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Definition

Atolls are annular mid-ocean reefs; the reef rim supports
isolated, or near-continuous, reef islands composed of
unlithified or poorly consolidated sand or gravel, and
encloses a central lagoon.

Introduction

The term “atoll” is derived from a Maldivian (divehi) word,
atolu. Atolls are ring-shaped reefs that occur in mid-ocean,
often in linear island chains or archipelagoes. The most
extensive groups of atolls occur in the Pacific Ocean but
there are also numerous atolls in the central Indian Ocean
(Figure 1). The reef platforms that form atolls are generally
characterized by reefs that reach sea level, especially on the
windward margin of the reef platform, although there is
considerable variation in the extent to which the reef crest
is continuous around the entire perimeter of the central
lagoon. There are several hundred atolls which occur across
a wide range of climatic and oceanographic conditions
(Bryan, 1953), and show a wide variety of shapes (Stoddart,
1965; Shimazaki et al., 20006).

Although there is consensus that many mid ocean reefs
are atolls, it is more difficult to settle on an unambiguous
definition of what constitutes an atoll. The scientific study
of atolls owes a considerable debt to Charles Darwin, first
because of his insight into reef development and the evo-
lution of atolls, but also because he produced a map of
the distribution of known atolls, as well as other reef types,
which focused on the geological factors related to where
atolls have formed.

Definitions of an atoll vary, but emphasize several
factors in common. Shepard considered an atoll: “an
oval-shaped coral reef surrounding a lagoon in which
there are no islands other than slightly emerged reefs or
small sand cays” (Shepard, 1948, p. 251). Wiens, in his
book on atolls, suggested that atoll shape is too irregular
to be captured by this definition, and believed that the def-
inition by Kuenen is preferable: “all more or less continu-
ous reefs surrounding a distinctly deeper lagoon with or
without lagoon reefs... which rise from a sea bottom
which is too deep for the growth of coral reefs” (Newell
and Rigby, 1957, p. 21, following Kuenen). Wiens pro-
posed his own definition: “an atoll is a more or less contin-
uous emerged or slightly submerged calcareous reef
surrounding a distinctly deeper lagoon or several such
lagoons without emerged volcanic islands, which stand
apart from other islands, and whose upper seaward slopes
rise steeper than the repose angle of loose sediments from
a generally volcanic foundation too deep for the growth of
reef corals” (Wiens, 1962, p. 8).

Although most atolls have a lagoon, sheltered from
open ocean swell by the peripheral reef, there are also
numerous small platforms, which instead of a lagoon,
may be dominated by a single island in the middle of these
smaller platforms. These are generally called table reefs,
following Tayama (1952), and on those where an exten-
sive reef-top island has formed there is often a swampy
central depression.

In the Pacific Ocean there are more than 80 atolls
in French Polynesia, most in the Tuamotu Archipelago
(Agassiz, 1903a; Guilcher, 1988). There is a prominent
chain of atolls that used to be known as the Gilbert and
Ellice islands; the Ellice Islands now form Tuvalu. The
Gilbert chain is now part of Kiribati; it comprises a
sequence of atolls (Richmond, 1993), and there are addi-
tional atolls in the Phoenix and Line groups (Keating,
1992). Atolls are extensive through the Marshall and
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Atolls, Figure 1 The global distribution of atolls, map produced courtesy of Reefbase (http://www.reefbase.org).

Caroline Islands, with several other atolls in the Federated
States of Micronesia. Many of the Cook Islands are atolls,
and three atolls comprise Tokelau. The northernmost atoll
is Kure in the northwestern Hawaiian Islands at 28°45'N
(Riegl and Dodge, 2008). The southernmost is Ducie Island
in the Pitcairn Islands group (24°40'S), although Elizabeth
Reef in the Tasman Sea at 29°58'S is further south, but may
not be a true atoll as it might have formed over a truncated
volcanic basement (Woodroffe et al., 2004).

In the Indian Ocean, the Maldives comprise a double
linear chain of atolls (Figure 2). The Maldives were the
subject of detailed descriptive accounts by Alexander
Agassiz (1903b) and Stanley Gardiner (1903). This chain
extends through the Laccadives (Lakshadweep) Islands to
the north, as a single chain. Minicoy, which was described
in detail by Gardiner in his descriptions of Maldive reefs
(Gardiner, 1903, 1931), is the southernmost of this group
which has received much less study (Siddique, 1980).
A more variable group of reefs comprises the Chagos
archipelago to the south (Sheppard and Seward, 1999).
There are outlying atolls in the Seychelles and southwest
Indian Ocean (Stoddart, 1973a), and the Cocos (Keeling)
Islands in the eastern Indian Ocean (Woodroffe and Berry,
1994).

