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Over millions of years, whales have evolved for diving in the ocean to

REVIEWER B obtain food while holding their breath. Because whales are air-breathing

NADYA mammals, they eventually have to return to the ocean surface to get

AGE: 12 more oxygen. However, the air in the lungs also contains nitrogen, a gas

N CAROLYN that is taken up but not used by the body. As the whale dives deeper, the
AGE: 12 pressure from the water increases and more nitrogen is taken up by blood

circulating from the lungs to other tissues. When the whale returns to the
surface and the water pressure decreases, the nitrogen gas is returned to
the lungs. If the whale spends too much time in the zone where nitrogen is
taken up at elevated pressure, bubbles may form when the whale returns
to the surface; similar to what happens when you open a soda bottle. The
bubbles can cause many different problems inside the whale’s body and
even cause death. Whales normally do not experience problems caused
by bubbles. In recent years, scientists have discovered that when humans
disturb whales, their dive behavior or their bodily functions may change
in ways that increase the risk of formation of bubbles that could cause
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Low levels of oxygen.

What do whales and soda
bottles have in common?
The drawing shows two
whales with gas bubbles
inside the body. When the
whales are disturbed
during diving, the whales
take up more nitrogen
gas. The gas comes out
as bubbles as the whale
returns to the surface and
the pressure is released,
similar to the bubbles
formed when you open a
soda bottle. Credits for
drawing Anastasia
Fahlman.
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problems and death. A better understanding of whale behavior and how
the nitrogen bubbles form may help scientist develop tools that can prevent
these problems in whales.

When you open a soda bottle you can see bubbles forming, and if you shake
the bottle before opening it, the liquid comes rushing out. Bubbles can also
form inside diving whales and cause a problem known as decompression
sickness [1]. In both the soda bottle and the diving whales, the bubbles form
from gas that has dissolved because of the increasing pressure; as the soda
bottle is opened and as the whale returns to the surface to breathe, the pres-
sure decreases, which causes the bubbles to form.

The bubbles in the soda provide the fizzy taste of the drink, which is nice, but
bubbles may cause problems if they form inside a whale (Figure 1). For exam-
ple, if the bubble is in a blood vessel, it might block blood flow and prevent
oxygen delivery to the tissues. In this case, the tissues become hypoxic, a fancy
word for a situation in which the oxygen level is too low. Because oxygen is
important to convert food into energy, mammals cannot live without oxygen,
and the hypoxia may cause the tissue to die. If bubbles form in the heart or
in the nervous system, this may kill the whale.

Tnastisén Fahlmea
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Whales and other marine mammals have several physiological and anatomi-
cal adaptations that help minimize the risk of bubbles forming after a dive.
However, there may be some unusual man-made situations in which these
adaptations do not work as they should [2, 3]. During normal diving, gases
such as oxygen and nitrogen pass from the lungs to the blood and these gases
are delivered throughout the body by the circulatory system (heart and blood
vessels). When the whale descends on a dive, the pressure from the surround-
ing water increases as the whale goes deeper, compressing the chest of the
whale, and increasing the pressure in the lungs. The amount of gas dissolved in
aliquid (blood in this case) increases with increasing pressure, so the increas-
ing pressure in the lungs increases the amount of gas that gets into the blood
and then circulates throughout the whale’s body. You can try this with a soda
bottle or can (this does not work in a glass bottle), or sparkling water if you
want a healthy alternative, and do the following experiment: Ask your friend,
mom, or dad to shake the can and then tell them to open it without spilling
the liquid. Shaking the bottle disturbs the gas (in this case carbon dioxide)
and when the bottle is opened, the gas rapidly comes out of the liquid as the
pressure is reduced, forcing the liquid to squirt out of the bottle. What you can
do to prevent the liquid from squirting out is to squeeze the bottle hard for
about 2 min before opening it. As you squeeze the bottle, the pressure inside
increases, which puts the gas back into the liquid, and you can then open the
bottle without the liquid shooting out.

Let’s get back to the whale. The majority of the gas in the lungs is nitrogen. The
body does not use nitrogen, but it is the main gas present in the air we (and
whales) breathe. When the whale dives, the increased pressure in the lungs
increases the amount of gas taken up by the blood and delivered to tissues.
The amount of nitrogen dissolved in the blood and tissues increases due to
the increased pressure. Some of the nitrogen gas taken up during each dive is
removed when the whale exhales at the surface, but if the time at the surface
is not long enough, and if the whale does not breathe enough times, not all
the excess nitrogen is removed.

