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*Learning objectives

After this lesson, you will be able to:

List the major physiological challenges that are unique
to organisms living in a marine environment

Describe at least three different adaptations to each of
these major physiological challenges that marine taxa
have utilized to successfully live in the marine
environment

Understand why different taxa groups (e.g.,
invertebrates versus vertebrates) face a different set
of physiological challenges from each other

Use your knowledge of marine physiological adaptation
to propose a basic "design” for an ideal hypothetical
organism if given a particular marine environment for
it to live in



*Wide diversity of marine life

/> Success of so many different taxa!! \
» Unique ways of dealing with the “issues”
of being marine

> Best ‘strategy’ in one environment may
be less ideal in another

Major physiological considerations:

Buoyancy (goal is to be neutral)

Osmoregulation (salt balance)

Energetics

Thermoregulation

Respiration (accessing/ maintaining oxygen levels)

Hydrodynamics
Pressure /

\_




OSMOREGULATION

*SALT water

On average, ocean salt
concentration around 35%o

Compared to freshwater:
- increases density
- decreases freezing point

Sea salts

Sea water

Sulfate
7.7% (2.7 0)

Water
96.5 % (965 Q)

Calcium
1.2% (0.42 q)

Potassium
1.1% (0.39 g)

Magnesium
3.7%(1.30) Salt

Minor constituents 3.5% (35
0.7 % (0.25 g)

36 37
Sea—surface salinity [PSU]

)

Quantities in relation to 1 kg or 1 litre of sea wate




OSMOREGULATION

*Salt and organisms

Euryhaline

Tolerate and adapt to a wide
range of salt concentrations

Stenohaline

Limited tolerance to
varying salt concentration

.
" B
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* Open ocen fish

 Echinoderms oy

........
""""""



OSMOREGULATION

*Conform or “resist”?

(c) Actual relations of three marine invertebrates
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Ambient osmotic pressure (mOsm)
(osmotic pressure ~ amount of salt/dissolved particles)

Conforming means
less energy, passive

Regulation of salt
balance requires
energy, active
process

Most marine
invertebrates are
osmo-conformers

Osmotic balance DOES
NOT NECESSARILY MEAN
ion balance

(can use other ions to
regulate osmotic
pressure besides salts)



OSMOREGULATION

ai HyPO'OsmOtiC (relative to environment)

» Ocean way saltier than inside of fish

» Water wants to move OUT OF fish

« Fish drink SW for the H,0, excrete excess salt
« Active transport of salts OUT over gills

H,0

\ P
b -

diffusion 0SMosis
water

sea water
10Ns

Na'= 470 mM
K™=10 mM
Cl =548 mM
osmotic concentration = 1000 mOsm|

drink/food N 1 18'3 mM
water, ions K =4 mM

\-’ Cl =146 mM

osmotic concentration = 360 m()sm

ill salt pumps
g el ) urine (minimal)
10ons -
water, ions




OSMOREGULATION

iy Hype r-OsmOtiC (relative to environment)

 Inside of fish way saltier than freshwater
» Water wants to move INTO fish

» Fish don’t drink, produce lots of dilute urine —
» Active transport of salt IN over gills

diffusion 0SMOoSsis freshwater

ions _ water Na'=0.08 mM
K'=0.01 mM
Cl = 0.05 mM

osmotic concentration = 1 mOsm

Na'=150mM
K'=4mM

. Cl =120 mM
~_J osmotic concentration = 290 mOsm

drink/food
water, ions

i salt ! urine (copius)
gl salt pumps water, 1ons
10NS




OSMOREGULATION

%ISO'OsmOtiC (relative to environment)

« Salt and H,0O concentrations same inside as out e
» Sharks: salt ions not enough to balance,
also add urea and amino acids

BUT! Urea is toxic (unfolds proteins/enzymes!)
Solution: add TMAO to neutralize

Seawater Sbhark. heart can only
Osmolality 940 mOsm/kg €at in presence of
Na* 450 mM CI 450 mM salt and urea!

