A N ¥

OCEANOLOGY

[ SO AN

S M

IDK

SEAS REVEALED

THE SEGCISSEE







bkl SMITHSONITAN %

OCEANOLOGY




V=1 | Penguin
DK]| | Random
- House

DK LONDON

Senior Editor Peter Frances

Editors Polly Boyd, Jemima Dunne, Cathy Meeus,
Annie Moss, Steve Setford, Kate Taylor

US Editor Kayla Dugger

Managing Editor Angeles Gavira Guerrero
Production Editor Kavita Varma

Production Controller Meskerem Berhane
Associate Publishing Director Liz Wheeler
Publishing Director Jonathan Metcalf

Senior Art Editor Duncan Turner

Designers Francis Wong, Simon Murrell
Photographer Gary Ombler

Illustrator Phil Gamble

Senior Jacket Designer Akiko Kato

Jacket Design Development Manager Sophia MTT
Managing Art Editor Michael Duffy

Art Director Karen Self

Design Director Phil Ormerod

DK DELHI

Senior Editor Suefa Lee

Managing Art Editor Sudakshina Basu
Picture Research Manager Taiyaba Khatoon
Pre-Production Manager Balwant Singh
Production Manager Pankaj Sharma

Senior Art Editor Pooja Pipil

Art Editor Nobina Chakravorty

DTP Designers Jaypal Chauhan, Mohammad Rizwan
Senior Picture Researcher Surya Sankash Sarangi
Senior Managing Editor Rohan Sinha

First American Edition, 2020
Published in the United States by DK Publishing
1450 Broadway, Suite 807, New York, NY 10018

Copyright © 2020 Dorling Kindersley Limited
DK, a Division of Penguin Random House LLC
202122232410987654321
001-316839-Sep/2020

All rights reserved.

Without limiting the rights under the copyright reserved above, no part of this publication
may be reproduced, stored in or introduced into a retrieval system, or transmitted, in any
form, or by any means (electronic, mechanical, photocopying, recording, or otherwise),

without the prior written permission of the copyright owner.
Published in Great Britain by Dorling Kindersley Limited

A catalog record for this book is available from the Library of Congress.
ISBN 978-0-7440-2050-2

DK books are available at special discounts when purchased in bulk for sales promotions,
premiums, fund-raising, or educational use. For details, contact: DK Publishing Special
Markets, 1450 Broadway, Suite 801, New York, NY 10018
SpecialSales@dk.com

Printed and bound in China

FOR THE CURIOUS
www.dk.com



Contributors

Jamie Ambrose is an author, editor, and Fulbright scholar with a special interest
in natural history. Her books include DK's Wildlife of the World and Zoology.

Dr. Amy-Jane Beer is a biologist and naturalist. She began her career studying sea urchin
development at the University of London before becoming a freelance science and nature
writer and an advocate for wildlife and the natural world.

Derek Harvey is a naturalist with a particular interest in evolutionary biology
who studied Zoology at the University of Liverpool. His books include DK's Science:
The Definitive Visual Guide, The Natural History Book, and Zoology.

Dr. Francis Dipper is a marine biologist and author and has been studying marine wildlife
on the seashore and underwater worldwide for over 40 years. She has written numerous
books for both children and adults. Her Guide to the Oceans won the Royal Society Aventis
Prize for junior Science Books in 2003.

Esther Ripley is a former managing editor who writes on a range of cultural
subjects, including art and literature.

Dorrik Stow has a long career of research and publication on the oceans. He is Professor
of Geoscience at the Institute of Geo-Energy Engineering Heriot-Watt University, UK,
and Distinguished Professor at the China University of Geoscience, Wuhan, China.

Classification section contributors Richard Beatty, Rob Hume

Consultant

Marine ecologist, author, and television presenter Maya Plass is Head of
Communications at the Marine Biological Association, UK, and an honorary fellow
of the British Naturalists’ Association.

€IS MITHSONIAN

Established in 1846, the Smithsonian Institution—the world’s largest museum and research
complex—includes 19 museums and galleries and the National Zoological Park. The total
number of artifacts, works of art, and specimens in the Smithsonian’s collections is
estimated at 156 million, the bulk of which is contained in the National Museum of Natural
History, which holds more than 126 million specimens and objects. The Smithsonian is a
renowned research center, dedicated to public education, national service, and scholarship
in the arts, sciences, and history.

Half-title page Pale octopus (Octopus pallidus)

Title page Giantd Y ula mobular)

Above School of barracu hyraena) in the Red Sea
Contents page Flower hat jellyfish (Olindias formosus)




marine world rocky coasts sandy beaches
12 what are oceans? 22 surviving in the splash zone 62 growing in wind-blown sand
14 ocean history 24 anchoring to the seabed 64 lifelike seas
16 ocean climates 26 coastal erosion 66 nesting on beaches
18 occan depths 28 growing above the tides 68 beaches and dunes
30 surviving low tide 70 drama on the seas
32 from coast to coast 72  american crocodile
34 rasping rocks 74 beachcombing
36 clinging on 76  tsunamis

38 combing for plankton
40 lodging in a shell

42  waves

44 fish onland

46 fish shapes

48 rock pool territory
50 cold-blooded diving

52 seas of color
54 cliff nesting
56 northern gannet

58 hopping on rocks

A

TR
| %‘M\ \ w |

o jial[iﬁ:!i '
=205 Y

:‘.



]
estuaries and mudflats

80
82
84
86
88
90
92
94
96
98

IIIIIIIII———,

living in sediment
tides

seabed stinger
concealed danger
sensing electricity
migrating to breed
mud probing

the dutch golden age
sweeping for food

fishing with feet

mangroves and
salt marshes

102
104
106
108
110
112
114
116
118
120

growing in salt marshes
colonizing roots
growing on stilts

living upside down
living fossil

salt water

waving crabs

hunting above water
impressions of the sea

adapting to changing salinity

|
coral reefs

124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182

simple bodies
making rock
synchronizing spawn
horny skeleton

living in a colony
corals

powered by sunlight
stinging for prey
coral reefs

blooming with poison
fanning the water
giant clams
collecting weaponry
changing color

art meets science
cleaning hosts
making a mask
seabed feeding

blue underwater
inflatable bodies
aboriginal sea stories
mutual protection
sex changer

reef feeders

bladed fish

reef fish

cryptic fish
specialized fins

seas of antiquity

reef scrapers

coastal seas

186
188
190
192
194
196
198
200
202
204
206
208
210
212
214
216
218
220
222
224
226
228
230
232
234
236
238
240
242
244
246
248
250
252

absorbing light

giant kelp

underwater meadows
producing light
alternating generations
asia’s sea deities

living in a tube
stinging bristles
flapping to swim
changing buoyancy
hurricanes and typhoons
jet propulsion
nudibranchs

heavy bodies
suspension feeding

the great wave
walking with arms
tube feet

starfish

spiny skin

scalloped hammerhead shark
flying underwater
swim bladders

keeping out of sight
sea-level change
all-over senses
migrating in schools
great frigatebird
plunge diving

sea otter

grazing on grass
humpback whale
upwelling and downwelling

atlantic spotted dolphin

|
ope€n oceans

256
258
260
262
264
266
268
270
272
274
276
278
280
282
284
286
288
290
292

dividing labor
phytoplankton

staying afloat

sustaining life in the dark
new ocean floor
deepwater giants
branching arms

jellyfish and hydrozoans
filter-feeding sharks
ocean currents

great white shark

slow giant

mapping the seas

lights in the dark

built for speed
wandering albatross
bulk feeding

destruction of the oceans

orca

]
polar oceans

296
298
300
302
304
306
308
310
312
314
316
318

320
400
406
414

sea butterfly

sea ice

polar swarms
antifreeze in fish
zooplankton

king penguin
insulating layers
southern elephant seal
sensitive whiskers

ice shelves and icebergs
multipurpose fur

narwhal

classification
glossary
index

acknowledgments



foreword

We manifest an intrinsic fascination with those things on the brink of our
knowledge. There's a romance, a yearning, seemingly a need to wonder
about things beyond our reach. Deep space, other planets, aliens..but, as is
often cited, we may actually know more about these phenomena than
about the inhabitants of our own oceans because 80 percent of them are
unmapped, unobserved, and unexplored for the so very simple reason that
this environment is beyond your reach and mine. We are terrestrial, air-
breathing mammals, and while some humans swim well, free dive, or use
increasingly sophisticated scuba kit or robots to explore the oceanic unknown,
the rest of us “land lubbers” just watch the waves.