Atolls are relatively rare in the Caribbean; Stoddart
(1965) suggested that there were 27, but Milliman (1973)
considered only 10 to be atolls. Reefs such as Hogsty Reef
in the Bahamas and Roncador Bank off the east coast of
Nicaragua have been described as atolls; however, they
clearly differ in origin and morphology from Indo-Pacific
atolls. Three atolls have been described just east of the
Belize barrier reef (Stoddart, 1962; Gischler, 1994).

The largest atoll is Suvadiva (Huvadhoo) in the
Maldives with an area of 2,800 km?; the largest land area
is on Christmas Island (Kiritimati) in Kiribati with an area
of 321 km?. Raroia in the Tuamotu has a lagoon area of
171 km?. Kwajalein measures 120 by 32 km, Rangiroa
79 by 34 km, and Tijger, south of Sulawesi, 72 by 36 km.

There are several types of atoll. Atolls can be classified
into ocean atolls and shelf atolls (Ladd, 1977). The ring-
shaped reefs in open ocean, which we now realize to be
in a mid-plate setting, were mapped in detail by Darwin
and are unambiguously atolls. However, there are sev-
eral other groups of islands that contain reefs that have
been classified as atolls. For example, the numerous reefs
of the Indonesia archipelago contain some of the most
diverse of island groups (Kuenen, 1933). At least 55 are
considered atolls by Tomascik et al. (1997). There are also
a series of reefs in the South China Sea, where three types
of atolls have been recognized: ocean atolls, shelf atolls,
and slope atolls (Wang, 1998). Whereas the South China
Sea islands include true oceanic atolls, such as Scarbor-
ough Reef (Huangyan Dao, Wang et al., 1990), those fur-
ther north are shelf atolls and there are also a series of
70 continental slope atolls in intermediate water depth.
Although shelf atolls are also found elsewhere, such as
off the northern coast of Australia (e.g., Rowley Shoals
and Seringapatam Atoll on Timor Shelf, see Western
Australian reefs), slope atolls have rarely been described.

A further variant of an atoll is a reef called an almost
atoll. This term has been used differently by different
authors; sometimes it has been used to refer to a rapidly
subsiding volcanic island that did not form an atoll. How-
ever, it is generally taken, in the sense used by Davis
(1928), to refer to a residual volcanic island that is
surrounded by an annular reef, and which will be an atoll
when the remaining volcanic rock has subsided below
the level of the sea. Chuuk (Truk) is a classic example,
but Aitutaki is an almost atoll in the southern Cook Islands,
which has been described in detail by Stoddart (1975).

There has also been recognition of a class of bank atolls,
sometimes referred to as submerged atolls, that includes
banks on which reef growth does not reach sea level. There
are examples in Palau and the Caroline Islands, and Saya de
Malha in the Indian Ocean. A further category comprises
atolls that are “raised” or emergent, in which older
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Atolls, Figure 2 The Maldive archipelago which for much of
its length comprises a double chain of atolls, but reduces to

single reef platforms to the south.

limestones are exposed. Reef limestones of last interglacial
age have been found to underlie the rim of atolls at depths of
10—20 m (described below), and on several atolls these out-
crop at the surface, or as in the case of Aldabra and
Henderson Island, are the dominant subaerial limestone
(Braithwaite et al., 1973; Pandolfi, 2008). Elevated atolls
include Maré, Lifou and Ouvea in Vanuatu, Makatea in
French Polynesia, Nauru, and Niue. Older limestones
record successive periods of accretion, and many of these
limestones are dolomitized or contain phosphate deposits
that have often been mined. Mataiva in the Tuamotu
Archipelago also has exposures of Tertiary limestone.

Surface morphology

The general topography and geomorphology of atolls was
outlined in a book by Wiens, entitled Atoll Environment
and Ecology, based on detailed studies sponsored by
the Pacific Science Board and focused on the Marshall
Islands, as well as selected other Pacific atolls (Wiens,
1962). In this account, and in a major review by
Stoddart (1969), three features are distinguished: the
outer reef, the reef rim, and the lagoon. These are con-
sidered below.

Outer reef

The outer reef of an atoll is near continuous and is gen-
erally subject to ocean swell that breaks on all sides
(Figure 3). The windward rim of the atoll is generally
more continuous than the leeward; for example, the major
passages through the reef and into the lagoon are more
often on the leeward side of the atoll, as seen in the
Tuamotu Archipelago (Guilcher, 1988). In many cases,
reef islands are more abundant on the windward reef than
on the leeward. In the case of many of the atolls in Kiribati,
the leeward margin does not reach sea level, and many
of the larger atolls, such as Tabiteuea and Tarawa have
a much better developed eastern windward margin (see
Figure 4).

The reef front is steep and rises abruptly from the ocean
floor, often from as deep as 4,000 m. Although there is
a rain of sediment sourced from the living reefs that cas-
cades down the forereef, many atolls margins are charac-
terized by a steep drop-off which exceeds the angle of
repose, indicating that the reef has been built by vertical
accretion. Much of the forereef of Mururoa (q.v.), below
10 m water depth, is at an angle of 45° (Chevalier et al.,
1969).