Rectal Gland

U .
rea 2 R Osmolality 800 mOsm/kg Osmolality 940 mOsm/kg

Na* 240 mM CI* 240 mM Na* 460 mM CI" 460 mM




OSMOREGULATION

%TMAO (trimethylamine oxide)

* Protects proteins against B
destabilizing (unfolding)! O

» Raises osmotic concentration, |

depresses freezing point + N
> (useful for polar fish!) S ~—~ CH

 Counteracts: H 3C \

> effects of pressure in deep sea C H 3
animals

> heat denaturation

» ammonia toxicity

» urea toxicity

TMA (non-oxide version) is
what produces the typical
“fishy” sea food odor

Disorders where build-up TMA,
can’t produce TMAO (odorless)




OSMOREGULATION

“Salt gland
a t g an S + Kidney not efficient; cannot produce urine

more concentrated than sea water
2 g - If drinking sea water and not eliminating
. excess salt, they would lose more water
than they gained

Solution: salt-excreting glands
Lingual salt glands (e.g., crocodiles)
Orbital salt glands (e.g., turtles)
Sublingual salt glands (e.g., snakes)
Nasal glands (e.g., lizards, birds)
Rectal glands (e.g., elasmobranchs)

Nasal salt gland 1
__epididymis

epigonal organ.

— Nostril with salt v rectal gland
secretions

rectum and anus

/

© 2003 Canadian Shark Research Lab



“Energetics

Marine organisms must
ingest energy

Energy neither
created nor destroyed
- only transformed

Transformation of
energy is always
inefficient - there is
always some loss

By-product of energy

metabolism

REAT

Ingested chemical energy

Environment

Absorbed
chemical
energy

A\

Growth

Chemical energy
accumulated in
body tissues

g

Ine;:;lt}j\f\/

Inefficiency
AN

Degradation of
internal work

'\ 478

Ineff1c1ency

Chemical energy in body tissues becomes

7

Fecal chemical
energy

Chemical energy in
exported organic matter

Heat

‘2

Mechanical energy of
external work

ingested energy for other organisms at death



ENERGETICS

“Energy budget
INPUT = OUTPUT

Food/ Drink Feces
Urine

Resting Metabolism — Losses
Active Metabolism

Digestion

Growth — Production
Reproduction




ENERGETICS

“Animal metabolism (resting)

Metabolic Rate (kcal/hr)

100

10°

10-?

10-¢

10-*

10-%

» Metabolic rate (rate at which energy is transformed) is mass specific
* On the whole, large animals consume more O, than smaller animals
* However, small animals use more O, per unit of mass

~Bh \ Means smaller
va animals typically
Homeotherms have faster heart

rates, greater food
consumption, etc.
than larger animals

Same slope for
ALL living
things!!!

Whole-animal metabolic rate

bolic rate

Mass-specific metabolic rate

Whole-anima
metal

Mass (kg)

10



ENERGETICS

“Calculating resting metabolic rate!

Slope of 0.75 is universal, though ‘intercept’ changes by taxa

For most fish:

MO, = 0.45 * (mass)’-’>
/ ! \

Metabolic rate Fish specific Fish mass

liters O,/hr intercept kg
liters O,/ (hr * kg)




ENERGETICS

“Calculating resting metabolic rate!
10 ke 221b) Steelhead

Whole Fish Metabolic Rate
MO, = 0.45 10,/ (hr*kg) * 10 kg 9-7>
MO, = 2.53 10,/hr

Mass-specific Metabolic Rate

MO,/kg = 0.45 10,/ (hr*kg/kg) * (10 kg®7>/kg")
MO,/kg = 0.45 10,/ (hr*kg/kg) * (10 kg0-23)
MO,/kg = 0.25 10,/hr * kg




ENERGETICS

“Metabolic rate rarely ‘resting’

Factor Response of metabolic rate

Factors that exert particularly
large effects

Physical activity level T with rising activity level
(e.g., running speed)

Environmental temperature Mammals and other homeotherms:
Lowest in thermoneutral zone
T below thermoneutral zone
T above thermoneutral zone
Fish and other poikilotherms:
T with increasing temperature

! with decreasing temperature



ENERGETICS

“Metabolic rate rarely ‘resting’

Factor Response of metabolic rate

Factors that exert smaller effects

Ingestion of a meal (particularly T for several hours to many hours
protein-rich) following ingestion
Body size Weight-specific rate T as size {
Age Variable; in humans, weight-specific
rate T to puberty, then |
Gender Variable; in humans, T in male
Environmental O, level Often | as O, { below a threshold,

not affected above threshold

Hormonal status Variable; example: T by excessive
thyroid secretions in mammals

Time of day Variable; in humans, T in daytime

Salinity of water (aquatic animals)  Variable; in osmoregulating marine
crabs, T in dilute water