Beneath those waves is another world—one that, thanks to science and
technology, we are learning a lot more about, a lot more quickly. And, as this
fabulous book shows, it is almost incomprehensibly beautiful and fantastic.
From the smallest to the largest, the shallows to the deep, the fierce to the
fearful, these organisms share our planet but live in a different dimension.
How exciting!

So here is an opportunity to meet the neighbors, the “wet ones,” the
extraordinary diversity of miraculous life that has evolved in the oceans. And
yet, remote as it can seem, the cultural aspects of our relationship with the
sea reveal how we have always had a close connection to this charismatic,
dangerous, and rewarding realm. But the tides have turned. Now we are the
greater danger, and no drop of our seas is secure. Coral reefs are bleached.
Plastic litters the greatest depths and fills the bellies of turtles and whales and
chokes albatross chicks. The acidification of the water, pollution, and
overfishing threaten the entire ocean ecosystem. There has never been a
more important time to immerse ourselves in the wonder of the briny world
and thus learn to love and protect it. Dive in, swim among stranger things,

and then stand up for our oceans.

CHRIS PACKHAM
NATURALIST, BROADCASTER,
AUTHOR, AND PHOTOGRAPHER




SILKY, DUSKY, BLACK-TIP, AND GALAPAGOS SHARKS FEED WITH YELLOWFIN TUNA AND RAINBOW RUNNERS ON A SHOAL OF SCAD
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Almost as old as Earth itself ocecans
dominate the planet’s surface. Life first
evolved in the oceans, and today they are
home to a vast diversity of species. By
transporting huge amounts of energy,

the oceans also help power and modify

Earth’s climates.
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what are oceans?

Earth is a watery world, with 68 percent of the surface covered
by saltwater oceans. Each of the five major ocean basins (the
Arctic, Atlantic, Indian, Pacific, and Southern) is a deep
depression in Earth’s surface. Connected to the oceans, and
typically partly enclosed by land, are numerous smaller seas
such as the Mediterranean and Bering Seas. The oceans are

partially separated by landmasses but are all interconnected.

Ocean strength

The oceans reveal their strength in the waves
that crash onto shorelines around the world.
Heading toward a shallow reef, this mountain-
shaped wave off the south coast of New South
Wales, Australia, will break as its base touches
the seabed and frictional drag slows it down.

The second largest
ocean basin, the Atlantic
spans around 20 percent
of Earth's surface

Oceans from space
Composite satellite images
from space show clearly
how oceans predominate
over land. This view of
Earth’'s Western Hemisphere
shows the Atlantic Ocean.




EARTH’S PROPORTIONS

Oceans are immense, holding most

of the water on Earth and having

an average depth of about 12,000 ft

(3,700m) and a total volume of

321 million cubic miles (1.34 billion

cubic km). Around 2 percent of

Earth's water is locked up as snow

and ice, leaving 1 percent as free- .
moving fresh water. The largest
ocean is the Pacific, spanning
59 million square miles (153 Salt water (68%)
million square km) and containing Land (29%)

49 percent of Earth’s salt water. W Fresh water (3%)

KEY




Complex, frilly suture
lines help with species
identification

The ammonite’s head
and tentacles once
projected from here

Patches of original
shell material remain
after fossilization

Past life

Ammonites were cephalopods common in

the oceans of the Jurassic (200-145 MYA) and
Cretaceous (145-66 MYA) periods, but they

died out around the same time as the dinosaurs.
Dead ammonites sank to the seafloor where
they were covered in sediment and eventually
fossilized in rock. This fossil (Desmoceras
latidorsatum) from the mid-Cretaceous

period was found in coastal Madagascar.



Coral fossil

Evidence that chilly
Scotland was once part
of a landmass near the
equator comes from
warmth-loving fossil
corals found there

and dating to around
350 million years ago.

ocean history

The familiar layout of Earth’s continents and oceans is very
different from the way it was in the prehistoric past. Today’s

oceans and their seas arose gradually as early landmasses split

PlIOM duliew I CleT1

up and moved apart. Scientific evidence suggests that the original
ocean formed from water vapor that escaped from the molten
surface of the planet. Around 3.8 billion years ago, conditions

cooled and this vapor started to condense and fall as rain.

OCEANS OF THE PAST Cretaceous Cretaceous

Continents have come together and ocean continent

moved apart several times in Earth’s

history. Evidence for this comes from -~ o e (A
the “jigsaw” fit of continents such as | LAURASIA '\
South America and Africa, as well as | Y s
palaeontology studies. Continents

slowly change their positions through i L
volcanic processes happening deep SEHDWANS
beneath the oceans. Today, the i
Atlantic Ocean is getting bigger and

the Pacific Ocean and Red Sea are

getting smaller, but by less than /4in

(2cm) per year. CRETACEOUS PERIOD C.130 MYA
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Foraminifera
have thin shells
called tests

Ocean thermometers

Analyzing the chemical composition of sand-

grain-sized fossil shells of microorganisms called

foraminifera can help determine past sea-surface
temperatures. Living foraminifera such as Rosalina
globularis, above, are still found throughout the oceans.

Stormy seas

Oceans, atmosphere, and

land all interact to create our
climate and weather. Dramatic
supercell thunderstorms over
land or sea—here, above
Australia’s Queensland coast—
occur when wind conditions
cause strong rotating updrafts.
The frequency and intensity of
extreme weather events is
increasingly linked to human-
instigated climate change.

ocean climates

The world's oceans and their climates are inextricably linked through

a complex web of interactions. The oceans absorb and store heat from

the Sun, especially at the equator. From here, wind-driven surface ocean

currents circulate water around each of the main ocean basins. In turn,

the Sun’s heat and Earth’s rotation set the pattern of prevailing winds.

Rainfall is highest in tropical areas, because the oceans are warmest

here, so evaporation is high. The oceans slowly release heat, which

is why the oceanic climate found around continental coastlines is less

extreme than the climate far inland.

CLIMATIC DISTURBANCES

Increased carbon dioxide in the
atmosphere traps heat and causes
ocean temperatures to rise as it
absorbs extra heat. This can also lead
to more extreme instances of the
climatic disturbances known as El
Nifio and La Nifa. The El Nifio effect
occurs where winds and currents in
the equatorial Pacific are disrupted,
leading to above-average sea-surface
temperatures. The ONI records the
difference between recent averages

and the 30-year average temperature.

Values above 0.5 indicate 30

9 warmer El Nifio events 25
Zz
e}
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depths

Marine organisms inhabit a vast, three-dimensional space and can
be found from the water surface down to the deepest depths. An
organism near the surface will experience very different conditions
from one in the deep ocean. Scientists divide the oceans into zones
of decreasing sunlight and temperature, but pressure increases
continuously from the surface to the deep. Surface layers are well-lit
and have a good supply of nutrients and food. In deep zones, the

sunlight fades and temperatures decrease, which limits life there.

Deep ocean and sandy shallows

In the Bahamas, the Berry Islands form a semi-
circle enclosing sheltered, sandy plateaus. This
satellite image shows depth contours beneath
the clear water. Deep ocean borders the land
at the top, while Chub Cay at the bottom
drops into the tongue of an ocean canyon.

Feeding tentacles
catch drifting plankton

and organic particles /—\

DEPTH ZONES

Marine life has adapted to the different ocean
depths. Phytoplankton, the basis of almost all

ocean food webs, only grow in the sunlit zone.

In the twilight zone, where light is limited,
animals swim upward at night to feed on
plankton and then down for safety in the day.
In the dark midnight zone, animals produce
bioluminescent light to hunt or communicate,
while abyssal animals gather dead material or
particles that drift down from above. Deep
ocean trenches form the dark hadal zone.

PHYTOPLANKTON
A, =p 2>

> MACKERE?:::D e Cr—
SUNLIT ZONE

0-650ft (0-200m)

ANGLERFISH
HATCHETFISH

MIDNIGHT ZONE

3,300-13,000ft (1,000-4,000 m)

GRENADIER
FISH

GIANT
fﬁ-‘-‘-’!h._ AMPHIPOD

ABYSSAL AND HADAL ZONES
13,000-36,000ft (4,000-11,000 m)

Cold-water coral

Most corals live in shallow waters, but
cold-water corals, such as Lophelia pertusa,
form reefs in twilight and midnight zones.
Without the nutrients provided by surface-level
symbiotic algae, these corals grow very slowly.

