to puncture tests by
submersion in buffered MS-222 (tricaine methanesulphonate) of at
least 98% purity (1% of body weight - lethal dosage: 300-400 ppm)
with water from the aquarium housing the C. trilineatus. Upon eu-
thanization, the standard length of C. trilineatus was measured. All
experiments complied with the guidelines of the California State
University, Fullerton Institutional Animal Care and Use Committee
under protocol number 17-R-03.

2.1. Computed Tomography (CT) Scanning

One specimen was CT scanned with a Bruker 1173 microsource
CT scanner after fixation in formalin. The scan was made at 133kV
and 66uA at a resolution of 13.1 um with a Tmm aluminum filter
to attenuate soft x-rays. The projections were reconstructed with
NRecon (Bruker) and visualized with 3D Slicer software (V. 4.10.2).

2.2. Composition of Armor

2.2.1. Bone ash mineralization

Seven C. trilineatus were used for bone ash content tests to
characterize the mineral, organic, and water composition of the
scutes. Scutes from the dorsal and ventral rows were removed
from the anterior, middle, and posterior regions of one side of the
body (left or right). Herein anterior scutes always refer to scutes 2-
6, middle scutes refer to scutes 9-15, and posterior scutes refer to
scutes 19-23. Scutes were extracted using a scalpel to gently sever
the connecting Sharpey’s fibers and underlying connective tissue
deep to the posterior sides of both the target scute(s) and the scute
directly anterior to the target scute(s). Fine forceps were used to
lift the scute(s) from the body.

Bone ash tests were performed to determine the wet mass (wa-
ter content) and dry mass (mineral content) of the scute, as a per-
centage of the initial dry weight. Each scute was placed in an alu-
minum foil cup and weighed to the nearest microgram. Bone ash
content of scutes was obtained through the same process used by
Cohen et al. [40] for fish opercula: 1) submerged in acetone for
24 hours to remove lipids and tissue, 2) heated in an oven (Ther-
moFisher, Waltham, Massachusetts) for 3 hours at 100° C to re-
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Fig. 1. Experimental set-up for puncture tests. A) Instron materials tester loaded with needle. Punctures are administered in a downward motion. Rubber backing is secured
to a metal plate. Scales removed from the fish would be placed on top of the rubber and secured with the rubber band. B) Illustration and photograph of the rubber set-up.
C) Fish bed design showing the region that supports the head (H) and the elevated region that supports the tail (T). D) Two views of the whole fish tests in the customized
fish bed. Note the fish bed is deeper where the fish head lies so that the entire fish remains in a horizontal position. Colors coded on the fish represent anterior (A), middle
(M), and posterior (P) locations for puncture tests. Depth of the fish bed at the head region was 0.5 cm.

move water, 3) weighed to determine dry mass (organic and min-
eral content), 4) heated for 10 hours at 500° C to burn off organic
content, and 5) then weighed the remaining dry ash.

2.3. Imbrication and Overlap

Imbrication (Eq. 1), or the proportion of exposed area, is a com-
mon measurement to compare biological armors [11,15,27,41,42].
Imbrication is typically calculated as

Imbrication = EL/TL (1)

where EL is the exposed length of the scale and TL is the total
length of the scale. Conventionally, degree of imbrication calculates
the proportion of exposed length, and not the percentage of over-
lap [42]. However, the scutes of C. trilineatus are elongated in the
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dorsal-ventral plane compared to typical fish scales [43], and as
such, the percentage overlap between adjacent scutes was also re-
ported to better depict the scute-scute interactions. Seven C. trilin-
eatus were used for scute overlap calculations. The same regions
were used as with bone ash content tests. Scutes were removed
from the body using the extraction procedure described above. We
used Image] on images taken through a dissecting microscope with
an iPhone 6s camera (Apple Inc., 12 megapixels) to trace an area
of overlap between the two scutes. In this study, the percentage
overlap was calculated as (Eq. 2)

Area of overlap
Area of posterior scute

% Overlap = 100 =
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Fig. 2. Example of load-extension curve for puncture tests. Representative data col-
lected from curve are marked to illustrate the force to yield (black dot), stiffness
(red line at the linear portion of the curve), and the work to fracture (the area
under each curve, marked by the grey shaded region). We chose to conservatively
estimate the energy under the curve at the beginning of the linear region as the
early portion of the loading resulted in flattening of the scales when compressed
by the needle.

