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Dean Lab: Comparative anatomy,
biomechanics & biomaterials

How are
natural
materials
structured

for extreme
performance?

How do structurally-
complex tissues grow
& self-organize?

animals
make color?

How do biological
materials adapt
for new functions?

@MasonDeanlLab
www.masondeanlab.com



http://www.masondeanlab.com
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ORDER

Anguilliformes :
| 1|

Atheriniformes =<
i

Beloniformes —mipd

1l Number of Genera

CLASS Clupeiformes *"
=

Gadiformes -

Gonorhynchiformes *_
Y

Mugiliformes <l

§BRUV [BOTH JeDNA |

Bony fishes

Actinopterygii

~34,000 species (spp.) of fishes today

(note: fishes = more than one species) Percifornes ".

e 43% freshwater |
e 56% seawater whmes -t

e ~1 % both C-archarhiniformes W

& Heterodontiformes #—(
= = = E l
Cartilaginous fishes 5 . *Q
t Myliobatiformes
©
c |
o
£
@)

Orectolobiformes *«
g
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Number of Genera
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Teleost fishes



Nemackilus stoliczke.

5,200m (17,000 feet)

and nearly seven miles beneath it (-35,000 feet).




The ocean environment

e — =23 Sea Surface -

ooooooooooooooo

Veolcanic Island

Continental Slope

................... Continental Rise

Abyssal Plain

|

Submarine Ridge

...................................

The really deep-sea!

In situ photograph of Pseudoliparis swirei sp. nov. at 6,198 m. B) a group at

7,485 m. C) Deck photograph. D) Radiograph

Gerringer et al., 2017



Amazing deep-sea fishes

The really deep-sea!

In situ photograph of Pseudoliparis swirei sp. nov. at 6,198 m. B) a group at
7,485 m. C) Deck photograph. D) Radiograph

Bioluminescence,
Large jaws and teeth,
Poor ossification,

Lures to capture prey

Gerringer et al., 2017



The Antarctic Icefish

Fish live in sub-zero temperatures in Antarctica

-1.86° C
(28.6°F)

No hemoglobin in red blood cells!
Anti-freeze proteins in blood



Desert pupfishes

Devils Hole

43.8° C

(110.8°F) Nevada

Devils Hole
| *’/(
LR S & o Nall™\  Las
and in hot spring waters of more than 110°F Devil’s hole pupfish e = Vegay

Cyprinodon
Only 300-700 left
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Fish are small

Fish can live a long time!

Scientists have discovered a fish living in
forest swamps on the Indonesian island of
Sumatra that is only 7.9mm long and
sexually mature. The species of fish belongs
to the carp family and is called Paedocypris
progenetica. It is the world's smallest
vertebrate.

Ihe Greenland shark (Somniosus microcephalus), an iconic species of the Arctic Seas,
grows slowly and reaches >500 centimeters (cm) in total length, suggesting a life
span well beyond those of other vertebrates. Radiocarbon dating of eye lens nuclei
from 28 female Greenland sharks (81 to 502 cm in total length) revealed a life

span of at least 272 years. Only the smallest sharks (220 cm or less) showed

signs of the radiocarbon bomb pulse, a time marker of the early 1960s. The age
ranges of prebomb sharks (reported as midpoint and extent of the 95.4%

probability range) revealed the g aturity to be at least 156 * 22 years, and the
largest animal (502 cm) to b€ 392 * 120 years old. Wur results show that the Greenland
shark is the longest-lived vertebra , ey raise concerns about

species conservation.

Nielsen J. et al. (2016). Eye lens radiocarbon reveals centuries of longevity in the Greenland
shark (Somniosus microcephalus). Science, 353(6300), 702-704.



Remarkable sensory systems Remarkable sensory systems

Vision

Sternarchorhynchus mormyru

S
(Steincachnar, 1858

*)

Campylomormyrus phantasticus

Hie !

Archerfish: Toxotes




Water ~800x denser and 50x more viscous than air

No gravity, neutral buoyancy

More efficient swimmers:
Minimize drag, maximized

thrust

Body shape, size, surface
roughness, propulsors
Great Sculpin

Myoxocephalus polyacanthocephalus
Video slowed down 10x

https://www.americanscientist.org/article/not-just-going-with-the-flow



Tracking fISh migrations W|th satellite tags

An adult bluefin can
cross the Atlantic
Ocean, traveling over

o1 | 8,000 km in a year,
o6 I swim ~45 km/h, and
S?ﬁ accelerate faster than
o a Porsche.