I6I°



rock
COasts

A rocky coast provides a solid, dependable
foundation for many plants and animals.
Although there is often a risk of being swept
away, a tidal pool or high-rise cliff can also

provide a refuge.
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Tufted lichen

Gray Ramalina siliquosa and some other
lichens grow as upright tufts. Ramalina
usually lives at a higher level than yellow

Xanthoria (see right) on European shores.

The branching
straps of Ramalina
form scattered
clumps on the rocks

Maritime lichen

The sunburst lichen (Xanthoria parietina) of
northwest Europe is typically found inland,
but it can also tolerate the salty habitat of
rocky shorelines. Its flat orange body, or
thallus, may occasionally even be covered
by the highest spring tides.

surviving in the
splash zone

Little life can thrive on wave-splashed rocks, which are too far from the

reach of the tide for underwater organisms to survive and too hard for

plants to root. But lichens have the resilience to grow here. In fact, they

are so successful that in places they grow in prominent, colorful patches

along the coastline. Key to their success is an intimate partnership: each

kind of lichen consists of a nutrient-absorbing fungus that clings firmly

to the rock and a pigmented alga that photosynthesizes to make food.

INTIMATE PARTNERSHIP

The bulk of a lichen consists

of the filaments of a fungus.
Called hyphae, these filaments
attach to the hard substrate
and, as in other fungi, provide a
large surface area for absorbing
nutrients from organic food
such as detritus and bird
droppings. But more than

50 percent of the lichen’s

food is made from atmospheric
carbon dioxide by its
photosynthetic algae,

which share the food they
produce with the fungus.

Algae and hyphae
filaments disperse
on wind to
establish new
lichen colonies

Algal cells

Fungal hyphae

Rootlike hyphae
called rhizines
attach the lichen
to the rock

SECTION THROUGH A LEAFY LICHEN
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The photosynthetic frond
produces sugars, including

mannitol, which is often
exuded as a sweet powder
on the frond's surface, thus
inspiring this species’ name

The stipe, or \_/

stem, keeps the
frond raised

Giant seaweed toward the light
Sugar kelp (Saccharina latissima) of the at high tide for
northeast Atlantic grows particularly photosynthesis

well when sheltered from extreme waves.
Here, on the lower shore, its fronds can
reach 13 ft (4 m) in length, which helps
them extend farther upward to catch
sunlight when lifted by the high tide.

In the core of the
stipe, filaments of
conduction cells help
transport sugars
around the kelp;
seaweeds lack the
transport vessels

of true plants

The holdfast, unlike the roots
of true plants, does not take up
any nutrients, leaving the frond
to absorb most of the material
needed for photosynthesis



A crinkly edge

to the frond is a
characteristic of
the sugar kelp

Holdfast communities
Branching holdfasts can
provide a microhabitat
for diverse marine
invertebrates. Among
the holdfasts of kelp
growing on California’s
Pacific coast live
scavenging brittle stars
and purple urchins that
graze on the seaweed.

Purple urchins are
the dominant grazers
of California kelp

anchoring
to the seabed

Hard, rocky coastlines are impossible habitats for true plants to
send down roots, but here—between the tides—conditions are
perfect for the leafy algae popularly known as seaweeds. Instead
of roots that penetrate, seaweeds have structures called holdfasts
that cling to the substrate. Some holdfasts are like suckers, but
others grow dense thickets of tendrils that anchor the seaweed

to the seabed and shelter tiny invertebrates, while the alga’s long,

trailing fronds absorb light for photosynthesis.

Brittle stars cling
to the holdfast with
their sinuous arms

HOLDFASTS

A young seaweed develops into a frond, stipe (stem), and holdfast. The holdfast
consists of branching, fingerlike projections called haptera, which envelop rocks
and stones and become bushier in deeper water. It secretes mucopolysaccharide—

a natural adhesive—as it grows larger to support a bigger frond.

Thick, bushy
growth
Growth More
is mostly branches
horizontal to holdfast

SHALLOWS MID-DEPTHS DEEP WATER







Worn away by waves

Over millennia, the forceful churning
action of waves crashing against this
coastline on the Hawaiian island of O'ahu
has unevenly worn away the rock to create
a network of inlets and promontories.

coastal erosion

The coastlines of every continent undergo constant change.

In some areas, the land area expands, but in others, the coastline
is worn away by erosion. Coastal erosion is determined by three
main interacting factors: marine energy (waves, storms, and
tides); the relative hardness of the rock; and tectonic activity
(earthquakes and uplift). The rate of coastal retreat can be more
than 330ft (100 m) per century in areas where severe storms
pound a soft sand-and-clay shoreline. Hard granite cliffs may
remain stable for hundreds of years. Landslides, rockfalls,
chemical attack, wave impact, and relentless abrasion by sand and
gravel all help break down rocks and boulders along the shore.

Storms, tidal currents, and rip currents carry the sediment out to sea.

HEADLANDS, ARCHES, AND SEA STACKS

Soft rock on a coastline is worn back by wave action into bays, while harder rocks
provide more resistance and form headlands, which are subject on three sides to
focused wave action. Eventually, this creates notches and sea caves at the waterline.
The caves enlarge from either side of a headland, and the sea eventually breaks
through to form arches, which later collapse, leaving isolated sea stacks.

Hard rock resists erosion
to form headland

Bay formed in Sea cave
area of eroded

soft rock

Arch Wave energy
focused on
headland

Sea stacks
formed from
collapsed arch

$1s20D Ayo0u1 I 1G9
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TAP ROOTS

Sea thrift has a woody tap

root that can reach more

thar] 5ft(1.5m) int.o C_OaSta‘ Adventitious (branching)
sediment, often winding roots are more dense and
between rocks or plunging spreading in shifting sand
into cliff faces. The tap root
typically grows vertically
downward and helps
anchor the plant firmly onto
a shoreline that may be
buffeted by strong winds.

The tap root grows
thick, keeping the
plant firmly in place

ROOT SYSTEM

orowling above
the tides

Tough plant

Sea thrift (Armeria maritima) thrives on windswept
coasts around the Northern Hemisphere. By
hugging close to the ground, its leaves are able

to resist the elements, while its salt-tolerant
tissues help the plant grow in soil that may get
occasionally inundated by extreme tides.

On the very edge of the ocean world, beyond the reach of normal
tides, is a community of coastal species that belong to the land
but live exposed to the sea’s spray. Salt and wind are dehydrating:
salt landing on foliage draws water from tissues by osmosis, while
wind increases evaporation. The flowering plants that survive here
must be adapted to resist these effects. Some, such as sea thrift,
have thin, straplike leaves with a small surface area that reduces

evaporation and a thick cuticle that traps water inside.

A butterfly feeding
on nectar helps cross-
pollinate sea thrift; even

the pollen of this plant
is salt-tolerant

Coastal pollinator

There are few marine insects, but some land
species, such as this black-veined white butterfly
(Aporia crataegi), are drawn to the nectar of coastal
blooms, such as sea thrift. Other insects feed along
the strand line of the beach.




Gen. Stab, Lit._Anst.

TRIFT, ARMERIA VULGARIS WILLD.
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Retracted tentacles
reduce the animal’s
surface area, so there is
less evaporation when it
is uncovered by the
retreating sea

Dealing with exposure

By pulling its tentacles into its
body column, a beadlet anemone
not only avoids predators but
also retains more water while
exposed to the air at low tide.

\ Body column contains

muscle fibers that
contract to pull the
tentacles inside

surviving low tide

The intertidal zone is the place where the ocean meets the land, but the
living things that make it their permanent home come from the sea. Most
of these organisms need to be underwater to breathe, feed, and reproduce.
At low tide, those that can walk, such as crabs, can follow the water or
shelter under rocks. Others that are fixed to the spot, including anemones,

have no option but to wait for the waters to return.

By
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Tidal pool

A pool on a rocky shore left by the ebbing tide

is a safe haven for beadlet anemones (Actinia
equina), Here, ocean animals can stay active, even
when the surrounding rocks are left high and dry.

INTERTIDAL ADAPTATIONS

These shore anemones illustrated in Ernst
Haeckel's Kunstformen der Natur (1904)
have variable intertidal adaptations. The
daisy anemone (Cereus pedunculatus; top
middle) lives partly buried and retracts
completely when disturbed or exposed.
Less-retractile species rely on a sheltered
location to survive. The jewel anemone
(Corynactis viridis; bottom left), drawn
here with drooping tentacles, prefers
rocky caves, while the plumose anemone
(Metridium senile; bottom right), with
featherlike tentacles, hangs limp from
rocky overhangs at low tide. Such
vulnerable species are more abundant
where they are permanently submerged.