2.4. Performance

To examine the mechanical properties of the C. trilineatus scutes
and armor, we tested three conditions: 1) synergistic effects of
multiple overlapping scutes when keeping scutes intact on the
body vs. removing scutes - either as a single scute or as a complex
comprising multiple scutes, 2) the surface of the scute (external or
internal), and 3) the region of the body (anterior, middle, and pos-
terior). Provided the hyaloine is hypermineralized and is located
only on the external surface of a scute, then puncturing through
the external surface should: 1) require more force, 2) require less
energy (more brittle), and 3) result in a stiffer external side com-
pared to the internal.

Fifteen C. trilineatus were used for puncture tests using an 18-
gauge needle. Fish were euthanized and then scutes were removed
from one side of the body (left or right) using the same pro-
cedures outlined above. Scutes were either removed individually
(single scute puncture test) or together as a complex of two to
four overlapping scutes (scute overlap puncture tests). The spec-
imen was then examined under a dissecting microscope (Zeiss
SteReo Discovery.V20, Zeiss Microscopy, Jena, Germany) to make
sure no scutes remained attached prior to testing. The detached
scutes were placed in 1.5 mL microcentrifuge tubes containing wa-
ter pulled from the aquarium tank housing C. trilineatus prior to
puncture tests to ensure the scutes were hydrated, as hydrated
scales mechanically perform differently than dehydrated scales. For
example, Garrano et al. [44] found that hydrated Cyprinius carpio
scales had twice the flexibility and strength as dehydrated scales
and Wang et al. [11] found that hydrated pangolin (Manis pen-
tadactyla and M. tricuspis) scales showed significantly less flexi-
bility and tensile strength, but higher tensile strain compared to
dehydrated scales. We opted to maintain hydration by immersing
the scutes in water taken from the live fish tank rather than using
a Ringer’s or other such solution. The external scutes were already
acclimated to these conditions and therefore would not suffer from
physiological effects associated with immersion in a hypertonic or
hypotonic solution. Our goal was to reduce the amount of dehy-
dration and/or calcium leaching that occurs when adjusting the
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composition of the hydrating solution. Scutes remained hydrated
from the time of removal up until the moment of testing, within
24 hours of extraction. Testing usually occurred within an hour of
removal.

We tested the puncture performance and resistance to punc-
ture in C. trilineatus scutes using an Instron 5942 mechanical test-
ing machine (Instron Corp., Norwich, MA). These tests were cho-
sen to simulate the relevant puncture force the scutes encounter
in the wild - the assault of a predator’s tooth. We measured the
diameter (1.30 mm) of an adult red-bellied piranha (Pygocentrus
nattereri) tooth marked at the distal third of its height because
that is the approximated penetration distance for a piranha tooth
[25,45]. We used an 18-gauge needle to puncture the scutes be-
cause its outer diameter (1.27 mm) is roughly equal to the diam-
eter of a P. nattereri tooth. Needles were regularly swapped out
throughout the study. While the 18-gauge needles and a P. nattereri
tooth are surely different in aspect ratio, the initial damage of the
18-gauge needle should be a useful approximation of the predator.
We note that we selected piranha as the model for our puncture
performance tests because 1) they are found in similar waters as
C. trilineatus, 2) have been reported to show predatory behaviors
toward our study organism, and 3) in lab predatory events (per
obs.) showed that C. trilineatus can withstand repeated bites (and
survive seemingly unharmed) from juvenile P. nattereri.

2.5. Whole body tests

We punctured scutes kept intact along the length of the whole
body of the euthanized C. trilineatus (N=11 specimens; average 4.9
punctures (range: 2-6); 54 total punctures were analyzed). Spec-
imens were placed in a 30 mm x 15 mm x 5 mm customized,
3D-printed (Formlabs Form 2 3D Printer, Formlabs Inc., Somerville,
MA) “fish bed” designed to hold the specimen in place (Fig. 1).
Through trial-and-error, the “fish bed” was designed to match the
fish body’s natural curvature to prevent dorso-ventral rotation dur-
ing puncture testing. The head of the fish bed was deep enough to
support the entire head of the fish while the bed became increas-
ingly shallower by mimicking the natural curvature of the fish to
support the caudal fin; the goal of the design was for the side be-
ing punctured to be flat (not laterally bent) during testing (Fig. 1).
A rubber band was secured around the fish bed in a dorsal-ventral
direction to hold the specimen in place and decrease anterior-
posterior movement.