The reef front often has one or more distinct terraces;
for example at 15—20 m depth on the reef front of Marshall
Island atolls (Emery et al., 1954). The shallow reef front
commonly has a prominent spur and groove (q.v.) mor-
phology (Munk and Sargent, 1954). This consists of broad
ridges, covered by coral or coralline algae, which run at
right angles to the reef margin, oriented into the dominant
wave direction. The ridges are interpreted as construc-
tional, interspersed with sand-filled channels that may
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Atolls, Figure 3 Addu Atoll, the southernmost of the Maldives, showing a near continuous rim around the more exposed margins.

be erosional. Spur and groove are best developed on high-
energy reef fronts and merge into surge channels at the reef
crest (see Reef front wave energy).

The reef crest is generally dominated on the windward
side of the atoll by a prominent crest, veneered by pink
algae (Porolithon or Lithothamnion) forming an algal
rim (q.v.) on higher-energy trade-wind dominated wind-
ward reef crests. Waves break on all sides of an atoll, if
the reef reaches sea level, but the largest breakers are on
the margin that faces the swell direction.

Reef rim

The reef rim can be of variable width and contains islands
in some instances, or can be a broad reef flat in others.
Typically, the reef flat (q.v.) is between 100 and 1,000 m
wide; many of the north Pacific atolls have an average
width of about 500 m (Wiens, 1962). The reef flat is
shallow, or commonly much of it may be exposed during
lowest tide. In other settings, distinct zones can be dis-
criminated across the upper surface. The algal rim, over
which coralline algae are dominant, often merges into
a backreef zone that has detrital material on its surface.
In the higher energy setting, this is a discontinuous scatter
of boulders of dead and detached corals, or fragments of
reef limestone. In less exposed sites, such as lower energy
atolls rims or the leeward margin of otherwise high-energy
atolls, the fragments are smaller and less frequent. Corals
thrive in pools of water that remain deep enough over
a tidal cycle, and the reef crest and immediate backreef
are some of the most productive settings. Turf algae can

be abundant and benthic foraminifera are epiphytic on
these algae or under loose boulders and within crevices
on the reef (Collen and Garton, 2004).

The reef flat that forms on Pacific and Indian Ocean
atolls is usually broad and flat. On some atolls a slightly
deeper channel may occur behind the boulder zone, usu-
ally with thickets of branching Acropora and Monitpora
corals, and this has been called the boat channel (q.v.) as
it is adopted as the preferred route to navigate a small
boat along the reef rim. If the reef flat is at an elevation
that it is exposed during low tide, then the surface is gen-
erally veneered by coralline algae, but deeper pockets
enable corals to persist. Where there is sufficient water
over the reef top for them to establish, massive corals,
particularly of the genus Porites, are often limited in
their upward growth by exposure during low tide and
adopt a microatoll growth form. These microatolls (q.v.)
can grow laterally in some cases to several meters diame-
ter. There is also often the distinctive blue octocoral
Heliopora in this setting. The elevation of the reef flat
is critical in determining whether there is suitable sub-
strate for coral to establish, and, as will be discussed
below, slight changes of sea level can alter the nature of
the habitat on the reef flat. In many cases the reef flat
can be interpreted to have formed under a slightly higher
sea level, and the gradual fall of sea level over recent
millennia has resulted in substrates on which coral previ-
ously grew, now being emergent at low tides and no longer
suitable for modern corals to colonize. Aerial reconnais-
sance often reveals a backreef zone that appears aligned,
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Atolls, Figure 4 Several of the atolls in the Gilbert chain, Kiribati, showing a selection of atoll outlines. Tamana is an example of
a table reef on which there is a single island on a smaller reef platform.

with linear reef-crest normal stripes extending into the
lagoon. Whereas this aligned coral zone (q.v.) suggests
a response by corals to the directions of flow across the
reef, such patterning is rarely apparent when actually on
the reef flat.

In a number of cases, evidence of a higher former sea
level can be seen, such as fossil corals in their growth posi-
tion (including microatolls that grew at an elevation at
which they can no longer grow). On a few atolls mush-
room shaped rocks indicate that such a higher surface is
being actively undercut (e.g., Mopelia Atoll in the Society
Islands), although in a few cases in the Tuamotus these
older remnants, termed feo, are Pleistocene in age. On
a few atolls there is also a fossil algal ridge stranded
several hundred meters inshore of the modern algal rim.
Fossil algal rims of late Holocene age have been dated
on Suwarrow Atoll in the Cook Islands (Woodroffe
etal., 1990a) and Nukutipipi Atoll in the Tuamotus (Salvat
and Salvat, 1992).