HAECKEL'S SEASHORE ANEMONES
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West Point, Prouts Neck (1905)

US artist Winslow Homer painted his
favorite watercolor just after sunset,
capturing a column of seaspray leaping
above the rocks. It followed several days

of intense observation of the light and tides
across Saco Bay, close to the artist's studio

in Maine. The vivid reds and pinks drenching
the sky and sea and the bold composition
show leanings toward Expressionism.



: E : The Life Boat (1881)
A In the 1880s, Winslow Homer's art focused

mainly on the struggle of fishing communities
against the sea. This atmospheric pencil and
wash study, which was the basis for a larger
watercolor, depicts men in oilskins forging
toward a ship in danger.

the ocean in art

from coast to coast

While Impressionist artists in Europe
were rebelling against classical art forms,
these were still preferred by many
contemporaries in the US. The sublime
landscapes of English-born American
artist Thomas Cole, founder of the Hudson
River School, an art movement that
flourished in the mid-19th century, drew
on Romanticism, as well as realist and
naturalist styles. The German-American
painter Albert Bierstadt’s grandiose peaks
and plains, sketched during an expedition
in the American West, were romantic
constructs that sold idealized notions of

the American Frontier to new settlers. He

When you paint, try to put down exactly what
you see. Whatever else you have to offer will come

out anyway.

WINSLOW HOMER, TO ARTIST FRIEND WALLACE GILCHRIST, ¢.1900

In the second half of the 19th century, the US was a young country in
search of an art culture that would reflect back the glory of a new nation.
Artists sought to introduce audiences in the eastern states to the awe-
inspiring mountains, plains, and seascapes to the west. The patriotic spirit
captured in their work was reinforced by songs such as America the

Beautiful, which celebrated a land that stretched “from sea to shining sea.”

also traveled to the West Coast, where he
painted rugged rocks and crashing waves.
Meanwhile, in the east, Fitz Henry Lane
painted the coastlines of Maine and
Massachusetts in Luminist style—a form
of realist landscape painting characterized
by precise brushwork and ethereal light.

Arguably, the preeminent American
marine artist in the 19th century was
Winslow Homer, known mainly for his oil
paintings and watercolors. His early works
depicted scenes of contemporary life in
the US, but his art gained new depth after
he spent 18 months on the British Tyne
and Wear coast, where he painted the
daily lives and hardships of local fishermen
and women. He later retreated to a remote
cottage and studio in Prouts Neck, on the
East Coast in Maine, where he created
magnificent seascapes that captured the
energy and raw beauty of the ocean.
Although he traveled and painted the
iridescent seas off Bermuda and Florida,
he always returned to Prouts Neck, where
the ocean continued to provide a source
of inspiration until his death in 1910.
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THE MOLLUSKAN RADULA

A snail’s “tongue’—correctly

termed an odontophore—moves Radula

in and out of the mouth. In doing
so, it rubs the radula over the
substrate. The radula is covered
with tiny teeth made from hard
chitin (the same material found in
invertebrate exoskeletons). As the
teeth get worn down, the radula
is regenerated, growing from a sac
at the base of the odontophore.

Retractor muscle
pulls odontophore
into the mouth

RADULA STRUCTURE
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Groove in foot
releases sticky
slime from abundant

helping the topshell
cling onto rocks

Toothed radula
is carried on the

Protractor muscle

rasping rocks

Sea-covered rocks are coated in a film of microorganisms, algae, and organic detritus, providing

mucus-secreting cells,

Visible scratches are
left because the limpet's
radula is harder than
the surface rock

Abrading limpet

To dislodge the toughest algae, the radula of
a limpet (Patella vulgata) has teeth reinforced
with an iron compound. The material of these
teeth is the hardest produced by any animal.

a source of food for many grazing animals. Dominant among them are mollusks, including a huge
variety of herbivorous snails and limpets that rasp the surface as they crawl from place to place.
Key to their success is their grazing equipment: a muscular “tongue” that scrapes the rocks with

an abrasive ribbon called a radula, dislodging the nutritious material, which is then swallowed.

Body retracts into
shell when danger
threatens; a horny
“door” called an
operculum then
seals the opening

Muscular foot carries the
weight of the topshell as
it creeps over rocks



Sweeping snail

The painted topshell (Calliostoma zizyphinum) is

a subtidal grazer of rock-dwelling microorganisms,
found at depths of up to 1,000ft (300 m). As in most
topshell species, its radula works like a fine brush

to sweep loosely bound food particles from rocks;
unlike that of a limpet, it lacks the resilience

to harvest algae that adhere more tightly.

The shell stays looking bright and
unworn—perhaps the result of the
topshell sweeping its mucus-coated
foot over the shell’s surface, which
deters algal growth

Spots and bands of purple and
crimson pigments, called
porphyrins, pattern the shell;
the pigments may be derived
from the topshell’s diet

Tentacle contains tactile
and chemical sensors to
help with navigation while
grazing on rocks

el Small, cup-shaped eye on a
- i short stalk senses light and
e dark; the eyes help the animal
stay in the shade and avoid

being exposed to predators

by sunlight when grazing






Attached by a thread

California mussels (Mytilus californianus)
lack the limpet's clinging foot. Instead, they
tether themselves to rocks with a bundle
of protein fibers known as a byssus.

Fibers adhere to rock with
a kind of protein glue (a
different protein to that

forming the fibers)

clinging on

Organisms that live on rocky shores exposed to battering waves are
constantly at risk of being washed away. Those that lack the agility to dodge
the breakers and find shelter in crevices must do what limpets do—cling on
tightly. Limpets are well equipped to survive the worst of the ocean’s fury:
they have a cone-shaped shell that clamps down firmly, a muscular foot

that works like a suction cup, and sticky mucus that acts like glue.

Intertidal life

Common limpets (Patella vulgata) of
northwest Europe—seen here sharing their
rocky habitat with smaller periwinkles and
barnacles—hold fast at low tide during the
day. They emerge from their shells only when
submerged, or at night, to graze on algae.

WAVES AND SHELL SHAPE Muscles are less contracted
A limpet clamps down by contracting Growth
muscles that pull the shell toward the Edge of shell pulled is mainly

loosely onto rock outward

rock, reducing pressure under the
foot so that it functions as a sucker.
The foot also secretes sticky mucus
that helps seal the attachment.
Where there is little wave action, LITTLE WAVE ACTION
limpets grow flatter shells. Stronger
waves cause the limpet’s muscles

: Edge of shell Growth is
to contract more in order to take : :
. : pulled tightly mainly upward
the extra strain. This affects the onto rock
shell-secreting tissues, producing a Muscles
taller and more conical shell shape. contract more

GREATER WAVE ACTION
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combing for plankton

Acorn barnacles can be so abundant on a rocky shore that their small,
volcano-shaped shells form a distinct white band. Each “volcano” opens
at high tide so that the feathery limbs of the crustacean inside can reach

up into the water. By quickly waving back and forth in a combing motion—

or simply letting the backwash run through their “feathers”—the limbs

catch nutritious detritus, algae, and the tiniest animals of the zooplankton.




ZONES ON SHORELINES

Barnacles more tolerant of dehydration can live farther

up the shore, where low tide exposes them for long periods.
In Europe, for example, Chthamalus montagui can survive
above Semibalanus balanoides, but it cannot thrive lower
down due to competition from S. balanoides for space to
feed. Similar barnacle zonation occurs around the world.

predominate on upper shore

HIGH TIDE \

Smaller Chthamalus montagui \

Casting the net

Magnified many times, the thoracic limbs, or cirri,
of a gray acorn barnacle (Chthamalus fragilis),
from eastern North America, are seen to carry
long hairs, called setae. The setae overlap to
create a trap that catches particles as small

as two-thousandths of a millimeter in size.