ENERGETICS

“Energetic cost of transport

p—
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Minimum weight-specific cost of transport
(J/mekg) on log scal
S

—
@)
L

Inverse relationship to size
Animals adapted to water have lower energetic costs of
movement - buoyancy is a huge advantage!!

e Fish

® Various underwater
swimmers besides fish

e Surface swimmers

[ ]
¢ Ducks, mink,

Squid % eand others
° e Human

E 17 species /
B of fish ®e o, Seals, sea lions
i e Sea . .
turtles e Dolphin

= Whale
C @

I 1 I 1 U A 0 A A e 1 1 0 A I W M W W 1

1074 Ty 1 102 10*

Body weight (kg) on log scale



“Thermoregulation

Maintain
a constant body temperature Body temperature changes

Homeotherms Heterotherms

104.6

g . L 100

+ N, I
= S IE ;
» O = a0
c £ Y :
=y O A - 80
o > (@ ) !‘.—a;.".
% qc) LJ NASA/IPAC - 728
O Most fish, inverts, reptiles

72]
E
3
QD
=
e
o
9
o
{§

from inside

- |
0.0°C

Most mammals, birds Hibernators

Generate own heat



THERMOREGULATION

*Heterothermic ectotherms

NASA/IPAC 1000
Body temperature changes - 100

as environment changes
[ ap
Heat generated during '
exercise is lost readily -
can’t hold on to it

- 30

775

W FISHGILLS

L> huge surface area!

Awesome for
maximizing O,
extraction!

Horrible for heat
conservation!



THERMOREGULATION

*Homeothermic ectotherms

Maintain body temperature ~14°C above environment!

* Have to be large

 Have adaptations that allow them to ‘hold on’ to heat
Result: warm muscles, can move fast!

~ T
AT e
— <
—_—— 53
- -

| How do they do it?

-
“
“
«
N




THERMOREGULATION

“Countercurrent heat exchange

« Warm arterial blood runs close to colder vein blood returning from skin
« Can enhance effect of heat transfer using vasoconstriction when cold
* Or dump lots of heat when it’s warm!

(a) Response to cold temperature

Body core —. Skin Vasoconstriction
) P e e ey
Warm veneous l Heat flows from

l

bIOOdﬂgY;:::;:;: = ] veins to arteries due E
£ ' to conduction (Hyg) | Artery_’

i

| ]

1 I and convection (H,,).
: Cool arterial
blood flow

L

A~ Low
heat

Vein ~~~> conductance

Shunt \
—> Blood flow Surface vessels

A . Vertebia ~~2 Heat transfer

(b) Response to high temperature

Vasodilation
)
—/ High
\ ‘ SNV heat
R TR W\ £
Cutaneous vein | — V- . ' High metabolic rate conductance
. transports warm qutaneous artery | | of dark lateral
blood from dark | Etransports cool | ' muscles generates

lateral muscles. | | blood from gills. : ' metabolic heat (H,,).

— e e e ——————————



THERMOREGULATION

*Homeothermic endotherms

Maintain body temperature by generating own heat
Goal: stay in thermoneutral zone - lowest metabolic cost

M In order of importance for
© keeping warm:

; Thcrm;l?;':rtmf 1 ) BRAI N !

g Shivering, [ 1 Sweap’ng,

o REL panting 2) Body core/guts
; lower critical temp. 3) EXtremitieS

m

I
Ambient temperature
Larger and/or lower - il
surface area:volume
retains heat better '

e P o
Ry : =

PR S ., S

Phvysical and Behavioral Adaptations ™ " ioio Wi . Dewiod sbscvations are isted n Table 1.




THERMOREGULATION

*Rete mirabile
‘wonderful net”

« Complex of arteries and veins
lying very close to one another
» Allows for exchange of
heat, ions, and gases

towards cold tail or foot
warm blood

in artery
0—

heat transfer

v v v v
000
warm blood e
in vein

from cold tail, flipper or foot

With counter-current
heat exchanger

artery
heat " f—_

exchange :
——vein

Without counter-current
heat exchanger
’ artery

|

vein

b

heat loss

heat Iosj(gﬁ\j

YOu LOOK
RIDICULOUS.