Reef islands develop on many of the reef rims of atolls.
The details of these islands are examined below, but one of
the most significant features is the degree of continuity
along the reef. Where there are no islands, the reef flat
extends from reef crest to lagoon. Major passages into

the lagoon are significant because they enable significant
water exchange between ocean and lagoon; they also
interrupt the chain of islands along the rim. The Polyne-
sian term for large and deep passages is ava. Smaller
and shallower passages between islands are called hoa
(Figure 5). The degree to which the lagoon of an atoll is
enclosed, and the nature of the passages is a key feature
in relation to circulation in, and flushing of, the lagoon
(see lagoons and lagoon circulation).

Those atolls with numerous or large ava are generally
effectively flushed by tidal circulation, whereas atolls that
have almost continuous reef rims around their perimeter
(see Tauere Atoll, Figure 5) are more likely to be flushed
through the action of waves overtopping the reef rim
(Callaghan et al., 2006). The nature of flow, and the degree
to which sediment is transported through inter-island pas-
sages (hoa), varies as a function of depth, distance from
the reef crest, and tidal and wave energies. Similar pas-
sages occur between islands on the rim of Indian Ocean
atolls. For example, Guppy (1889) made important obser-
vations in the passages that feed the lagoon on the Cocos
(Keeling) Islands on the basis of which he made a first esti-
mate of the rate of sediment infill, inferring that the lagoon
would require several thousand years to fill with sediment.
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Atolls, Figure 5 Three atolls in the Tuamotu. The upper is Kaukura Atoll which is about 48 km from west to east; the lower, Haraiki and
Tauere Atolls, are both about 7 km from west to east (satellite imagery courtesy of Serge Andréfouét).

The significance of these interisland passages has been
further examined by Kench and McLean (2004).

Where hoa do connect with the lagoon, they can be
conduits for sediment transport and a sand apron, compris-
ing material sourced from the reef or reef flat, which accu-
mulates at the lagoonward mouth of the 4oa. In atolls that
have a large enough lagoon that sufficient wave energy
can be generated across the lagoon, these sediments can
be further reworked alongshore along the reef island
lagoon shores, such that a spit can form, in some cases
closing the foa and forming a closed pond known in Poly-
nesia as tairua; an example of an atoll where this has hap-
pened is Taiaro.

Sheltered locations on the lagoonal shore may be
colonized by mangroves; several species of mangroves
occur on atolls in the Maldives, and in the Marshall
Islands, Kiribati and Tuvalu. Mangroves are absent from
the Cook, Tokelau and Tuamotu islands, although intro-
duced to the Society Islands. Mangroves decrease in
species abundance from west to east across the Pacific
although with a disjunct species Rhizophora samoensis
occurring from New Caledonia to Samoa (Woodroffe,
1988).

Lagoon

The lagoon is sheltered in comparison to the outside of the
atoll, and may contain scattered patch reefs (q.v.), which
have also been called pinnacles or knolls. Some lagoons
(q.v.) may have few such patch reefs, but in other atolls
there can be an intricate mesh of reefs forming a reticulate
network of shallow reefs, such as Mataiva (see also retic-
ulated reefs). The narrow ridges of reef separate deeper
holes, termed “blue holes” (q.v.). Lagoons vary consider-
ably in depth; they can be shallow, or tens of meters deep
(Gischler, 2006). Reginald Daly believed that there was an
overall similarity in the depth of many atolls, which he
considered provided support for his theory of glacial con-
trol (described below, see also Daly). However, it is now
recognized that there is considerably more variation in
depth than envisaged by Daly. Atolls in the southern
Maldives, for example, contain lagoons that are more than
70 m deep, but other lagoons may partially dry at low tide
(the southern end of the lagoon of the Cocos (Keeling)
Islands, for example, q.v.).

The lagoon is a prominent feature of most atolls.
Lagoons are gradually infilling both with sediment pro-
duced within the lagoon, but more especially with
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sediment derived from the more productive reef rim.
Purdy and Gischler (2005) propose an “empty bucket”
model of lagoon infill, capturing the stages of infill after
the surrounding reefs have caught up with sea level
(Neumann and Macintyre, 1985). The pattern of infill is
likely to depend on the nature of the reef rim, and sediment
production may be proportional to the atoll’s perimeter
(Tudhope, 1989).