A diamond-shaped
aperture, here closed at low
tide, is characteristic of the
northern acorn barnacle
(Semibalanus balanoides) of
Europe and North America

Exposed and closed

Barnacles cannot feed at low tide, so they withdraw their
limbs, then close their shells using movable plates that seal
the entrance. Like this, they are protected from desiccation
until the tide returns and they become active again.
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Octopus extends its
arms to push open
the clam shell

The crab’s borrowed shell is often
colonized by other animals; this
whelk shell is covered in snail fur
(Hydractinia echinata), a kind of
colonial hydrozoan

Flexible arms coil
around the body
so the octopus can
fit into the shell

Suckers grip the

shell as the arms

pull it closed /\

Octopusin a shell

Hermit crabs are not the only animals to use shells
for protection. Along tropical shores, the coconut
octopus (Amphioctopus marginatus) sets up home
in a variety of objects, including coconut shells
and, as here, the hinged shells of clams.

Two larger pairs of legs
are used for walking; two
smaller pairs, hidden from
view, are used to grip the
inside of the shell

lodging 1n a shell

Only the top of a hermit crab’s head is shielded by a hard carapace; the
rear half of its body is soft and vulnerable. For this reason, hermit crabs
spend their lives lodged for protection inside a coiled snail's shell. They use
their strong limbs to drag this mobile sanctuary with them wherever they
go. When a crab grows too big for its shell, it seeks an upgrade—carefully

testing the new shell’s size and weight before making the switch.



Right chela (pincer) is
much larger than the left
chela and is more likely to
be used in self-defense

CRAB ANATOMY COMPARED
Most crabs have a short, flaplike
abdomen that folds beneath the hard
carapace of their body and is all but
concealed. But in hermit crabs, the

long, soft abdomen twists to one side,

which enables it to fit more easily into
a coiled snail shell. Tiny, hook-shaped
structures called uropods at the
abdomen’s tip and small legs along
its sides grip the inside of the shell

to hold the crab in place.

KEY
Carapace Claw/pincer
Abdomen [0 Telson

Walking leg B Uropod

COMMON CRAB HERMIT CRAB

Shells for size

In their seashore habitat, juvenile European
common hermit crabs (Pagurus bernhardus)
make use of the most common empty shells
found there, including those of periwinkles
and dog whelks. In deeper water, older
crabs use the shells of larger snail species.

Long antennae are
used as tactile sensors
to detect movement






Breaking wave

This image shows the moment when
a wave formed in the open ocean
approaches the shore and the rolling
“tube” of water collapses to form a
breaking wave.

waves

A wave is a disturbance in the surface of the sea produced by

the transfer of energy from wind to water. Wind-generated waves
range in size from a barely ruffled surface and snaking ripples to
huge rogue waves reaching a height of up to 33 ft (10 m) that can
snap in half a giant tanker. Major storm waves generated in the
Southern Ocean around Antarctica can travel for nearly 2 weeks
across the Pacific before breaking on the remote shores of Alaska.
Their size is diminished, but their distinctive pattern remains the
same as when first formed. The amount of energy stored in
waves is enormous—a single storm wave can exert up to 4.3

pounds per square inch (3 tonnes per square m) as it breaks.

WAVE FORMATION

The three stages in wave development are known as sea, swell, and surf. The

state of random choppiness building to larger irregular waves is known simply

as sea. As these waves leave the region in which they were generated, wave
interaction slowly develops a distinctive pattern of waves known as swell.
Eventually, as a wave train enters shallow water, it interacts with the seafloor.

The movement slows, and the distance between the waves reduces, resulting in a
relative increase in wave height. Eventually, the ratio of wave height to wavelength
reduces to the point where the wave topples forward and breaks as surf.

Wave forms Wavelength Relative Wave
offshore as swell reduces wave height breaks

) increases
Motion of water

molecules
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Flexible hunter

The small epaulette shark (Hemiscyllium ocellatum)
has several adaptations that allow it to hunt in very
shallow intertidal pools, where it targets worms,
crabs, shrimp, and small fish. The shark is 28-35in
(70-90cm) long, slender, and flexible, and thus able to
maneuver easily in small spaces using its sturdy fins.
Its flattened underside and blotchy coloration allow it
to lie undetected until prey ventures within range.

Short snout, with
electroreceptive barbels on the
underside, is used to turn over
small rocks or burrow in the sand
as the shark searches for food

Small teeth are
suited to grasping
and crushing prey
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THE WALKING SHARK

Epaulette sharks often venture
into pools and channels too

) . Fins
narrow or shallow for swimming operate in
and may find themselves coordinated
completely stranded by the tide. diagonal
In these circumstances, they are pairs

able to “walk," or crawl, over
rocks or sand using coordinated
movements of the paired
pectoral and pelvic fins.

CRAWLING MOTION

Body
flexes

Blotchy upper side
provides camouflage
against highly textured
reef surfaces

Sturdy, paddle-shaped
fins are used for both
swimming and “walking”



f1sh on land

The intertidal zone is a challenging habitat, with extreme fluctuations

in temperature, salinity, and oxygen levels. But it also offers rich feeding
opportunities and safety from large marine predators. Fish that live in
these waters include the epaulette shark, which can last a few hours
out of water, and mudskippers, which can spend up to 18 hours a day
on land. To cope with oxygen-depleted waters at low tide, they shut
down non-essential metabolic functions, reduce their heart rate and

blood pressure, and prioritize the supply of oxygen to the brain.

Prominent shoulder
markings (or “epaulettes”)
resemble huge eyes and may
deter predators

Flattened underside allows
the shark to press itself to
the seabed without casting
a tell-tale shadow and

provides stability on land

Eyes can retract into

water-filled skin folds
to prevent them from
drying out on land

Fish out of water

Found on mudflats, in estuaries, and in
swamps, mudskippers (here, Periophthalmus
barbarus) are the only fish to walk, eat, and
court on land. They survive by carrying
water in gill chambers.

Flexible spinal column
allows movement in
tight spaces
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Tapering at head and
tail permits fast
open-water swimming

FUSIFORM
Atlantic cod
Gadus morhua

Flattened shape enables
fish to live on the seabed;
it flaps its fins up and down
like a bird for swimming

DEPRESSIFORM

Pacific leopard flounder ©

Bothus leopardinus

"h Body moves in sinuous waves that
! pass right through the body; tail
(caudal) fin is often more pronounced

ANGUILLIFORM
European eel Q

Anguilla anguilla

Thin, threadlike body
slithers through water
like a snake

FILIFORM
Hair-tail blenny Q

Xiphasia setifer

Lateral flattening gives
quick bursts of speed,
sharp turning, and the
ability to fit through
narrow spaces

=
(W,

COMPRESSIFORM
Emperor angelfish
Pomacanthus imperator

Spherical-bodied fish are
slow swimmers that rely on
camouflage and adaptations
to avoid predators and
capture prey on the seabed

GLOBIFORM
Warty frogfish
Antennarius maculatus

Elongated beak and
arrowlike body enables
fish to swim fast over
short distances

SAGITTIFORM
Longnose gar O

Lepisosteus osseus

Ribbon shape enables fish
to hide in rock crevices, but
itis aslow swimmer

TAENIFORM
Crescent gunnel

Pholis laeta



Body can be up to 5ft
(1.5m) long but weighs
only 6-70z (170-200g)

Females and immature
males have a birdlike beak
that curves outward and
cannot be fully closed

fish shapes

The shape of a typical fish reflects the fact that
it moves through water—a medium less dense
than air—and is affected less by gravity than land
animals. A smooth, streamlined body with a
rounded cross-section and pointed front end

is better for cutting through water, while fins
(rather than weight-supporting limbs) control
position or help generate thrust. But many fish
have departed from this ideal shape to exploit

specialized lifestyles.

Dorsal fin runs

full length of
the body

Extraordinary lengths

The pale snipe eel, or deep sea duck (Nemichthys
scolopaceus), has around 750 bones in its spine—
more than any other animal on Earth. It is found
in oceans the world over at depths of 300-6,000ft
(90-1,800 m). Observations suggest that it orients
itself vertically and feeds entirely on midwater
pelagic crustaceans.




Large, sail-like first and
- second dorsal fins merge
to form a continuous,

/_\ fringelike fin

Throat leads to
esophagus, which is particularly
rich in blood vessels and may
help with breathing in air

rock pool territory

Mottled coloration

A territory is an area of habitat that a single animal, a pair, or a provides camouflage
. . and becomes much
group defends from others of the same species or other species, darker in brooding male

earning them exclusive access to food, mates, and hiding places.
For the shanny (Lipophrys pholis), the advantages of a rock pool
territory cut off from others at low tide balance the challenges of
life in the intertidal zone (see p.45). Several female shannies may
deposit eggs in a pool guarded by one male. At high tide, the

male will attack almost any animal venturing near.