IT'S FREEZING OUT HERE,
CROWLMES. HOW IS T TUAT
THOSE DUCKS DON'T GET COLD
WITH TUEIR FEET IN THE WATER?

MY DEAR FLOCKSON. J

| KNEW A BIRD NAMED
RITA, ONCE. SUE FLEW
SOUTH TO ANDALUSIA
AND BROKE MY HEART.

RETE MIRABILE,

RETE, FLOCKSON.
REE-TEE. IT'S LATIN.

HERE, I'LL EXPLAIN.

MEANING "WONDERFUL NET,” RETIA MIRABILIA ARE
OVERLAPPING NETWORKS OF CAPILLARIES THAT WORK
EXCHANGE BETWEEN BLOOD FLOWS.

AS A HEAT

COOLER BLOOD RETURNING FROM
THE FEET IS WARMED BY THE BLOOD
FLOWING OUT, AND CONVERSELY,
THE WARM BLOOD IS COOLED.

/ TUIS ACTS AS A TEMPERATURE
GATE OF SORTS THAT ALLOWS

' TUE DUCKS TO PRESERVE BODY
UEAT WHILE STILL KEEPING
THEIR LEGS OXYGENATED.

Ol, | GET IT! 50 THEIR
FEET ARE ALWAYS AT A
LOWER TEMPERATURE THAN
THE REST OF THEIR BODY!

BRILLIANT/

PRECIOUS
WARMTH/!

BIRDS AREN'T THE ONLY ANIMALS WITH
RETIA, EITHER. MOST ANIMALS USE IT AS A
WAY TO REGULATE LIMB TEMPERATURE.

AND GIRAFFES USE THEM TO DIFFUSE
POTENTIALLY DEADLY BLOOD PRESSURE
WHEN TUEY LOWER THEIR HEADS.

IT'S NOT JUST “"WONDERFUL", IT'S—

OOH! NO, WAIT! | WANT TO
SAY (T!

"EVOLUTIONARY, MY
DEAR FLOCKSON.”

Ly Goop,
A

SCI-ENCE.ORG



THERMOREGULATION

*Nasal rete = turbinates!

Skull of northern elephant seal
WMrounga angustirostns) pup
showing point of nasal
cross-section.

Cross-section of nasal passage
showing nasal turbinates covered in a
layer of vessel-nich tissue. Surface area
increases absorption and retention of heat,
axygen and moisture of inspired and expired air.

©The Biommimay institute

Present in most all tetrapods

Cools air below body temperature before exhaling:
» Reduces respiratory water loss (otherwise evaporates quickly)
« Conserves heat loss



THERMOREGULATION

“Rete in Reproduction

Superficial veins in
dorsal fin

: : Heart and aorta -, -~ [
Cooled blood entering 2,

{  — Spermatic arterial plexus
) —— . /I
LY r T 7 \ ~AL
Y({{~~/  venous plexus borders L P L. /
e A | fl T — i - ;”_\ 7 == J Vo
! o {Ch ]ﬂ
! - e J
e ——— —N_ |
ol A g by -
\V,\ \‘I—. y gl 7
R Ay Testis
> Superficial veins in fluke —/ ’

“— Anus and colon

Thermocouple in colon —

\ Spermatogenesis
% is heat sensitive

Spermatic arterial - A5« S/
plexus S~ —" —=

. Can’t get too
Aot N YA hot! Typically
\inﬁ{f 2 K AR needs to be
o / _A \OAR NN _—— | BN N o =
- @ ,(3 U \SEAES = / | > than core temp
] 7 Vi
P Problem when
Testis__ ’ L/fCooleg e have internal
y; B rom fluke
(\_____r - > Cooled blood from dorsal fin testes

entering venous plexus border



THERMOREGULATION

“Storing energy as insulation

« If INPUTS > OUTPUTS, can store excess energy as FAT
« Lightweight, buoyant, insulation!

/Certain animals choose tﬁ
store GLYCOGEN rather

than FAT

* Much heavier

» Antifreeze properties

* Anaerobic conditions
(glycogen can be broken
down in absence of O,,
produces lactic acid)
_ . TS




THERMOREGULATION

*Insulation with fur/feathers

« All about trapping air, skin never comes in contact with water
« Grooming and preening = ~25% of resting metabolic rate!