The lagoon at Enewetak has been described in a
detailed study by Emery et al. (1954). It reaches a depth
of 55 m, and the benthic communities form a series of con-
centric zones (Colin, 1986), with foraminifera a conspicu-
ous component of lagoon sediments, and a patch reef zone
(termed knolls or pinnacle reefs by Emery) (Wardlaw
et al., 1991). Similar concentric zones are known to occur
in the sediments of Rongelap and Bikini Atolls (Emery
etal., 1954) and also in the case of Kapingamarangi Atoll
(McKee et al., 1959). More recent studies reaffirm the
significance of foraminifera, particularly Calcarina and
Heterostegina in each of Kayangel in the Palau Islands,
and Enewetak and Majuro in the Marshall Islands
(Yamano et al., 2002). There is much variability in the
lagoon floor sediments of Tarawa Atoll, in Kiribati, but
foraminifera are a prominent component (Weber and
Woodhead, 1972; Lovell, 2000; Paulay, 2001). The calci-
fying alga Halimeda is one of the most prominent features
of the sediments of some of the deeper lagoons; it domi-
nates much of the interior of the lagoon of Suwarrow
(Tudhope et al., 1985). In the case of Cocos, much of the
lagoon is dominated by sediments produced within the
lagoon (Smithers et al., 1992). Mud may accumulate in
localized embayments within the islands, termed teloks on
Cocos and barachois on Diego Garcia (Soddart, 1971).
On highly enclosed atolls, such as Marakei in the Gilbert
chain of Kiribati, lagoon sediment is mud, with reef flat
foraminifera found only at the entrance to the narrow reef
passage on the eastern margin (Woodroffe, 2008). Mud is
typical of the lagoon floor within the reticulated reefs of
Mataiva Atoll in French Polynesia (Adjas et al., 1990).

Although active vertical reef growth implies that the
reef rim might be a constructional feature, it has been
apparent since the study of MacNeil (1954) that solution
of the interior of the lagoon occurs during subaerial expo-
sure when the sea is lower than present during glaciations.
This view, examined further below in relation to the geo-
logical evolution of atolls, has been especially promoted
by Purdy and Winterer (2001).

The geomorphology and biogeography of atolls has
been mapped in detail where ground reconnaissance has
been undertaken, notably through the extensive studies
of David Stoddart (q.v.), or in a few instances where aerial
photography is available at suitable scales (Woodroffe and
McLean, 1994). Recently, high-resolution satellite imag-
ery has been used in conjunction with state-of-the-art
remote sensing algorithms to map reef geomorphology
and habitat distribution (Andréfouét et al., 2001, 2003,
Naseer and Hatcher, 2004; Yamano et al., 20006).

Geological evolution of atolls

As the oceans were explored during the seventeenth and
eighteenth centuries, atolls became more broadly known.
We do not know when atolls first became a feature of
familiarity to European explorers, but they have certainly
been known since the Spaniard Mendana landed on an
atoll in Tuvalu. In the early nineteenth century, Charles
Lyell (q.v.) promulgated the view that atolls represented
a coral veneer around the margin of submerged volcanic
craters, in his Principles of Geology published in the
1830s, a book that was to have a profound influence on
Charles Darwin.

Charles Darwin (q.v.) proposed an alternative theory,
his theory of coral reef formation, after witnessing evi-
dence of the vertical movement of land during surveys
by HMS Beagle on the coast of South America. Darwin’s
subsidence theory (q.v.) considered that there “is but one
alternative; namely the prolonged subsidence of the foun-
dations on which the atolls were primarily based, together
with the upward growth of the reef-constructing corals.
On this view every difficulty vanishes; fringing reefs are
thus converted into barrier reefs; and barrier reefs, when
encircling islands, are thus converted into atolls, the instant
the last pinnacle of land sinks beneath the surface of the
ocean” (Darwin, 1842, p.109). This remarkable deduction
that volcanic islands in mid-ocean might undergo subsi-
dence, and that reefs might proceed through a sequence
from fringing reef to barrier reef to atoll, as a consequence
of vertical reef growth to sea level, had occurred to Darwin
after observing the evidence of uplift in South America,
before he ever saw a reef. His hypothesis was reinforced
when he viewed the fringing reefs around Moorea from
the slopes of Tahiti. Although the Beagle passed atolls in
the Pacific, it did not stop at any. Darwin wrote the first draft
of his theory of reef development as the ship sailed to New
Zealand (Stoddart, 1995). The Beagle had passed through
the Tuamotu Archipelago in what is now French Polynesia,
but the only atoll that Darwin set foot on was the Cocos
(Keeling) Islands in the eastern Indian Ocean. Here he
keenly accepted observations of the undercutting of coco-
nuts and the erosion of the shoreline as “tolerably conclu-
sive evidence” in support of his theory.

It is important to discriminate that Darwin’s theory
applies to the structure of reefs, based on their long-term
evolution, at timescales of millions of years, whereas the
surface morphology of the atolls reflects late Holocene
formative processes that operate over much shorter time-
scales (Stoddart, 1973b). Stoddart (q.v.) has emphasized
the difference in time scale; reef structure (q.v.) being the
outcome of millions of years of geological evolution,
whereas the surface morphology results from the most
recent (Holocene) adjustments of form to the processes
that operate, including subtle changes in sea level. At the
time Darwin proposed his theory, the significance of sea-
level fluctuations associated with the glaciations was
unknown, but it is possible to incorporate our latest under-
standing of the oscillations of sea level into the gradual
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formation of the sequence of limestones that underlie a
typical atoll.