Large pectoral fins with
stout bases provide \\ |
leverage for moving \\\‘- {

on land Q\ ;

Shanny on land

If stranded by the tide, the shanny
hides in crevices or moves over
rocks. Its tail sweeps back and forth .
with enough traction on the ground

to help push the fish forward.




TYPES OF FINS

All bony fish share a similar arrangement

of dorsal, anal, and caudal fins along the
midline and paired pelvic and pectoral fins.
However, some fins are modified according
to the species’ mode of living. For example,
the fins of the shanny enable it to swim
quickly and strongly against tidal currents
and to crawl over land.

Third Second First
dorsal fin dorsal fin dorsal fin

Caudal fin provides
some propulsion
during swimming when
swept from side to side

Caudal i Pectoral
fin fin fin fin

FINS ON A BONY FISH

Living with limits

The shanny’s ability to exchange respiratory
gases in air as well as water is a vital adaptation
to the oxygen-depleted environment of a rock
pool. At low tide, when feeding opportunities
are limited, the fish adopts a relatively low-
energy lifestyle, lurking hidden until high tide
or until roused to territorial defense.

= ; Large eyes
e L b e provide good
; vision in both
water and air

Scaleless skin can absorb oxygen
from water or air, helping
with respiration
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A lizard that relies on the Sun'’s rays to stay warm and active is an unlikely
cold-water diver—but along the rocky coastlines of the Galapagos Islands
in the eastern Pacific Ocean, the marine iguana (Amblyrhynchus cristatus)
does just that. On this volcanic archipelago, where competition for
land-sourced food is intense, the marine iguana has evolved to eat
seaweed. Females and juveniles usually graze between the tides. Large

males dive deeper, enduring the chilly Humboldt Current, which comes

straight up from Antarctica and streams around these islands.

The skin’s covering of
beadlike scales protects the
body from physical injury
and reduces water loss by

: Dark skin patches
evaporation

absorb the Sun’s
radiation well,
warming the blood

Blunt face allows
front teeth to get
close to rock
when grazing
seaweed

Specialized teeth

The iguana’s jaws are lined with three-
pronged teeth, which spear the seaweed
fronds that the lizard rips from the rock.



SNEEZING SALT Salty mucus Gland where salt

leaves the gland is concentrated
through this

duct (tube)

A diet of seaweed quickly loads
the body with too much salt,
which would disturb the body’s
salt/water balance, damaging
cells. Sea reptiles and seabirds
possess glands that actively
pump salt from the blood into
salt-secreting glands, from where
it leaves the body. The marine
iguana, like seabirds, has paired
nasal salt glands: the excess salt
mixes with mucus and is
periodically forced out by

sneezing through the nostrils. '\gﬁl?\}osgg

MARINE IGUANA

Nostril

Conical spines on
the head develop
in adult, sexually

Q '/\ mature iguanas

A white crust of salt,
expelled from glands in
the nostrils, often covers
the top of the head

Cold-blooded diver

Like all reptiles, the marine iguana is
ectothermic—meaning that it depends
upon its surroundings for its warmth.
It can last for just over an hour in the
cold sea around the Galapagos. Then,
before it chills too much to function,
the iguana must return to land to bask
in the Sun to recharge with solar heat.

$1sB0D AYD01 I 1G e ()C



rocky coasts I 5253

A Fishing Boat at Sea (1888)

The emotional energy captured in the most
simple brushwork in Vincent van Gogh's
work was an inspiration to the Fauves.

the ocean in art

Port-Miou (1907)

Georges Braque’s headlong plunge into
Fauvism is signaled in his passionate coloring
of the high ridges and trees fringing the long
inlet of Port-Miou on the coast near Marseille,
France. There is a suggestion of Cubism in the
diamonds on his cobalt-blue sea.

seas of color

When the first Fauve paintings went on show in 1905 at the Salon d’Automne

in Paris, France, a critic compared them to the “naive games of a child playing

with a paint box.” Here were landscapes, seascapes, portraits, and nudes that

dispensed with all notions of representation and fidelity to nature. Color was

redefined: flattened shapes of saturated hues were elements of the painting

in their own right and vehicles to express the artists’ emotions.

The Fauves drew their inspiration from
the late 19th-century Postimpressionists,
such as Vincent van Gogh, who brought
an ecstasy and anguish to color and
brushwork that transformed his subjects.
In 1881, Paul Gauguin urged fellow artist
Paul Sérusier to use not just green for a
tree, or blue for a shadow, but the most
beautiful green and the bluest blue.

Fauve theories, which would underpin
Expressionist, Cubist, and modern art to
the present day, emerged while Henri

Matisse and André Derain spent the
summer in the fishing port of Collioure,
France, in 1905. They experimented with
line and color to capture the enhancing
effects of Mediterranean light. Similarly,
Georges Braque produced his first Fauvist
work in I’Estaque, near Marseille, in
1907. All three artists flooded their
canvasses of ports and coasts with bold
colors and simplified forms that expressed
their subjective response and intensity of
feeling rather than objective reality.

We were always intoxicated with color,

with words that speak of color, and with the

sun that makes colors live.

ANDRE DERAIN, 1880-1954







Rictal rosette is a fleshy flap
around the base of the bill's
gape; it gets bigger and turns
yellow-orange in breeding birds

The bill's horny outer sheath—the
ramphotheca—grows thicker and
more pigmented in breeding puffins,
making the bill bigger and more
colorful; this helps reinforce the bond
between monogamous pairs

Counter-shaded body
plumage—black above
and white below—may
help disguise the bird
against ocean water
when fishing at sea,
protecting it from both
aerial and underwater
predators



Broad bill enables

each parent to hold EGGS ON LEDGES
many sand eels—

A Eggs are vulnerable in a cliff face colony.
crosswise—at once

Guillemots—relatives of puffins—lay
spotted, pear-shaped eggs on exposed
ledges, contrasting with whiter, rounder,
typically spot-free puffin eggs hidden in
crevices. Distinct spotted patterns may
help guillemot parents recognize their
own eggs. The eggs’ less-rounded shape
lets them sit flatter and more securely on
the nest and spreads the stress of knocks
from jostling birds over more of the egg
surface, reducing the risk of breakage.

Clifftop chick

Like puffins, the closely related razorbill

(Alca torda) divides responsibility when

raising its brood: both parents feed the GUILLEMOT EGGS
chick with sand eels caught by diving.

(] [ ] on
[1fT nest *‘
CLIT Nesting &
(&)

A dark fleshy “horn” [ —

Many birds depend entirely upon the ocean for food, but all projects above each

eye in sexually mature =]
must return to land to breed and lay their hard-shelled eggs. Flight adults, unlike in puffins s
of the North Atlantic e
makes a range of coastal habitats easily accessible, including steep <
O
cliffs and rockfaces. On precarious ledges and among rocks—safe =
2]
from nonflying predators—puffins, guillemots, gannets, and other 2

birds gather to pair up and raise the next generation.

Colorful colonist

In summer, the horned puffin
(Fratercula corniculata) sports its
breeding colors: its winter gray face
becomes an immaculate white
mask, and its bill turns yellow and
bright red. Around north Pacific
coastlines, horned puffins gather in
colonies to nest on rocky cliffs. The
densest colonies occur where there
are plenty of crevices and cavities
to shelter the eggs and chicks.
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northern gannet

With a wingspan of up to 6ft (1.8 m), the northern gannet (Morus bassanus)

is the north Atlantic’s largest seabird. A strong flier, this bird spends most

of its life at sea, regularly making 336-mile (540-km) foraging expeditions;

tagged birds have been recorded making even longer journeys. It soars

over northwest Europe’s coastal waters year-round, but its range extends

from the southern Arctic to the Gulf of Mexico on a seasonal basis.

Oily fish and squid comprise most
of a gannet’s diet—herring, mackerel,
and sprats are its preferred prey—but,
as opportunists, these birds also steal any
type of fish from nets and other seabirds.
They often follow fishing boats far out to
sea in the hope of feasting on discarded
bycatch. More commonly, the northern
gannet stays closer to shore, flying above
the water at heights of 33-130ft (10-40m)
at an average speed of around 10 mph
(15kph). It searches the surface for
schools of fish, identifying food sources
by tracking dolphins or larger predatory
fish. Some gannets hunt alone, but
they typically feed in flocks of up to
a thousand. When they spot their prey,
hundreds plummet head-first into the
sea, often from a considerable height,
to grab a meal.