For each region of the fish body (anterior, middle, and pos-
terior), the dorsal and ventral scutes (both intact and detached,
and the internal and external surfaces) were punctured (Anterior
scutes: N=15 specimens, average 6.8 punctures (range: 2-12), 102
total punctures; Middle scutes: N=15 specimens, average 6.2 punc-
tures (range: 2-10); 93 total punctures; Posterior scutes: N=14
specimens, average 5.6 punctures (range: 2-9), 79 total punctures).
The needle and scute(s) were initially aligned to puncture the esti-
mated geometric centroid of the scute(s). A puncture was counted
if there was evidence of cracking or denting in the scute (deter-
mined via verification through examination under a dissecting mi-
croscope). A hole in the scute counted as a full puncture. If the
scute was not punctured (no sign of impact as detailed previously),
then the trial was reset and aimed at either the same scute (if
there was no penetration) or an adjacent scute in the same region
(if the previous test resulted in an incomplete puncture). When
multiple punctures were performed on the same scute, all of those
punctures were averaged to obtain a single data point per scute for
analysis, corresponding with the noted puncture totals. The punc-
ture tests were performed at a displacement rate of 0.5 mm s~!
for a distance of 2.0 mm, settings that are slow enough to reduce
slippage of the needle on the scutes and deep enough to puncture
fully without impacting the underlying body tissue.
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Fig. 3. Anatomy of Corydoras trilineatus scutes. A) Micro CT scan showing the axial scutes in lateral view, B) Dorsal view, and C) Ventral view. D) Dorsal view sectioned
to illustrate the intact scute anatomy. The red circle is a closer view of individual scutes illustrating the internal (I) body of the fish, external (E) to the fish, and the deep
connective ridge (R). E) Closer view of the external, smooth (S) scute surface and F) the internal scute surface highlighting a medial view of the internal ridge (colored scales).
The other scales illustrate relative levels of mineralization where high mineralized areas (HM) correspond to the location of the deep ridge while thinner, less mineralized
areas (LM) occur in areas of overlap. G) Scanning electron microscopy of an individual scale. The white box shows a closer view of the odontode (denticles) along the

posterior surface of the scute.

2.6. Detached scutes

We punctured either the superficial external surface (N=14
specimens, average 12.2 punctures (range: 3-18), 171 total punc-
tures including intact scutes were analyzed) or the deep inter-
nal surface (N = 11 specimens, average 9.4 punctures (range: 7-
13), 103 total punctures of only detached scutes were analyzed)
of detached C. trilineatus scutes from the three body regions. Sin-
gle scutes (N=12, average 10.1 punctures (range: 6-14), 121 total
punctures) as well as complexes of overlapping scutes (N=13, av-
erage 7.6 punctures (range: 1-15), 99 total punctures) from each
of the three body regions were used. The needle was aligned to
puncture the estimated geometric centroid of the scute, and then
additional punctures were performed along the scute to test for
consistency; one dorsal and one ventral to the geometric centroid.
The punctures were first analyzed as individual tests (each punc-
ture as an independent puncture). The three punctures for each
scute were then averaged to obtain a single data point for analysis,
corresponding with the noted puncture totals above. A rubber layer
with a compressive elastic modulus of ~1 MPa was placed under-
neath the scute to simulate soft tissue under the scute (Fig. 1), a
method established by Meyers et al. [25]. The scutes were placed
on the rubber and held in place with a rubber band to reduce tor-
sional rotation. A puncture prior to each scute was performed on
the rubber to calibrate the needle and allow for pre-loading the
needle with the scutes pressed to the rubber to prevent scutes
from moving upon impact. The puncture tests were performed at
a displacement rate of 0.5 mm s~! for a distance of 1.5 mm.

363

Scutes were either punctured through the external surface or
the internal bony base, but not through both (the puncture was
programmed to only collect data up until the initial break, as
that corresponded with the fracture of the target layer (Fig. 2)).
Flipping the scute was the most practical method to test scutes
without hyaloine, as a review of the scientific and dental litera-
ture indicated that there is currently no method developed to re-
move hyaloine or other hypermineralized tissue from bone and
keep it in a solid state suitable for mechanical properties tests
[46,47].