Darwin’s subsidence theory of atoll evolution (q.v.)
was tested by deep drilling on Funafuti Atoll (q.v.)
in 1896-1898 which, although it failed to reach the
underlying volcanic basement, recovered more than
300 m of shallow-water carbonates implying subsidence
(Spencer et al., 2008). Subsidence of volcanic basements
upon which atolls are founded was eventually substantiated
by drilling on the atolls of Bikini and Eniwetak in the
Marshall Islands (see a synthesis in Guilcher, 1988, and
Chapters for Bikini Atoll and Enewetak Atoll). Daly rec-
ognized the significance of sea-level fluctuations (Daly,
1934) and documented evidence from across the Pacific
that recorded a sea level above present level. However,
the glacial control hypothesis (q.v.) that Daly advocated
to explain reef development, further developed by Wiens
(1959, 1962), presumed that reefs were totally planed off
at low sea level and that the entire structure of modern
reefs was Holocene. The antecedent karst hypothesis
advocated by Purdy (1974) corrected this mistaken view,
and recognized the significance of antecedent platforms
(q.v.), often of late Pleistocene age. It has now been widely
shown that the reef rim on modern atolls is underlain by
older Pleistocene reefs (McLean and Woodroffe, 1994;
Montaggioni, 2005).

Darwin’s theory was enthusiastically adopted by sev-
eral other prominent scientists, most notably Dana (q.v.),
and became widely debated. An alternative view proposed
by Murray (1889) revolved around a belief that atolls devel-
oped as a result of solution of lagoons. Although considered
by Gardiner (1931), this view became discredited when it
was realized that seawater was supersaturated with calcium
carbonate. Wood-Jones (1912) proposed an alternative
view based on his time in the Cocos (Keeling) Islands. He
thought that it was the production of sediment around the
margin of an atoll and its transport and deposition in the
interior that prevented coral growth in the center of reef
platforms. However, this sedimentation theory was not
widely supported. W.M. Davis (q.v.), in his review of the
origin of reefs (Davis, 1928), considered that the only real
contender against Darwin’s view was the glacial control
theory proposed by Daly, and in a subsequent review, Cot-
ton (1948) regarded the subsidence, glacial control and
antecedent topography theories as plausible.

In addition to his observations on Cocos, Darwin under-
took a substantial compilation of information on reefs, and
in his book published in 1842, he included a map of the dis-
tribution of atolls, which provided further evidence of the
fact that most atolls occur in mid ocean (Darwin, 1842).

Further exploration was to extend knowledge about
atolls. The distinguished American geologist, James Dana
(q.v.), extended Darwin’s ideas as a result of his visits to
Kiribati, Tuvalu, the Tuamotu Archipelago, the Society
Islands, Fiji, and the Phoenix and Hawaiian Islands. He
was a firm supporter of the subsidence hypothesis (q.v.).
Alexander Agassiz (q.v.) undertook extensive studies of
reefs on extended voyages at the turn of the twentieth

century. His 9-month cruise on A/batross in 1899—1900
enabled him to describe 30 atolls in the Tuamotu Archipel-
ago and 28 in Tuvalu, and the Marshall and Caroline
Islands. He followed this with further descriptions of
the Maldives Archipelago in 1901-1902, where his
observations built on those of Gardiner who had mounted
an expedition in 1899-1900. Agassiz attempted to drill
Wailangilala atoll in Fiji, but recovered material only from
the upper 26 m. The Chagos Archipelago was described
during the Percy Sladen expedition, and a fuller account
of this period of reef exploration is given by Spencer
et al. (2008). The Cocos (Keeling) Islands (q.v.) were
examined by Guppy (1889); Wood-Jones (1912); and
Gibson-Hill (1947), making this one of the best known
atolls by mid-twentieth century.

Darwin had realized that drilling through an atoll was
the optimal way to test his theory and he wrote before
his death to Agassiz in an effort to encourage such drilling
(see Chapter Darwin). Such drilling was finally under-
taken on Funafuti Atoll. The Royal Society (q.v.) spon-
sored a program involving a series of expeditions in the
1890s to Funafuti. The objective was to drill the perimeter
of Funafuti to test Darwin’s theory of reef development.
The initial fieldwork was led by Professor W. Sollas in
1896; further drilling was undertaken in 1897, together
with field mapping by T. Edgeworth David (q.v.) and
George Sweet, and the final stage of drilling, although
still in shallow-water carbonates, was overseen by Alfred
Finckh in 1898. At the time the fact that the core did
not reach volcanic basement at more than 300 m depth
appeared inconclusive, although it was clear that shal-
low-water carbonates persisted below depths at which
they are now forming. In retrospect we now know from
the strontium isotope stratigraphy that dolomite in the
lower core was formed through diagenesis between 1
and 2 million years ago. The upper 26.4 m of the core
has been radiocarbon dated indicating a history of sea-
level rise during the past 8000 years (Ohde et al., 2002).