Pairs of gannets mate for life,
reinforcing bonds through behaviors

such as “mutual fencing” (knocking
together of bills), and they return each
year to nest in large, raucous colonies,
known as gannetries. Although there are
a few sites around North America, most
northern gannets breed in 32 gannetries
located between Brittany, France, and
Norway that contain more than 70,000
breeding pairs. The female lays a single
egg in late spring in a mounded nest

of seaweed, feathers, and plant matter.
Parents take turns incubating the egg
by covering it with their feet, and they
vigorously defend nests and young

by stabbing intruders with their bills.

Diving for food

Gannets hunt by plunging into the sea
beak-first, with their wings folded back,
at speeds of up to 53 mph (86 kph). Most
plunge dives are relatively shallow, but
they can be as much as 72ft (22 m) deep.

Rocky roost

Gannetries are usually located on rocky coastlines,
protected by the rugged terrain, like this one on
the Shetland Isles. Although adult gannets have
few natural predators, their eggs and chicks may
be stolen by gulls, ravens, foxes, or weasels.







Vestigial hind

hopping on rocks e

For most seabirds that can fly, the journey between water and

Sole-walkers
Penguins have
plantigrade feet, which
means that they walk
on the soles of their
feet, giving better
traction. Other birds
- _ are digitigrade—they
webbed feet and willpower—scale the rocks on their return. - } walk on their toes.

land typically presents few problems. But for flightless penguins,
a rocky shoreline battered by waves is a constant challenge.
Rockhopper penguins must brave the choppy waters as they

dive for krill, and then—using little more than their clawed,

Island penguin

Southern rockhopper penguins (Eudyptes
chrysocome), of the Falklands and other subantarctic
islands, thrive on coastlines jagged with solidified
lava, where they clear steep gullies in single jumps.
The habitat, although harsh and craggy, provides
shelter for the birds’ nests and pools of fresh
drinking water that collect between the rocks.

Short, stout bill, which is
used for grabbing krill when
diving, may also be used
like a grappling hook when
climbing steep slopes
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Three forward-pointing toes have
thick, strong claws that can grip
rock; the toes are connected by

webbing for surface paddling

Short, thick legs are
powered by strong
thigh muscles that
help the bird hop
from rock to rock



PENGUIN POSTURE

A streamlined body with legs Spine is more
set far back enables a penguin vertical
to cut through water like a

torpedo. But adaptations that

perfect swimming and diving Legs are
leave a penguin ungainly on lower on
land. Compared to a gull, the body
legs of a penguin are lower

down on the body, forcing the

bird to stand more upright and

giving it a waddling gait.
ROCKHOPPER PENGUIN
SKELETON

Stiff, flat wings are held
outward for balance when
jumping; they are used as
paddles for propulsion when
the bird dives

Legs are
higher
on body

Spine is more
horizontal

GREAT BLACK-BACKED
GULL SKELETON






SATl
CACIICS

The shifting surface of a sandy beach

1s a difficult place to put down roots or dig

a burrow but it also presents opportunities.
Flotsam arriving on a shoreline attracts
scavengers, and gently sloping beaches allow

large air-breathing animals to come ashore.
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Making dunes

Wind-blown sand gathers around
plants and other obstacles to create
dunes. With their deep network of
roots, marram grasses stabilize dunes
and enable them to increase in size.

Lines of new plants are
produced from rhizomes
that grow horizontally
through the sand

oToWINng 1n
wind-blown sand

A sandy seashore exposed to gales can be a harsh environment
for a plant: the salty wind dries tender shoots, and the sand
it carries scours leaves and buries new growth. In these tough

conditions, marram grasses not only survive—they thrive. They

have wind-resistant leaves and a regrowth system that continually

pushes the plants upward from beneath rising piles of sand.

STIMULATED BY BURIAL New

Most short plants quickly get leaves
covered by shifting sand, but
marram grass continually
sends up vertical rhizomes
(underground stems) from its

Rootstock

rootstock and sprouts new green
leaves above the sand’s surface.
As more and more sand
accumulates, the plant develops
layer upon layer of additional
roots higher in the sediment,
which binds the sand together

as the root fibers get thicker.
Rhizomes
Second-year
root layer
First-year
root layer ¥

pE—

GROWTH PATTERN OF
AMMOPHILA ARENARIA
AFTER BURIAL IN SAND

Upper epidermis (surface
layer of cells) is exposed to
the wind, but it has a thick,

waxy cuticle that reduces

water loss from evaporation

Wind tolerance

A cross-section through common marram
grass (Ammophila arenaria) shows how the
leaf blade is rolled inward, sheltering the
stomata—minute pores that exchange gases
for respiration and photosynthesis. The
curled shape screens the stomata from the
drying effects of the wind, while the central
channel keeps moist air trapped close

to more vulnerable, porous tissue layers.



Green mesophyll tissue
contains the pigment
chlorophyll, which
absorbs light energy

for photosynthesis

/\ Lower epidermis

. is rolled inward and
carries hairs to reduce
air movement

Stomata (pores) for gaseous

exchange are sunk at the base
of pits, where they are less
likely to lose water in the
drying wind
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Ocean Surface (1983)

In this masterwork of close observation and
technical precision, Vija Celmins uses drypoint
engraving, in which the image is cut into a
plate using a sharply pointed tool, to recreate
wave formations in her limited-edition
monochromatic prints.

the ocean in art

lifelike seas

In the 20th century, a new art movement known as Photorealism emerged.

This involved artists using a photograph as their primary visual reference to

produce images that are so lifelike it is barely believable they have been

created by the artist’s hand. This art form continues to evolve, with artists

using the latest technologies. Among the most astonishing works are the

super-realistic seascapes, with their almost tangible waves and sand.

Inspired by Pop Art in the 1960s, the work
of the first Photorealists in the 1970s was
a commentary on the conflict between art
and the explosion of photography in the
20th century. Artists projected the outline
of a photograph onto canvas or paper,
then demonstrated their extraordinary
prowess in mimicking the textures and
reflective surfaces of consumer culture
icons, such as camping vans and sauce
bottles, often using an airbrush. Here
were banal subjects lacking any emotional
depth presented with the technical skills of
an 18th-century portrait artist perfecting
the sheen on silks or the texture of fur.
Since the early 1990s, technical
advances in digital photography have
taken Hyperrealism (as Photorealism is
now more commonly known) into different
realms. US artist Zaria Forman has flown
with NASA survey missions over Arctic
and Antarctic seas and has traveled to
Greenland to photograph polar ice. In the
Maldives, the lowest and flattest region on
Earth, she photographed coastlines under
threat as sea levels continue to rise. Her

message about the beauty and fragility

of our world is writ large on vast canvasses
of pristine ice masses and tropical waves.
Each work captures a photographic
moment in time and takes up to 400 hours
to recreate.

Latvian-American artist Vija Celmins
also works on meticulous renderings of
natural phenomena, such as waves, night
skies, and the desert floor, often in somber,
dark gray tones. In the late 1960s, she
produced highly realistic pencil drawings
of the surface ripples in a small area of the
Pacific Ocean; more recently, she has
replicated those pencil strokes using an
engraving tool to create remarkable prints.

My drawings celebrate the beauty of what we
all stand to lose. I hope they can serve as records

of sublime landscapes in flux.
ZARIA FORMAN, TED TALKS LIVE, NOVEMBER 2015




Maldives No. 11 (2013)

Zaria Forman conjures up mesmerizing
waves lapping on a Maldives shore using
only pastel crayons and her fingers and
palms. Her giant canvases, produced from
her own photographs of vanishing equatorial
coastlines and melting ice in polar regions,
reflect a planet in peril from climate change.
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Race for the sea

Two baby loggerhead turtles (Caretta caretta) head
for the ocean on Florida’s east coast. Most marine
turtles hatch at night, when land predators are less
likely to spot them. They scurry off in the most
brightly lit direction—where moonlight or starlight
reflects off the water—and away from the shadows
of vegetation farther inland.

nesting on beaches

With their paddlelike limbs, marine turtles are superbly adapted to life in
water, but their existence is not wholly separate from the land. Their young,
like those of terrestrial tortoises, hatch from hard-shelled, air-breathing
eggs. The female turtles bury them on sandy beaches, but the strategy is
not without risk. On exposed shores, hatchlings must brave land predators
in the brief—but perilous—scamper to the sea. Females offset the certain

loss by producing huge clutches, typically containing more than 100 eggs.