https://www.ices.dk/PANDORA/Documents/
PANDORA_s%20Toolbox/Assessment/atlantic-
bluefin-tuna-factsheet.pdf

Figure 3 Movements over 4.5 years of one individual Atlantic bluefin tuna (603) that was  residency. b, In 2000, the bluefin tuna showed transatlantic movement to the eastern
tagged in the western Atlantic in 1999 and demonstrated site fidelity to a known spawning ~ Atlantic. c—e, Three consecutive years of movements from the eastern Atlantic into
area in the Mediterranean Sea (2001-2003). Each panel shows a year of the fish’s track; ~ the Mediterranean Sea, to the vicinity of the Balearic Islands, during the breeding
colour denotes month of each position. Start and end points for each year are denotedbya  season: ¢, 2001; d, 2002; e, 2003. The fish was recaptured on 2 July 2003 (yellow
square and cross-hatched circle, respectively. a, The bluefin tuna was released off North  triangle).

Carolina on 17 January 1999 (arrow, 191 cm CFL) and showed a year of western



Lift+Buoyancy

dorsal fins Tail Fin The location and
| / \ or Caudal fin . i i
A 40 > _ diversity of fins are
G : important!

Where are they on

: the body?
@ PectoralFin How flexible are
Ventral or Pelvic Fins Anal Fin th eyo
Weight

https://www.researchgate.net/figure/Different-types-of-fish-fins-Pectoral-Fin-shape-has-important-effects-for-swimming figl 341193800



Via trunk and tail

Via tail Via fins

Subcarangiform® Tetraodontiform Rajiform"

- Carangiform Balistiform Amiiform
Locomotion types: Thunniform Diodontiform" Gymnotiform

how propulsion generated
body flexibility
body shape
fin shape

n knifefishes

Propulsive force | Most of body Posterior half of body | Caudal region Median fin(s) Pactorals, median fins | Pectoral fins
Undulation: Propuisive form | Undulation Undulation Oscillation Oscillation® Undulation Oscillation

sinusoidal waves passing " oo < O >>1 wavelengt

down the body or fins e [ - T
Oscillation: i 10-20

- hape:
a structure moving back B"&"efa??"w Elongate Fusiform Variable Variable Elongate Variable

Caudal fin aspect | Smal Medumtolarge | Large Smallto medum | Variable Large.

Medium to low Low to high Low Low tow o

Habitat Benthic or Pelagic, we, schooling | Variable we Suprabenthic structure
suprabenthic associated




Functional Morphology of Fish Swimming

Carangiform
(a) Angullliform and subcarangiform Ostracliform
({trout) (boxfish)

Reaction of water ~ Lateral thrust Thrust of tail

Propulsive  ggainst water
Forward thrust 7 segment

P e L A T < f U
Overall direction \& %~ wii. . T

of motion e S e T 42 ' 2 R
Propulsive segment , / )
Reaction of water | gteral !\

s Instantaneous
segment
direction

How is head yaw related to tail/ Body musculature, bending and use of fins
body oscillation? accelerate a mass of fluid to propel fish
forward

Pectoral fins produce larger vortices so they
are used more for equilibrium at lower
speeds, at higher speeds fishes use their
caudal fin



Swimming modalities

RAJIFORM LABRIFORM

G

~ Ray

PECTORAL

GYMNOTIFORM BALISTIFORM

Wrasse

Knifefish

AMIIFORM

T : :
. ~ Triggerfish
' 4 / OSTRACIHFORM

Bowfin

(a) Sculpin

DORSAL

Herring

CAUDAL

(MODIFIED
CARANGIFORM)

CARANGIFORM /\VIA\/J’}\(

Mako

Dogfish
- -—/‘;-/’2:\.—;3
= SUBCARANGIFORM

(c) Trout - ‘ “Thunniform?”

-

UNDULATION OSCILLATION




Caudal fins

A. Thunnus cbesus, A =

7.5

Homoceral

Lunated

Aspect ratio

. (it

striped marlin

- i

Sailfish

swordtish

bluefin tuna

Fig. 1: Some high-speed fishes

wahoo

Table 1: The top speed of some fish

oaw.crg

Heterocercal

valiable

Rainbow Trout are able to increase the depth and hence

Categories Sailfish Bluefin tuna Striped marlin swordfish wahoo
Top speed (mph) 60.3 43.5 50.3 63.4 47.8
R = .
CAUDAL FINS OF l-‘lsm:s , il x
1 : —
rc..l_‘l.. FeJun e