During the Quaternary, atolls have evolved in response
to a series of sea-level oscillations. It was Daly who gave
these Quaternary ice ages such prominence in geological
interpretations of oceanic islands. His glacial control the-
ory involved the eradication of coral reefs from areas at
their poleward limits, which he called marginal seas during
successive glaciations (although this view is not supported
by study of reefs at their latitudinal limit (q.v.)). He also
believed that the reef rim had been planed off during glacial
lowstands, and by inference that the entire reef rim had
accreted during the postglacial. Daly’s views were further
promoted by Wiens (1959, 1962), but are no longer
supported (see Chapter on the glacial control hypothesis).

Significant further studies on atolls occurred after
World War II. American research in the Pacific involved
a focus on the atolls of the Marshall Islands. Geological
studies were prominent and the stratigraphy of atolls
became better known because of selection of sites for
atomic bomb testing, as well as through scientific curiosity.
Seismic studies in 1946 and 1950 provided the first hint that
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the carbonates were underlain by volcanic rocks (Raitt,
1954), together with the recovery of noncarbonate rocks
dredged from depths greater than 1,400 m on the flanks
of these islands. In 1951, drilling on Bikini Atoll encoun-
tered basalt at depths of 1,287 and 1,411 m respectively in
two boreholes. Examination of the limestones indicated
that they had been deposited in shallow water, and the pres-
ence of solutional unconformities supported the episodic
exposure of these during successive sea-level lowstands
(Schlanger, 1963).

Subsequently drilling on Mururoa has revealed
400—500 m of carbonate over the volcanic basement that
underlies that atoll (q.v.), with a similar stratigraphy also
on neighboring Fangataufu (Lalou et al., 1966). A Quater-
nary history of the past 300,000 years has been derived
(Camion et al., 2001) implying that the atolls became
more atoll-like as a result of dissolution of the lagoon
and buildout of the periphery through reef growth. On
Midway Atoll in the Hawaiian Islands (q.v.), volcanic
basement has been encountered at 55 m beneath Sand
Island and 378 m beneath reef to the north of the lagoon,
further supporting Darwin’s subsidence theory (Ladd
etal., 1967, 1970).

A series of further studies were initiated by the Pacific
Science Board during the period 1946—1969. This
included fieldwork on Arno, Ifaluk and Kapingamarangi
Atolls in what are now the Federated States of Micronesia,
Onotoa in Kiribati, and Raroia in French Polynesia.
A compilation of this work led to the publication of the
book on atolls by Wiens in 1962. This was also a period
during which the Atoll Research Bulletin was initiated
(Fosberg and Sachet, 1953; Spencer et al., 2008).

Quaternary evolution of atolls

Shallower drilling on several atolls has encountered Pleis-
tocene reef limestone, often dated to the Last Interglacial,
at depths of 10-20 m below the modern atoll rim. In the
Cocos (Keeling) Islands Pleistocene limestone, shown to
be of Last Interglacial age, occurs at depths of 8—13 m
below sea level beneath each of the major islands, and
seismic reflection profiling records a reflector that corre-
lates with this discontinuity beneath the lagoon (Searle,
1994; Woodroffe et al., 1994). This karstified Pleistocene
limestone underlies the rim composed of Holocene lime-
stones. Pleistocene limestone has been shown to underlie
the rim of Tarawa Atoll (Marshall and Jacobson, 1985),
Funafuti Atoll (Ohde et al., 2002), several atolls in the
northern Cook Islands (Gray et al., 1992), as well as atolls
in the Maldives and Chagos Archipelagoes (Woodroffe,
2005). In some that have been drilled to deeper depths,
such as Eniwetak and Mururoa, it is apparent that the last
interglacial limestone is underlain by older reef limestones
deposited during preceding highstands (Szabo et al., 1985;
Camoin et al., 2001).

When sea level was high during the last interglacial
(and presumably former interglacials) an atoll rim similar
to the modern existed, although no evidence remains as to

whether it contained islands (Perrin, 1990). During glaci-
ation the reef limestones were exposed by the lower sea
level, and the emergent limestone underwent solution
(karstification). Atolls appear to be undergoing gradual
subsidence associated with plate migration (Scott and
Retondo, 1983, see subsidence theory), so when sea level
rose again during postglacial times it flooded the platform
around 8000 years ago. There are several atolls on which
last interglacial limestone is exposed at the surface (e.g.,
Aldabra in the western Indian Ocean, Braithwaite et al.,
1973; Anaa in French Polynesia, Pirazzoli et al., 1988;
and Christmas Island in eastern Kiribati, Woodroffe
and McLean, 1998). The extent to which lowering and
reshaping of the surface results from subsidence or from
solution remains an issue of debate (Purdy and Winterer,
2001, 2006); erosion appears to have accentuated lagoon
morphology on many atolls.