Whales and other marine mammals that dive to obtain food underwater often
dive in bouts. The bouts are periods when the whale dives repeatedly, with
only a short amount of time at the surface before the next dive. We think that
marine mammals dive in bouts to get as much food as possible while they
are diving. For example, if they find a large school of fish, they do not want to
spend so much time at the surface that the school escapes, so they dive again
to quickly get down to catch more fish. Therefore, they only stay at the surface
long enough to replenish their oxygen. However, the time at the surface may
not be long enough to remove all the nitrogen from their blood. Because of
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this, the amount of nitrogen increases slowly from dive to dive, and sometimes
it increases enough that bubbles may form in the whales when they return to
the surface.

As whales evolved over millions of years, they developed strategies to avoid
nitrogen building up to dangerous levels. For example, there are often long
periods of time between diving bouts when the whales stay near the surface.
These long periods may serve to remove the excess nitrogen from the whales’
blood, reducing it to safe levels. Another strategy used by many marine mam-
mals is to reduce the speed at which they return to the surface—when they are
ata depth of about 30-40 m they slow down. Scientists think that slowing down
helps to reduce the chance that bubbles will form, similar to slowly opening
the soda bottle after it has been shaken as compared with opening it rapidly.

There are also physiological strategies to reduce the risk that bubbles form.
Physiology is the study of how an animal’s body functions, and some scien-
tists who study physiology are interested in how certain animals have solved
different environmental challenges. For example, what strategies allow ani-
mals to survive in very hot or very cold climates, or what are the differences
between how fish gills and the lungs of other animals are used to exchange
gases? Physiologists studying whales are interested in how these animals can
hold their breath for over 2 h, and how they can dive very deep, almost 3 km
down into the ocean, where the pressure is 300 times higher than at the surface.

Physiologists are also interested in understanding how whales reduce the
risk of bubbles forming and these scientists have suggested that the unusual
respiratory system, with a very flexible chest and rigid upper airways, of
whales may help reduce how much nitrogen is taken up. When the whale dives,
the increasing pressure causes the lungs and chest to compress. Humans have
a chest that withstands the pressure during diving, but diving marine mam-
mals have an unusually soft chest, and when they dive deep the lungs simply
collapse like an empty balloon. Lung collapse would likely kill a human, but
the whales do it several times every day. When the lungs are collapsed there
is no more gas available that can get into the blood and cause problems when
the whale returns to the surface. During the ascent the lungs reinflate so that
the whale can breathe normally when it reaches the surface.

In addition, whales have evolved another trick called the dive response. Humans,
and particularly babies, also have this response, but whales are much better at
it. The dive response is a set of cardiovascular (a fancy word for both the heart
and the blood vessels), changes, in which the heart rate is reduced to just a few
beats per minute. During the dive response, there is still some blood flow to
organs, such as the heart and brain, which cannot survive without oxygen. So,
when a whale dives it turns into a heart-brain machine, in which the blood is
directed to the brain and heart while little or no blood is directed to the other
organs, which can manage better without oxygen. The dive response helps to
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conserve, or save, the available oxygen and extend the length of time that the
whale can hold its breath. The dive response also helps minimize the amount
of nitrogen that is taken up by other tissues and therefore helps to reduce the
chances that bubbles form when the whale comes back to the surface.

As you can see, diving mammals live a difficult life. Not only do they have
to find food underwater in a cold and dark world, they also only have a lim-
ited time available to find and catch the rapidly moving prey. If less food is
available, they have to make more dives to obtain enough food to survive,
which mean that the dive bouts are longer, possibly increasing the amount
of nitrogen that dissolves in the blood and therefore the risk that bubbles will
form. This means that sometimes whales have to push the limits of what they
can do, and it is possible that certain man-made disturbances can affect the
whale’s delicate balance, and that these disturbances increase nitrogen uptake
or cause the whales to surface in a way that makes bubbles more likely. For
example, man-made sound is used to look for oil and gas hidden in the sea
floor. So-called air guns emit a powerful sound signal that penetrates the
sea floor and bounces back from different layers of rock and sediment. The
returning echo can be used to generate pictures of the sea floor. Another use
for sound is to detect objects in the water, such as schools of fish, sunken
boats, or submarines. Detection of submarines is important for the military,
to prevent these vessels from being able to secretly attack. The devices used to
detect submarines are called sonars and the noise from the sonar may affect
the behavior and physiology of whales.