GLT
Q“

\f’\

Mwu//

Subcutaneoes

D

/

variabie abfnass hem

produce a higher aspect ratio tail during high-speed swimming




Undulatory locomotion in
fishes

AUI2Z:

based on the classical swimming categories,
which midlines below are from: eel, trout, jack, tuna“
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rest contracting relaxing
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rest

contracting

relaxing

Force /
Length \/
Ti

me —

Force

Length
Time —

Force

Length /\

Time —

Shortening

\ <( contraction: Muscle

produces mechanical
work

Motor

\_

J

<

. Strut

4 Isometric contraction:\
< Muscle produces force

g Lengthening

contraction: Muscle
dissipates mechanical
work

Brake




unipennate

fusiform

bipennate

Variation in muscle
architecture can alter:

| fascicle/fiber length
2. fascicle/fiber angle
3. cross-sectional area

Gross muscle architecture varies
a lot, with fiber direction
Indicating line of action




MUSCLE METABOLISM:

Color RED WHITE

Mitochondria Abundant Fewer

Blood supply Rich Lower

O,/myoglobin Rich Lower

Contraction rate Slow Fast

Fatigue Very slowly Quickly

Examples Fish red muscle Fish white muscle
Postural muscles Avian flight muscle

Most vertebrates have a mosaic of muscle types + intermediates

...Nnow back to fishes...
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part of myomere

Epaxial

Horizontal skeletogenous septum

Hypaxial part of myomere

Myoseptum




https://www.researchgate.net/publication/
241069769 _Mechanical_design_for swimming_Muscle
_tendon_and_bone/figures




Caudal Trunk

(a) Bony fish

Caudal Sacral Trunk Cervical
| | 1 |

w\w}y‘} N B

T
_.:~’ n.'\~
R eh A

(b) Early tetrapod

Caudal Sacral Thoracolumbar Cervical

<l €<
i B..x 1SN

L Sk

(c) Primitive amniote

Caudal >l | \mbar  Thorax _Cervical_

(d) Therapsid

Supraspinous ligament Interspinous ligament
\ !

/ Neural spine

Capsule for synovial
joint of zygapophyses

— Vertebral canal

o

= S~ Intervertebral
: : foramen

. Dorsal longitudinal
ligament

5t 8 Intervertebral disk

Ventral langitudinal ligament Nucleus pulposus (notochaord)

Ligaments keep things connected
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Fish vertebrae

Terrestrial vertebrae

Terrestrial animal
vertebrae often
Interact and interlock
a lot more than fish
vertebrae

W Ventral rib

NN Y
.\‘\..-._:\\ .\~\\\ \:\.:\ . - B e
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Some fast swimmers interlock vertebrae aald? |- .. KR

("' A

Scomlier

- WP — -
S 862
s

-

Scomberoinorus

d80H6

—

'! /'
\.t{"!ll 1
l “l' 1221 hX-6.6
s e T
sVAcanthocybigm g
v
V' 4
|
:_':_ -’ . s_l: US| \ 7 £
=2 v \. '
- O\
\\
\iexes NN

Euthvnbus

H.5-8.7

/,
& / :
\ ‘ _‘l{.

“c 7.9410.1 AR=10.0
- V.A'l

Makarra *

Thunnus

\‘\\

¢/

/ /

/ / / // / // ) 5 N »
IS SIS LA -
, e e Ty .






L - - - 5 o -y ‘ - - - - - 2 - . :
-'b...;- o - .-.» . - 4 o " - - b - > - SR ¥ " »
- e - » - - : - . - ~ -~ - - ) » . - )
- . - -~ > > ’ - W
WS e - TR T B, > b, ‘ . ,
. . . _ -
’ ." . . - = - - . . ‘
- - -

. 5 \

courtesy of
George
Lauder

tuna finlet motion



Fixation base

Compliant joints

Convergent shape

e s s—

b _——
(b) Caudal peduncle (fish tail)

A Tuna 7 -D Biological Tail Joint

20 e
Iy increasingR e=

Caudal rays

? (N/m)

b

M/

| \ ;
Anteriar Paired laleral Tall fin
muscles tendons (caudal fin)

B Model E Theoretical Tail Join
201

(N/m)

10

2
F

7

M /7

< Body length >

0

C Platform Drive-

"Muscle”
(spring)

Pin joint

H Compressed air

G Amplitude __Pilch-bias Air bushings

control



Teleost fish in cross section
dorsal

muscle A neural spine
vertebra / \ nerve cord

dorsal rib / dorsal aorta swim bladder

stomach

— i, e

X

/‘;’/ 4 ..--,-‘.
L2
4 V& AP 4

coelom
stomach \
ventral
ey Bony fish control buoyancy via | (g 7
‘,J'j.-, <) ) < - ) ) . ete mirabile
L R an air-filled “swim bladder” (an
pag—— outpocket of the Gl tract)
Brain
Sonic
muscle
Broad