2.7. Calculations

The mechanical properties measured were force to yield (New-
tons), stiffness (N/mm), and work to fracture (joules). Force to yield
was recorded as the force of the yield point (data only collected
at the initial break and not for reloading events following) of the
load-extension curve (Fig. 2). Stiffness was calculated by dividing
the difference in force of two load points along the linear region
by the difference in extension of the same two points. The value
for stiffness was calculated within the linear region of the load-
extension curve prior to yielding (Fig. 2). Work to fracture was cal-
culated as the area under the load-extension curve (see below and
Fig. 2) from the end of the toe region (the beginning of the linear
region) to the yield point of the load-extension curve (the point of
puncture) (Fig. 2; Eq. 3).

b
Work To Fracture = fF(x)dx (3)



A. Lowe, A.P. Summers, R.P. Walter et al.

A.

Lateral View

External

Fig. 4. Scute anatomy and overlap. A) Live C. trilineatus showing epithelial covering
and a CT scan of fish illustrating the dorsal and ventral rows of scutes as well as the
interlocking pattern (In) along the horizontal margin. B) Closer view of the surface
scutes and a cleared and stained image of the scutes demonstrating mineralization
patterns. Dashed line along the CT scan indicates scutes removed for cleared and
stained images. Darker purple indicates areas of higher mineralization. The cartoon
(grey) illustrates scale overlap. The anterior scute of the pair is white, the posterior
scute is black, and the area of overlap between them is shaded grey. C) Static image
from micro CT scan and illustration showing the scute overlap of approximately 30%
along the rostral (anterior) scute and 10-15% along the caudal (posterior) scute.

Where b is located at the yield point and a is located at the end
of the toe region. The toe region was excluded because there was
slight movement of the scute as it “flattened out” while the needle
was being applied to the scute.

2.8. Verification of puncture

We used a Scanning Electron Microscopy (SEM) to image
3 punctured scutes. This provided a verification mechanism to
closely inspect the scute for crack propagation and surface tissue
damage. In addition, this provided a closer view of the anatomi-
cal structure of the scutes and the position and shape of the den-
ticles as they are attached on the posterior surface of the scute.
Scales were dehydrated gradually over a 48-hour period into 100%
ethanol [48]. Specimens were dried using a Quorum E3100 Critical
Point Dryer (Quorum Technologies Ltd, East Sussex, UK), sputter
coated, and imaged using a Hitachi S-2400 (25 KV) SEM.

2.9. Statistical Methods

We tested the residuals for normality of the data using the
Shapiro-Wilk test and for variance using the Fligner-Killeen test.
Only the amount of overlap between scutes and the organic com-
position of the scutes followed a normal distribution and homo-
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Fig. 5. Scute overlap. Hybrid violin-box plots of percentage of scute overlap
grouped by region of the body (N = 7). The width of the curvature of the vio-
lin represents the distribution of the data. The upper, middle, and lower bars of
the box plots represent the 75% quantile, median, and 25% quantile, respectively.
Diamonds represent the mean. The regions of the body are color coded as anterior
(purple), middle (orange), and posterior (green). The anterior region average overlap
was 33.13% + 1.16 SE, the middle region averaged 36.19% + 1.00, and the posterior
region averaged 29.22 + 1.04. Non-matching letters indicate mean values that dif-
fer significantly. The amount of overlap in the posterior region was significantly less
than in the anterior (p = 0.039) and middle (p < 0.001) regions.

geneity of variance, even following data transformations. For these
two data sets, one-way ANOVAs were run followed by Tukey’s post
hoc tests [49]. Significance was determined at p-values < 0.05. For
all other data, Kruskal-Wallis tests were applied followed by post
hoc Nemenyi tests to detect differences in the percent composi-
tion (mineral and water), differences in the force to yield, stiffness,
and work to fracture among each region of the body, type of scute
punctured (single, overlapping detached, and intact), and scute sur-
face punctured [49]. Because multiple punctures were performed
per scute and averaged per scute, statistical analysis tests were per-
formed on both the averaged data set and as individual punctures
(not averaged). There were no differences in significance between
the two data sets. The analysis of the averaged data is shown.
All statistical analyses were performed in R versions 3.4.3 - 3.5.2
[50] and figures were produced using the package ggplot2 [51].