To investigate the potential impact of sonar on whales, we developed a math-
ematical model that uses the diving behavior of whales to estimate the risk
that whales will experience gas bubbles when they return to the surface [4].
An electronic instrument was attached to the whale’s skin by suction cups,
and this tag recorded the behavior of the whales along with the pressure of the
surrounding water (Figure 2). The pressure increases with the water depth.
At the surface, the pressure is 1 Atmosphere Absolute (ATA), one of many
units to measure pressure. For every 10 m of depth, the pressure increases by
1 ATA, and by measuring the pressure these instruments were able to record
the depth to which the whales were diving while foraging, or hunting for food.
We used the pressure data and the Gas Solubility to estimate the amount of
gas the whales had dissolved in the blood and tissue, and these estimates gave
us an idea of how likely the whales were to experience gas bubbles [4, 5]. We
compared these estimated values of dissolved gas based upon the whales’ div-
ing behavior before, during, and after exposure to sonar. The levels of sonar
in these experiments were carefully selected to avoid potential damage to the
whales, but were high enough to see if the whales responded. For example,
if the whales considered the sonar to be a danger, they might rapidly swim
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FIGURE 2

Dive computers were
attached with suction
cups to four different
types of whales: A. killer
whale, B. pilot whale, C.
sperm whale, and D.
Cuvier’'s beaked whale.
The dive computers
recorded the depth of the
diving whales. In each
graph, time is shown in
hours and the dive depth
is shown in meters. The
black line shows the
depth profile of the diving
whale, which allows us to
count the number of dives
and their depth. Notice
the big differences in the
number of dives and the
dive depth between the
different whale species.
The killer whale A.
performed many short
and relatively shallow (less
than 200 m) dives, while
the pilot whale B. made
rapid deep dives that were
still quite short. The sperm
whale C. and Cuvier’'s
beaked whale D., on the
other hand, made very
long and deep dives. The
differences in dive
behavior were used to
determine the differences
in the risk of
decompression sickness
and bubble formation
between species

(figure reproduced from
Ref. [4]). Photo credits:
For the killer whale, pilot
whale and sperm whale
the photographer was
Sanna Kuningas/SMRU,
the photographer for the
Cuvier’'s beaked whale
was Todd Pusser.

Fahiman et al.

Gas bubbles and whales

Depth (meters)

Depth (meters)

Depth (meters)

Depth (meters)

400 -

600

800

1000

1200

1400

1600

200 A

400 -

600

800

1000

1200

1400

1600

200

400 -

600

800

1000

1200

1400

1600

200

400

600

800

1000

1200

1400

1600

LA L L

200 A

T b ] v v T

Time (hours)

—— Pilot whale

T

T

0 2 4 6

Time (hours)

! WW\J

——— Sperm whale

Time (hours)

L

——— Cuviers beaked whale

WA

o 2 4 6

Time (hours)

FIGURE 2

kids.frontiersin.org

December 2017 | Volume 5 | Article 62 | 6


https://www.frontiersin.org/article/10.3389/frym.2017.00062
https://kids.frontiersin.org/

When are whales at risk of
forming nitrogen bubbles?
The figure shows a whale
leaving and returning to
the surface during a dive.
The dots show the dive
path as the whale dives to
depth to capture the giant
squid. At shallow depths,
nitrogen is removed from
the blood of the whale,
but this is also the region
where bubbles can form.
At intermediate depths,
nitrogen is taken up and
dissolved in the blood and
tissues. In the deep
region, the lungs have
collapsed as the pressure
is compressing the gas.
For this reason, no
additional gas is taken up
and the gas that was
taken up in the
intermediate region is now
circulating between the
blood and tissues

(figure reproduced from
Ref. [5]).
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away, or break off a dive and return to the surface before finishing the hunt
for food, or in some cases even dive deeper than they normally do [6, 7]. The
model considered how these behaviors of the whales could affect the chances
that bubbles formed. We concluded that whales that do not regularly dive
very deep (like killer whales, Figure 2A) are not likely to increase risk of bub-
ble formation in their body because of sonar, but whales that regularly dive
very deep (like sperm whales and beaked whales, Figures 2C,D) may be more
prone to bubbles forming during changes in behavior caused by exposure to
sonar sound. The results also suggested that if whales increase their physical
activity when they are trying to avoid the sonar, this could also increase the
risk of bubbles forming (Figure 3).

In our study, we show how man-made noise may alter the risk of bubble
formation in shallow- and deep-diving whales. While we currently do not
tully understand how these wonderful giants are capable of holding their
breath, and diving to enormous depths without the problems that human
divers would encounter, our results suggest that there are certain factors
that increase the risk of gas bubbles following a dive. For example, larger
animals or those that dive deeper may be at higher risk of experiencing gas
bubbles. These results are important to help us understand which species
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may be at higher risk of forming bubbles. Such information can help gov-
ernment agencies that control where and how sound can be used in the
ocean to look for submarines or to search for oil and gas. Consequently,
the results we present may be able to help reduce distress in whales and
minimize impact from human presence in the ocean. There are still many
mysteries to solve about the lives of marine mammals and whales, and
often we realize that we have more questions than answers, which is often
the case in research.
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