» Allows for hair and feathers to interlock

» Also leads to vulnerabilities.... _\L

Sea otter Oil spills preventing air trapping = rapid heat loss

Credit: Heather Mostman

Trefl=20 Tatm=20 Dst=6.6 FOV 24
2/26/09 5:21:38 PM -40 - +120 e=0.96 °C

150,000
hairs per
inch?!

Molting period - perfusion of blood to skin
HAS to be warm and dry




“Respiration / Oxygen supply

What is needed to efficiently acquire oxygen from air or water?
« Large surface area
« Thin interface
* Moist
* Large blood supply

Respiration through skin

WHICH MARINE TAXA?

» Dense capillary beds near skin

» Slow metabolism means low 02 demand

« Shape maximizes gas-exchange interface
and ease of transport through body

Capillary network near the surface of the skin.
Gases are exchanﬁed to and from the capillaries,

through the thin epidermal layer.



RESPIRATION / OXYGEN SUPPLY

“Gills vs. lungs

Gills

* |n direct contact with media

« Can be ventilated continuously

« Can use counter-current gas
exchange for maximum

efficiency
Oxygen-poor
blood
Oxygen-rich
e blood \ ~
Blood /) ‘ . 4
Gill vessels sl
LV
\ T e
T g S ‘;V‘:‘e' flow - Biood flow
O B g - leWﬁen through
o N%wuw Gni ‘'omelias capillaries
S filaments in lamella

Countercurrent exchange
Water flow, showmg % 02

" Diffusion
% of Ofrom
\ water to

blood Blood flow in

simplified capillary,
showing % O,

Which is more efficient?
DEPENDS ON CIRCUMSTANCE!

Lungs
* Prevent drying out

« Can only be ventilated
through same entry/exit

« Results in dead space, stale
air that can’t be exhaled

* Only efficient if surface area
high & help with carrying
oxygen

\

‘)

Uniform pool

lL




RESPIRATION / OXYGEN SUPPLY

*Gill ventilation

Have to maintain flow over gills, otherwise deplete O, !!

« Can move gills through water - nudis! (why is this not preferred?)
* Most move water over gills

<~ Cilia
<> Ram ventilation

« Use velocity of body movement to maintain flow
<> Buccal ventilation

« Close mouth to increase pressure, force water over gills
« Cheek muscles used to move water

Open mouth

Closed mouth

e

€ - \ Compressed
xpan b

buccal chamber \

\

' "

Cheek bones )
Suspensorium
Hyomandibula

Pharyngeal chamber

uccal chamber
.

A

W
%

\ %&

A g

\ ”’@" Compressed
Operculum £r S - \| opercular

> R hamber
S | ) 9 c

Expanded g b

:
opercular chamber 2\ Open
% opercular

Closed opercular valve ﬂ S % v
Esophagus

B . Expiration
A. Inspiration



RESPIRATION / OXYGEN SUPPLY

“Hemoglobin

* Protein with metal core s
« Binds O, and CO, reversibly!
« Binding of first O, molecule

binds 100x more O, than
(Hb) ™ dittusion alone

[

facilitates binding others Hc{°_:}<"—°§c”
. = N—C

« Removal of O, increases we d L
2 G \\‘C \/C\C/

affinity for CO,

eme
Hemoglobin (Fe-protoporphyrin 1X)

Rise in CO, causes
respiratory drive,
NOT DECLINE
IN O,!!!!

AT THE LUNGS

Increased CO, causes
more acidity =
O, is released more readily
AT THE TISSUES
NOT counter-intuitive, allows
blood to move CO, out FAST

per cent saturation of Hb with O,

p0,



RESPIRATION / OXYGEN SUPPLY

*Help from all the ‘globins

Why?
Myog - |
O2 carrylng p]gment of @) terrestrial marine 3)
muscle '
* Increased affinity to O, 7 > () %
= 15}
compared to Hb s Z E
% ; (3)
Neuroglobm 22 of M 3
« 0O, carrying pigment of é = (1) A o
the brain = a3 () e s :
. o 0.5} 3) |G
* Increased affinity to O, — 3 D0 L5))s e 8 ®
E - a
compared to Hb S
. QesSissi ' —_ pp—— g
S F T S S N K S S
N \ N
Cytog lO b] N R S D SN S Fp® @@i o&zbo\‘?o\é*‘
° 1 1 N N AN SN 2 N
O, carrying pigment of & S SFF SSF 9
various tissues S & S S
(G > ¥ &
¢ & o
[9) 3\
)