3. Results
3.1. Scute Anatomy and Overlapping Scutes

The scutes in C. trilineatus run the length of the axial body pos-
terior to the parieto-supraoccipital down to the caudal peduncle
(Fig. 3) similar to C. aeneus [52]. The two rows of lateral scutes
form an alternating interlocking pattern along the horizontal mar-
gin of the body (Fig. 3A); however this same interlocking pattern is
not present on the dorsal and ventral surfaces of the body (Figs. 3B
& 3C, respectively). The internal surface of the scute has an un-
derlying, thickened ridge that anchors the scute to the underlying
soft tissue (Fig. 3D), while the external surface of the scute ap-
pears smooth and flat (Fig. 3E). The ridge position corresponds to
areas with little to no scute overlap (Figs. 3F & 3G). This results
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Fig. 6. A) Hybrid violin-box plots of average percentage of mineral (gray, 53.62% + 1.63 SE), organic (brown, 36.86% + 1.63), and water (blue, 9.53% + 1.63) composition of
the Corydoras trilineatus scutes (N = 7) grouped by region of the body. The width of the curvature of the violin represents the distribution of the data. The upper, middle,
and lower bars of the box plots represent the 75% quantile, median, and 25% quantile, respectively. Diamonds represent the mean. The regions of the body are divided
into anterior (purple), middle (orange), and posterior (green). Non-matching letters indicate values that differ significantly and no letters indicates there is no significant
difference among regions for each type of composition. There were no significant differences between the regions for each type of composition (p = 0.156 for mineralization,
p = 0.068 for organic, and p = 0.348 for water). B) Ternary diagram of the percent compositions of various armored fishes (outlined shapes). Relative proportions were
determined by mass. Comparative data are from various sources [13,15,22,26,53-55].

in thinner areas that are reinforced structurally with overlap and
thicker in areas with no overlap. The scutes are covered with a thin
layer of epithelium (Fig. 4A) that provides distinctive color patterns
along the length of the fish. Closer examination using CT technol-
ogy reveals the interlocking mechanism described above is more
prominent toward the rostral portion of the axial skeleton (Figs. 4B
and 4C).

Corydoras trilineatus scutes averaged (+ SE) 32.71% + 0.77
(N 7) overlap (Figs. 4B and 4C; Fig. 5). The posterior scutes
overlapped significantly less (29.22% + 1.04) than both the ante-
rior (33.13% £ 1.16, p = 0.039) and middle scutes (36.19% + 1.00,
p < 0.001), but there was no significant difference between the
anterior and middle scutes (p = 0.141). Cleared and stained im-
ages and CT images of scute overlap reveal that there are approxi-
mately equal amounts of overlap along the rostral and caudal sur-
faces of the scutes, although these ratios change somewhat along
the length of the body (Figs. 4B and 4C).

3.2. Composition

The scutes of C. trilineatus were highly mineralized, with an av-
erage (+ SE) mineral composition of approximately 53.62% + 1.63
(N = 7) (Figs. 4B, 6). The organic and water compositions aver-
aged 36.86% + 1.63 and 9.53% + 1.63 (N = 7), respectively (Fig. 6).
However, there were no significant differences among the regions
of the body for mineralization, organic, or water composition, re-
spectively (p = 0.156 for mineralization, p = 0.068 for organic, and
p = 0.348 for water).

3.3. Scanning Electron Microscopy

Scanning electron microscopy confirmed punctures in selected
scutes. Evaluations of crack propagation throughout the surround-
ing scute showed that cracks did not visually propagate farther
than 10 um from the puncture site (Fig. 7).

3.4. Scute performance

Intact scutes had significantly lower average (& SE) forces to
yield (1.55 £+ 0.09 N; N = 11) than both detached overlapping (1.88
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+ 0.07 N, N = 12, p = 0.025) and detached single scutes (2.02
+ 0.06 N, N = 13, p < 0.001) (Figs. 8A and 8B). However, deep
punctures of intact scutes were rarely observed. Instead, most of
the punctures of intact scutes were shallow and/or caused only
cracks or dents. The scutes kept intact on the body had signifi-
cantly lower stiffness (2.54 + 0.25 N/mm) than both of the de-
tached scute groups (7.28 + 0.19 N/mm for overlapping and 7.99 +
0.17 N/mm for single, p < 0.001 for both) (Figs. 8A and 8C). There
were significant differences in work to fracture among the differ-
ent scute groups; intact scutes required the most energy (0.66 +
0.05 ], p = 0.005 to single detached, p < 0.001 to overlapping) to
fracture, with single detached scutes (0.42 4 0.03 J, p = 0.015 to
overlapping) next, followed by overlapping detached scutes (0.31 £
0.03 J) (Figs. 8A and 8D).