TEMPERATURE AND SEX

The sex of a turtle embryo is
determined by temperature. Above
84°F (29°C), sex organs are more
likely to become ovaries, producing
females; below this, they develop as
male testes. Buried eggs incubate
as sunshine warms the sand, but
the temperature inside the nest is
not uniform—eggs buried deeper
are slightly cooler. This temperature
variation ensures that roughly

equal numbers of females and
males hatch.

Warmer top of nest Cooler, deeper nests
produces more females produce more males

Males
more likely
to hatch
from eggs
at bottom
SHALLOWER DEEPER
NEST NEST
Each turtle

crawls beyond
the reach of the
tide to lay its
eggs; the entire
beach visit lasts
about an hour

Natal rookery

Female olive ridley turtles (Lepidochelys olivacea) return in
their thousands to the beach nesting grounds of their birth,
called rookeries. They use their hind legs to dig a hole in
which to lay eggs, then bury the clutch and return to the sea.
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Sculpted by the wind

Barchan dunes form when the wind,
coming predominantly from one direction,
blows the sand into distinctive crescent
shapes as on Isla Magdalena, on the
Pacific coast of Baja California, Mexico.

beaches and dunes

Beaches are zones where sediment in the form of sand—
created by the action of rivers, cliff erosion, and transport from
deep water toward the shore—accumulates before eventually
being carried back to the sea by wave action. Beaches lose sand
to the sea by the action of strong offshore rip-currents and
winter storms. Sand may also be transported inland by wind

to form dunes. The most important force for sand transport is
persistent longshore drift, which drives a conveyor belt of supply
and removal. The color of sand varies according to the type of
rock: gray-black from volcanic rocks; glistening white from coral
and limestone; or golden, mainly comprising quartz coated with

iron oxide.

TYPES OF BEACH

Pocket and embayed beaches nestle in the more protected regions between
headlands. Broad sandy beaches with gentle gradients are often flanked by dunes.
Where wave energy is greater, sand is washed away and steep pebble beaches are
built up. Where waves approach a shoreline obliquely, they move sand by a process
of longshore drift and create sand spits, barrier islands, and sheltered lagoons.

Lagoon Longshore

drift

Soft rock

Hard rock

Embayed
beach

Pocket
beach

Sand spit

Wave
direction
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J. M. W. TURNER, UNTITLED POEM (1812) ACCOMPANYING THE SLAVE SHIP, 18




The Slave Ship (1840)

InJ. M. W. Turner’s celebrated work, the churning
waves look as though they are on fire and the ship
plows ominously into the storm as the captain
carries out his evil mission. Turner’s full title, Slavers
Overthrowing the Dead and Dying—Typho[on]
Coming On, supplies the narrative for the carnage
in the foreground: the flailing, shackled limbs of
submerged slaves who have been thrown into the
shark-infested sea.

The Sea of Ice (1823-1824)

The seascapes of German artist Caspar David
Friedrich evoke awe in the natural world and
a sense of human irrelevance in the face of

an almighty power. Here, a ship is crushed in
its ice tomb, while the jagged ice is driven into
pinnacles against the infinite blue of the sky.

the ocean in art

drama on the seas

In the Romantic movement, which spanned most of the 19th century,

inspiration, originality, and imagination were key. Artists dispensed with
neoclassical rules and norms to focus on their emotional response to the
natural world and to the plight of individuals. Many iconic seascapes of the
period, featuring towering waves and apocalyptic skies, tell contemporary

stories about human endeavor, disaster, and oppression.

The 19th-century French poet and

art critic Charles Baudelaire described
Romantic art as “precisely situated
neither in choice of subject, nor in exact
truth, but in a way of feeling.” For some
artists, the freedom to work outdoors
(made easier by the invention of paint
tubes) fueled a deeper engagement with
land and sea. In studios, experimentation
with brushwork, color, and form fostered
a range of individual techniques.

Russian marine artist Ivan Aivazovsky
conjured a sense of the ocean’s sublime
magnitude with vast canvasses saturated
with color and light. In The Ninth Wave
(1850), the rising Sun lights a huge wave
that is threatening to engulf the survivors
clinging to the wreckage of their ship.

In a period when European
colonialists were exploiting overseas
territories and scientists and explorers
were sailing to remote regions, outrage
and adventure surfaced in Romantic art.
French painter Théodore Géricault’s The
Raft of the Medusa (1819) is a striking
recreation of the true story of crew and

passengers abandoned by officers when
the French frigate Méduse ran aground on
its way to Senegal. In this work, the
deceased slip from a poorly made raft,
survivors cling to life, and hope of rescue
is encapsulated in a makeshift flag
waved toward a brightening sky. More
fancifully, English artist Sir Edwin
Landseer imagined the outcome for Sir
John Franklin’s failed attempt to find

a Northwest Passage through Arctic seas.
In his Man Proposes, God Disposes (1864),
polar bears invade the ice-trapped
wreckage to feed on human bones.

A large proportion of the 19,000
watercolors and oils painted by the English
artist J. M. W. Turner were seascapes.
Over a lifetime, he perfected washes of
paint, textures, and bursts of light to create
the natural phenomena of rain, fog, storm,
sunrise, and sunset. He based his painting
and poem The Slave Ship on the true story
of the captain of the ong, who ordered his
crew to throw sick and dying slaves into the
sea to guarantee insurance payments—a
common practice in slave shipment.
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spotlight species

american crocodile

The American crocodile (Crocodylus acutus) exists in a range of habitats,

from freshwater rivers to brackish swamps and coastal waters, and is found

in regions as far apart as Florida and the Caribbean, as well as off both the

Atlantic and Pacific coasts of South America.

The American crocodile is one of the
largest of the crocodile species; adults
have an average length of 14 ft (4.3 m).
Like all crocodiles, it has salt glands on its
tongue that remove excess salt, helping it
survive in higher salinities.

The American crocodile has an
especially large range of tolerance: most
populations live in brackish lagoons,
mangroves or estuaries, but others live
in freshwater rivers and reservoirs much
further inland. The largest Caribbean
population — in the Dominican Republic
— even succeeds in a salt lake with water
that can be three times saltier than the
ocean. A wide distribution across the
American tropics is testament to the
apparent adaptability of the American
crocodile. The fact that it has colonized
islands, including coral atolls, is proof
that it often swims far out to sea, possibly
aided by tidal currents.

SURVIVING UNDERWATER

A crocodile’s mouth is not
watertight, so to prevent water
flooding its lungs and gut when
underwater, a palatal valve - a large
flap behind the tongue - seals the
entrance to the windpipe and gullet.
At the same time, smaller nostril
valves close the nose. In this way,

a crocodile can stay submerged Tongue

without breathing for over an hour,
and it can even open its mouth wide
enough to grab or manipulate prey.
The raised position of the open
nostrils also allows the crocodile

to breathe air while swimming or
hanging just below the water surface.

Palatal
valve

While an American crocodile’s jaws can
exert hundreds of pounds of pressure
when it bites, easily crushing an adult
turtle shell, they can also be very gentle.
Females can pick up and carefully
squeeze unbroken eggs to help the young
crocodiles hatch, and they often carry
their young in their mouths to transport
them to the water. A crocodile’s cone-
shaped teeth are designed for grabbing
and holding prey but not for chewing.
They are constantly being replaced, and
an animal may go through 8,000 teeth
during its lifetime.

Adapted for hunting

A crocodile senses prey by smell and via
sensory bumps on the sides of its jaws
that detect vibrations. They can swim
open-mouthed and have excellent vision;
a transparent third eyelid protects the
eye when the animal is submerged.

Nostril

Nasal passage

Palatal fold

Gullet, or
esophagus

Windpipe,
or trachea

CROSS-SECTION OF A CROCODILE’'S THROAT
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beachcombing

A sandy beach can provide a good living, even for animals that never enter
the water. Each tide brings a deposit of natural flotsam in the form of
seaweed. This, in turn, attracts swarms of flies, beetles, and tiny crustaceans—
food for shorebirds, such as plovers. Up beyond the ocean’s reach, among
the sparsely vegetated dunes, birds build their nests with sticks, stones, shells,

and anything else they might collect as they forage along the water’s edge.

Life above the tides Large eyes help
Along the southern Australian coastlines, the bird spot small prey
the hooded plover (Thinornis cucullatus) amon