Y —

tendon

Second rib
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Reconstruction 3D
skeletal motions

Camp et al., 2015
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Many modern fishes are covered with scales

form

In

...which evolved multiple times and vary
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...but can be d

https://fishionary.fisheries.org/wp-content/uploads/2019/06/mainfishtree.jpg



https://fishionary.fisheries.org/wp-content/uploads/2019/06/mainfishtree.jpg

Squamous il | Epidermis
epithelial cells (A |

_ ] - Fibrous
Alarm cells B e o M AR connective

i AR tissue

Mucous cells

Cuboidal
epithelial cells

o | Stratum
4 compactum

Skeletal
muscle

.

Scale shaft

Chromatophore

https.//www.brainkart.com/article/Epidermis---Integumentary-skeleton-of-Fishes_22035/



https://www.brainkart.com/article/Epidermis---Integumentary-skeleton-of-Fishes_22035/

Placoid Cycloid Ctenoid

Anterior end

Primary radius
Secondary radius
Circulus
Focus

Ctenus

Posternor end

cycloid: Seriola dumerili (links); ctenoid: Dicentrarchus labrax (rechts)
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https://www.researchgate.net/publication/311717384 A_scale_atlas_for common_Mediterranean_teleost_fishes/figures?lo=1



https://www.researchgate.net/publication/311717384_A_scale_atlas_for_common_Mediterranean_teleost_fishes/figures?lo=1
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Scales ditter among species

Scales differ among regions on an individual
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...but don't forget mucus!



—— A Quicky Separates from ball.

Air flow

around ball

IS laminar : ¢
— layered ; [

and smooth, A vortex I1s created. Swirling
air creates heavy drag

~ lurbulence sucks air to ball
Separation is delayed

Dimpies
create
turbulence

in layer of air
around ball

This results in a smaller

vortex and less drag. Wen et al 20'] 4
I

GEORGE FREDERICK for LiveSelence

Duro-Royo et al, 2015

Porter et al, 2013



Dorsal fin

Caudal fin

Anal fin

Caudal scale row

-—

Precaudal scale row

Anal fin

Scales can be important for body stiffness
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FiGCURE 17.—Skin thickness compari-
son, cross sections of pelvic region of

similar-sized male (left) and female
(right) blue shark.




Putting it all together...

Fat Py

droplets «—<—
'i_ %<\ Cartilage-
, forming

Ad i;)ose
tissue

Cell | R
| , Cartilage
nucleus | >~ (at the end of a bone)

Collagen
fibers

Fibrous connective
tissue (forming
a tendon) ,
Collagen /i

fiber
forming

Elastic < 1 1 L o foat%,
A YD A cells
fibers <N ' . s -
Loose connective
tissue (under
the skin)

https://images.slideplayer.com/26/8901303/slides/slide_1.jpg
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Muscle/tendon/bone/scales perform

{

\j different ‘roles’...

d ..decided by architecture and

- composition...

..but the tissues work together (mostly)

Biology is tricky




—Dissection—




The goal is to get to know your fish....

dermal rays (soft)

neural spines

hemal spines
articular

pelvic girdle vertebrae Teleost fish in cross section

swim bladder dorsal
R ~dorsal fi

o / // /\ : muscle N> neural spine
gill arches / / lateral line

swim bladder

stomach

arteriosus B T Ny e N | N /, @) N\ T T h—— e M -
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. Observe/draw/poke/bend fish

(GRS TREN T
1. Safety first. Put the fishon a
non-slip surface (a log in the wild: a
cutting board at home). Use a sharp
fillet knife, always cutting away
from vourself.

4. Flip fish over, and
repeat on the other side.

Remove muscle+skin

2. Just behind the gills and
pectoral fin, make an incision
down to the backbone.

2. To cut the skin off, make an
incision a half-inch up from the tail
end, and slice carefully away from
yvourself between the flesh and skin.

Observe/draw/poke muscle+skin

. Observe/draw/poke/bend what’s left of fish

3. Turn the knife horizontally, and
using the backbone as your guide,
cut all the way down to the tail.

6. Carefully remove the pin bones
with tweezers.




rood for thought:

How does the skin surface feel,
rough or smooth?

Where does the body flex when you
hold the head or tail?

What shape are the fins?
Which movements are allowed or not?

Where is the center of mass?

What shape is the body in lateral view?
What is the cross-sectional shape?

What type of swimmer is it?

How does it compare to others?




Great moments in evolution
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