3.5. Body region

When puncturing with the needle, posterior scutes had a sig-
nificantly lower average (4 SE) force to yield (1.69 + 0.08 N) than
scutes from the middle region (1.94 + 0.07 N) (p = 0.045), with
no significant differences between either of those regions and the
anterior region (1.97 + 0.07 N) (Figs. 9A and 9B). There were no
significant differences in stiffness among the regions of the body
(p = 0.099) (Figs. 9A and 9C). There were no significant differ-
ences among the regions of the body in terms of energy required
to puncture (p = 0.653) (Figs. 9A and 9D).

3.6. Surface performance

When puncturing the scute(s) with the needle, the force to
yield did not differ significantly between the external and inter-
nal surface of the scutes (p = 0.121) (Figs. 10A and 10B). The in-
ternal surface of the scutes (8.52 + 0.23 N/mm) were significantly
stiffer than the external surface (5.53 + 0.18 N/mm) (p < 0.001)
(Fig. 10C). There was no significant difference in the work to frac-
ture of the two surfaces of the scute (p = 0.623) (Fig. 10D).
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Fig. 7. Scanning electron images of C. trilineatus scutes from intact (whole fish) puncture tests. A) Puncture from needle with no visible microdamage to surrounding scute.
B-C) Representative punctures showing crack propagation (grey dashed boxes) in surrounding tissue. Cracks that did occur were located within 10 microns from the puncture

site.
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Fig. 8. A) Mechanical tests for scutes intact and removed from the body. Examples of load-extension curves for each region of the body that was punctured with markings
corresponding to the force to yield (colored dot), stiffness (red line at the linear portion of the curve), and the work to fracture (the area under each curve, marked by the
grey shaded region and corresponding colored lines). B-D) Hybrid violin-box plots of the force to yield, stiffness, and work to fracture calculated from puncturing tests of
Corydoras trilineatus scutes (N = 15) grouped by type of scute(s) punctured (single detached scute, multiple overlapping detached scutes, and scutes intact on the fish body),
measured in Newtons, N/mm, and joules, respectively. The width of the curvature of the violin represents the distribution of the data. The upper, middle, and lower bars
represent the 75% quantile, median, and 25% quantile, respectively. Diamonds represent the mean. Non-matching letters indicate mean values that differ significantly. The
regions of the body in C) are color coded as anterior (purple), middle (orange), and posterior (green). The intact scutes had significantly lower strength than both detached
scute groups (p = 0.025 to overlapping and p < 0.001 to single; B), were significantly less stiff than both other groups along the entire body (p < 0.001; C), and needed
significantly more energy to puncture than both other groups (p = 0.005 to single detached and p < 0.001 to overlapping; D).

4. Discussion

The shape and length of Corydoras sp. scutes differ greatly from
other more commonly examined fish scales. For example, Cory-
doras scutes cover approximately 46% of the body depth (mea-
sured using Image]) compared to the 1-5% of body depth reported
for other notable fish scales - e.g. large-scale loach (Paramisgur-
nus dabryanus), piracuru (A. gigas), and goldfish (Carassius aura-
tus) [43]. Corydoras scutes overlap less (~33%) than the scales of
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other fishes like A. gigas (>60%) [3], coelacanth (L. chalumnae)
(66%) [15], amazon sailfin catfish (Pterygoplichthys pardalis) (50%)
[32], striped bass (M. saxatilis) (50%) [55], mullet (Mugilidae sp.)
(70%) [55], and milkfish (Chanos chanos) (80%) [55]. The overlap
more closely matches the level of overlap seen in fishes with more
specialized protective coverings like alligator gars (A. spatula) (22-
30%) [27] and boxfish (Lactoria cornuta) (0%) [56] and terrestrial
animals like Chinese pangolins (M. pentadactyla) (29%) and African
pangolins (M. tricuspis) (43%) [11]. The low percentage of overlap
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Fig. 9. A) Mechanical tests for region of the body: anterior, middle, posterior scutes. Examples of load-extension curves for each region of the body that was punctured with
markings corresponding to the force to yield (colored dot), stiffness (red line at the linear portion of the curve), and the work to fracture (the area under each curve, marked
by the corresponding colored lines). B-D) Hybrid violin-box plots of the force to yield, stiffness, and work to fracture calculated from puncturing tests of Corydoras trilineatus
scutes (N = 15) grouped by region of the body, measured in Newtons, N/mm, and joules, respectively. The regions of the body are color coded as anterior (purple), middle
(orange), and posterior (green). The width of the curvature of the violin represents the distribution of the data. The upper, middle, and lower bars of the box plots represent
the 75% quantile, median, and 25% quantile, respectively. Diamonds represent the mean. Non-matching letters indicate mean values that differ significantly and no letters
indicates there is no significant difference among groups. Scutes from the posterior region had a significantly lower strength than the middle scutes (p = 0.045, B), despite
showing no difference in stiffness (p = 0.099; C) or work to fracture among the three regions (p = 0.653; D).

is on par with other inflexible armors, as other fish with similar or
less overlap are often described as having “rigid” scales.