RESPIRATION / OXYGEN SUPPLY

“Downside of lungs in ocean

Don’t do anything when diving!
Collapse completely under pressure
Increasing lung volume no use to diving animals

10°
v
§ ..
il Dugong
g Pilot whale & ® Bottlenose whale
-l "4
Fur seal ® /@ Weddell seal
£ ‘ L
/101$ 1.0 = Manatee
Why are sea Sealion 7 _ Walrus
'y Ribbon seal
otters the o l
: Harbour sea
exception? Hasbour porpoise
1.0 4 - L 1
10 10° 10’ 10*

Body mass (kg)



RESPIRATION / OXYGEN SUPPLY

“Options for low O, enviros

1) Consume less oxygen!
2) Take O, with you!
3) Switch to anerobic (no O,) metabolism

Northern

Harbor Killer White Ele&aant Sperm
" Whale Laon Shark Whale
Sea Level
o
- “$n
1,033?:! 330'\ 330R - zsn 00 1t
1,600 ft
2,000 ft
610 m
3,000 ft
914 m

4,000 ft / \ 500

1219 m Dive Depth Comparisons SR 35000 1,30

4,000 ft
5{‘:‘;0"' -Common Foraging Depths
Maximum Dive Depth

6,000 ft :I P 5,788 it

1,829 m ’

#Seldom hunts at the surface

7??00“ *May hunt to maximum depth.

e, **When hunting Pinnipeds.
8,000 ft K /

2,438 *8,200 ft

9,000 ft
2,743 m



RESPIRATION / OXYGEN SUPPLY

“1) Consume less oxygen!

How to lower metabolism during diving?

Brain cooling
(O, need drops

0 38.0 I
i , , | by ~25%!)
Sink and glide | | |
when possible — i |
100 F ws{ P | |
KEY %) i | i
E Swimming mode ,j I | |
S 200 F == Continuous stroking 370: : : I
Q. d
o . m== Alternating stroking I :
2 and gliding | I |
mm Prolonged gliding : : I
300 | | |
- TN S — | P -
0 5 10 15
Time (min)
180
R T 00 20 edisance ™~ 160 T Brachycardia —
North-to- East-10” Z 140
distances&l)th @ 2 10 (heart raEe'
2 E 100 drops ~90%!)
2 80
° :13 8 )] ~n
Take peripheral blood Ty O0
. = 410
flow off-line S on
Heart’ lungs & brain Only G EEEEEEEEEEEEEEEEEEEEEEE P s b1 114 L

organs with direct flow

<
9‘ ’Q. Q’. ) \.

- TP © N A O T

9
Ny IL- (»- l'b« (b - h bq



RESPIRATION / OXYGEN SUPPLY

*2) Take O, with you!

More blood per body mass
« Diving mammals = 20%
« Other mammals = 10%
More red blood cells per blood volume
* Diving mammals = 75%
* Humans = 45%
More hemoglobin per red blood cell
« Diving mammals = 45g Hb /100mL RBCs &

 Humans = 33g Hb / 100mL RBCs - | Spleen of rainbow trout (A) at
Y rest and (B) after adrenalme

100 L |

- ® Lung t
o = ® Blood
S 2 60- ® Muscle Store extra
2 E RBCs in spleen

~ 40 -

O when not

20 - needed!

LI
Humans Steller Elephant (don’t forget about

sea lions seals neuroglobin & cytoglobin, too!)



RESPIRATION / OXYGEN SUPPLY A LAST RESORT!
“3) Switch to anerobic metabolism

When no O, available, body starts to “ferment”
« Only 1/19t as efficient as aerobic metabolism
« (Can still use glycogen stores (often in liver) Doesn’t

« (Can either produce lactate or ethanol increase
T — acidity, but
can be toxic...

Increases acidity of
body, have to be able
to buffer! Can’t regenerate as

energy when O, returns...