In fishes, it is no surprise that larger fish can withstand more
puncture force. It is important to note that the size and shape of an
indenter directly affects the force to puncture; nevertheless, there
are some interesting trends that emerge when correcting for size
differences. We note, for this comparison we are using the size
and weight of the animals tested if published, or if unavailable,
we used a conservative estimate for size (CS) and weight (CW).
Arapaima gigas can withstand up to 150 N when puncturing a de-
tached scale using a piranha tooth, and in fact, no tooth fully punc-
tured the scales and some piranha teeth broke during the punc-
ture trials [25,57]. Similarly, A. spatula withstands up to 500 N
when punctured by an alligator tooth, which also broke before
fully puncturing intact scales; [15]. However, both A. gigas (~200
cm SL; 90 kg CW) and A. spatula (~200 cm SL; 70 kg CW) are two
orders of magnitude longer and at least four orders of magnitude
more massive than the C. trilineatus in this study (2.5 cm SL; 0.001
kg). Yet the force to puncture these large-scaled fishes did not scale
with mass; instead they differed by just two orders of magnitude.
The comparison to other smaller armored fishes is more extreme.
Latimeria chalumnae scales (160 cm CS; 81 kg CW) withstood up
to 25 N when subjected to puncture tests on two overlapping, de-
tached scales using a shark tooth [15]. Additional examples include
striped bass (M. saxatilis) (~60 cm TL (CS); 31 kg CW) that with-
stood up to 14 N when puncturing intact scales; [26] and box-
fish (Lactoria cornuta) (46 cm TL; 0.1 kg CW) that withstood up to
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85 N [56]. In comparison to C. trilineatus, these other fishes with-
stood just one order of magnitude more force before succumbing
to puncture though they were between two to four orders of mag-
nitude more massive.

Previous studies on fish armors have shown that multiple over-
lapping scales require more energy to puncture than individual
scales and the force of puncture through multiple scales is three
to five times higher than puncturing through isolated individual
scales/scutes [26,55]. Our study followed a similar trend with mul-
tiple scutes requiring approximately 20-30% more force than punc-
turing through an individual scute. However, C. trilineatus scute
placement revealed there is approximately 40% overlap in scutes
at the anterior and posterior edges of a scute, though the middle
of the scute does not have reinforcement from overlapping scutes.
Instead it is equipped with a highly mineralized internal ridge that
helps to reinforce the scutes. In addition to structural reinforce-
ment via overlapping scutes, C. trilineatus makes use of hard to soft
interfaces to structurally reinforce the scutes. Puncturing the exter-
nal surface of the scute requires penetration through two distinct
layers, the hypermineralized hyaloine and type I collagen - hard
and soft materials, respectively, while directly puncturing the in-
ternal surface of the scute requires penetration of only the internal
layer of lamellar bone - hard material only. The external surface of
the C. trilineatus scute required significantly more work to punc-
ture than the underlying internal surface that is attached to the
body. Puncturing the C. trilineatus armor with the scutes intact on
the body required approximately 50-100% more energy to fracture
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indicate mean values that differ significantly and no letters indicates there is no significant difference among groups. The internal surface of the scutes had significantly

higher stiffness than the external surface (p < 0.001, C)

than puncturing the scutes detached from the body, thus confirm-
ing that intact armor is tougher than detached scutes. Corydoras
are certainly not novel in their use of hard to soft reinforcement.
Zhu et al. [26] showed that fish scales are stiffer than the body
tissue substrate, which results in the scales “sinking” into the tis-
sue upon compression. During a predation event, this “scale sink-
ing” may result in an injury to the fish, but it likely prevents fatal
puncture. The body may act as a cushion that allows the scale to
sink into the underlying dermis upon impact, effectively absorbing
the force being applied to the scale, and preventing a destructive
puncture. During our post-test, microscopic examination of scutes,
we noted that it was rare for puncture tests on intact scutes to
puncture through the entire scute.

Corydoras trilineatus scutes are highly mineralized (53%) rel-
ative to other armored fishes (16-59%), a group that includes
piracuru (A. gigas) (internal layer = 39%, external = 58%) [15,58],
red seabream (Pagrus major) (whole scale average 46%) [13],
striped bass (M. saxatilis) (internal = 14%, external = 50%) [26], and
a larger Amazonian armored catfish (P. pardalis) (internal = 44%,
external = 50%) [58]. Unfortunately, we were unable to reliably
separate the internal and external layers of the scutes for di-
rect comparison due to their small size and the composition of
hyaloine. Nevertheless, the relatively high mineral content sug-
gests that the scutes are hard (resistant to plastic deformation),
but also brittle (breaks with little plastic deformation) similar to
other highly mineralized biological materials (e.g. enamel miner-
alization = 97% mineralization; Dentine = 70%) [59]. However, al-
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though the scutes do succumb to punctures, the scutes are rein-
forced so that crack propagation does not compromise the entire
structure. Brittle scutes would not likely withstand repeated high
force attacks. However, the scute is a composite material. Toughen-
ing the hyaloine by embedding it in a more ductile material (con-
nective tissues, etc.) results in the scute performing as a stronger
structure than either of the materials would perform on their own.
It is therefore not surprising that they are reinforced by a cushion-
ing effect via connective fibers throughout the scute and in con-
junction with the underlying soft tissues. Other examples of this
synergism are found throughout the natural world. Biological tis-
sues tend to become stiffer as they become more mineralized;
mineralization usually couples with calcification in vertebrates [59-
61]. Highly mineralized biological tissues (ex. teeth in mammals
composed of enamel, dentine, and tooth cement) avoid structural
failure via deformation (brittleness) by 1) making use of areas of
high and low mineralization within the tooth and 2) arranging
fibers and mineralized layers to reduce crack propagation [59]. We
noted in the SEM images that crack propagation expanded just 10
pm from the puncture site. Although we cannot say with absolute
certainty that there was no further compromise to the scute fol-
lowing a penetrative event, we do note that additional puncture
tests on the same scute were comparable in the force to puncture.
We therefore argue that the entire scute is not likely to fail follow-
ing a single predatory bite. We hypothesize that these scutes are
arranged to provide the greatest puncture resistance during a sin-
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gle, targeted attack. It is of note that in this study we did not test
the performance of replacement scutes.

Biological armors follow a similar composition across taxa, and
the small variations in the armors allow them to function as more
than just protection from predators [4-7, 11]. The dermal structures
that form the armor can be multifunctional, including contribut-
ing to a higher locomotive efficiency by reducing drag in fishes to
help offset the increase in mass and cost to swim caused by the
presence of armor [62,63], providing luminescence in fishes [63],
and providing camouflage in chameleons [64]. But armor comes
at a cost, both energetically and functionally [14,65]. Biological ar-
mor in plantigrade mammals, those that walk on the soles of their
feet with the toes and metatarsals flat on the ground, was asso-
ciated with a lower metabolic rate, slower running speeds, and
issues with thermoregulation for smaller species [65]. Animals at
higher trophic levels tend to have reduced or no armor because
it inhibits speed; however, this tradeoff results in reduced pro-
tection against their own predators. Animal armors must contend
with this tradeoff between strength, flexibility, and the weight of
the armor [14]. Thick, bulky armors like turtle shells provide pro-
tection from attacks, but are heavy and limit maneuverability and
flexibility. Lighter armors, like fish scales near the tail, allow for
wide ranges of motion but do not provide as much protection as
stronger scales elsewhere on the body [44]. Even though C. trilin-
eatus is not a particularly fast or flexible swimmer, it does appear
that it is flexible enough to fit into small spaces and escape preda-
tors. It is unclear whether Corydoras sp. armors serve additional
purposes beyond predator protection. We suggest that additional
studies further explore the anatomy and scale function across this
group of tiny armored fishes.

This study describes the puncture resistance and composition
of scutes in a small armored catfish, Corydoras trilineatus, and is
one of only a few studies that focus on the scute anatomy in the
genus Corydoras. The armored scutes are highly mineralized; how-
ever, the fish retains flexibility of its body. Like with most fish ar-
mors, C. trilineatus armor is difficult to puncture and the fish uses
multiple tricks to reduce puncture including: 1) hard to soft in-
terfaces that increases the puncture resistance and still allows for
some flexible mobility, 2) overlap of scutes along the anterior and
posterior scute, 3) a reinforced mineralized central ridge that sta-
bilizes the middle portion of the scute where there is no scute
overlap, and 4) a composite material to reduce structural failure
following a successful puncture.
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