Used by turtles, who

Lactate can be turned
can buffer blood pH

: _ back into glucose one Used by fish, who can get rid
with calcium 0O, is available again! of ethanol over their gills!
carbonate from shell! +
M pH 1
5 "
r7.8 (A0 - +
- : '—-‘__’-—-“—’_
FROM SHELL TO BLOOD FROM BLOOD TO SHELL ol 7 /\ S —_— ™ pH
BLOOD SHELL BLOOD SHELL 20
54
Tcoz TCO, < Co, : Ethanol in wateré
. ™ 0- - ! ;
’ l mM |
HCO, H* | T H® + CO,2 " :
24 ?¢ - P - + :
H* |+co.? ¢ co.?2 Lact Lact-+ Ca*? 104 : / '
3 3 L1 v //:\ Lactate and Ethanol
Lact | + Ca** « Ca* (or Na*, Mg>* | : . o tac in Blood
T l ( ° ) Ca LaCt‘ s : ° ——o// i\\
/l l \4

X 04 et el 1 eeeveg s 5 =
CalLact Tl . —-

s 11 18 18 2 2e 3 s o 12 % 18 2



“Hydrodynamics

GOAL: minimize drag & energy cost!

Y

Thrust

.{.:: Waterflow

Reqactive 255 ciféa.’)({ St
W= s 5. Waterflow

force e A= e

st T R s

Increasing size of movement

Push

. Large drag in unstreamlined position



HYDRODYNAMICS

“Styles of locomotion in fish

Anguiliform
Whole body movement
Fast, quick turns

Not super powerful

Carangiform

Rigid body

Caudal fin = propeller
Relatively powerful and fast

Thunniform
Extreme carangiforms
Caudal fin = propeller
Fast, powerful!

Balastiform
Great sensory systems
Median fins

Slow, weak swimmers

.....

Labriform
Pectoral fins = breaking/steering
Powerful breast stroke

Quick reactions




HYDRODYNAMICS

“Styles of locomotion in mammals

Seals (Phocoids)
Propel with rear flippers
Front flippers for steering,

or not at all

Spring loading
“temporary energy storage” A
Collagen in tail capable of elasticity !

¢

PHILLIP COLLA
OCEANLIGHT.COM

Sea lions (Otariids) and marine birds
“Fly” through water - use front flippers/wings
Steer with rear flippers or feet



HYDRODYNAMICS
“Minimizing drag

1) Reduce appendages
Fusiform body
Fold fins into ‘grooves’
Internalize ears, nipples, testes

-
+ Pectoral Fin Groove

N

-
Sar. 7 %

W <

o Pt
SRS

2) Fly!
High speed through water =
high energy demand
Drag is less through air
Also helps when get a “push”




HYDRODYNAMICS
“Minimizing drag

3) Scale/skin structure
Creates microturbulences on surface
Maintains laminar flow
Reduces flow separation = QUIET

Separation

Laminar
boundary layer

Turbulent
boundary layer . } i
+  Image @ S. Lindsay

Transition

Adding slimecan
do the same =
thing! —

boundary layer




Depth (m)

*Pressure

Under pressure, N, dissolves into blood

When pressure quickly reduced, N, can bubble out into bad areas

300

600

1200

* Most marine animals exhale before diving

« Little amount of air left in absorptive areas
* Undergo controlled ascents

» Shallow decompression dives??

“The ben, ds»

<7 V1 \y\/vwv
Shallowing
i decompression
dives? il e
— 3 ainville’s
— Eenll]l. - clicks beaked whale
egular Clicks Mesoplodon
o Buzzes densirostris
L[] Buzz count
1 1 1 1
14:00 15:00 16:00 [ 7:00

Time of day (h)

Buzz occurrence vs depth



PRESSURE

“Bends and Baby

« Adult animals rely on lung surface area to release bubbles from
blood circulation

» Fetal lungs are non-functional

« Can be fatal to baby humans if mom dives while pregnant

* In whales, fetus has enormous network of capillaries (rete
mirable!) around whole body

> May be key to allowing adequate off-gassing!



PRESSURE

“Do they always avoid it?

Stranded
dolphin liver

- .\ .7 - »

Theory that disturbances
(e.g., noise!) could induce
rapid ascent....

death via
decompression illness

S S

Stranded whale r
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