Accretion of the reef rim

Holocene reef growth has been constrained by the pattern
of sea-level change; there appears to have been a lag
before corals reestablished over the Pleistocene substrate
around 8000 years ago. The reef grew in an effort to
catch-up with sea level, as revealed in the case of Cocos
in the Indian Ocean (Woodroffe et al., 1994) and Tarawa
in the Pacific Ocean (Marshall and Jacobson, 1985). After
reefs caught up with sea level, lateral progradation of the
reef seems to have occurred, particularly in those situa-
tions such as Suwarrow and Nukutipipi where there are
fossil algal rims abandoned behind the modern reef crest.

The majority of polar ice melt appears to have been
completed by 6000 years ago, and the volume of water
in the ocean at that time is likely to have been similar to
that of today. However, hydro-isostatic adjustments mean
that the details of relative sea-level history vary geograph-
ically (Lambeck, 2002, see Chapter Mid Holocene). In
particular, a fall of sea level occurred relative to far-field
remote islands, which has been termed ocean siphoning
(Mitrovica and Peltier, 1991). Whether the sea-level curve
at far-field sites peaked abruptly around 6000 years ago
and fell since then (through ocean siphoning) or whether
there has been post-6000 year melt, with a more gradual
peak around 4000 years is difficult to discriminate from
atolls, because it was necessary for the reef rim to accrete
to sea level before evidence would be preserved (Nunn
and Peltier, 2001). The atoll rims have grown from the
surface of the Pleistocene limestone to catch up with sea
level, so the timing of the initiation of a reef flat in
mid Holocene varies geographically from atoll to atoll.
Hydro-isostatic adjustments mean that the elevation of
mid-Holocene reefs can also vary between atolls.

The conglomerate platform on some atolls contains
within it evidence of corals in growth position that formed
a part of a former reef flat (see Chapter Conglomerates).
Fossil microatolls (q.v.) are especially useful in this respect,
but other reef flat corals such as Heliopora can also be
important in differentiating units within the conglomerate
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platform that mark former reef flat surfaces and indicate
higher than present sea level, and overlying storm deposits.
Radiocarbon dates on corals from conglomerate record
inputs of corals detached during storms. For example, ages
0f 4000—-3000 years BP have been obtained on corals from
within the conglomerate platform on the Cocos (Keeling)
Islands (Woodroffe et al., 1994). Ages from other atolls
seem broadly comparable, with evidence for variation in
Kiribati-Tuvalu (the Gilbert-Ellice chain), from north
(where it may have been as old as 4000 years ago) to south
(where reefs may have reached sea level since 2000 years
ago, McLean and Hosking, 1991). Radiocarbon ages as
old as 5500 years BP have been reported from atoll surfaces
in the Tuamotu Archipelago (Pirazzoli and Montaggioni,
1988).

Since the reef rim reached sea level and the reef flat was
formed, there has been further carbonate sediment pro-
duced which has continued to infill the lagoon (Purdy
and Gischler, 2005) and has seen the accumulation of sed-
iments to form reef islands around the margin. Several
researchers suggested that island formation on atolls
occurred as a result of this slight fall of sea level (Cloud,
1952; Schofield, 1977a, b; Dickinson, 2004).

David and Sweet (1904) undertook mapping of the
islands and reef flats around Funafuti Atoll (g.v.), and con-
sidered that large Porites corals in growth position indi-
cated that the sea had been above its present level
relative to the atoll in the past. Similarly Cloud (1952)
described outcrops of Heliopora in growth position, above
the elevation that it presently reaches on the reef flat as
evidence of emergence on Onotoa. There has been an
ongoing debate about the extent to which conglomerate
of this type is formed by storms. An expedition to the
Caroline and Marshall Islands (CARMARSEL expedi-
tion) specifically to resolve whether the conglomerate
was a storm deposit or as an indicator of higher sea level
reached no consensus (Shepard et al., 1967; Newell and
Bloom, 1970). The most accurate reconstructions of for-
mer sea level have been derived where a fossil sea-level
indicator can be related to its modern equivalent (see Sea
level indicators on reefs), and the two most appropriate
types of indicator are microatolls of massive coral and reef
flat outcrops of Heliopora.

Outcrops of conglomerate have been used to infer
higher sea level in the Maldives (Gardiner, 1903; Sewell,
1936), but the evidence is fragmentary. Dated in situ coral
from Addu Atoll was interpreted to infer that the reef flat
had reached modern sea level by around 3000 years BP
(Woodrofte, 1993). Two recent subsequent studies have
proposed detailed sea-level curves for the Maldives during
the Holocene, but differ on whether or not it is possible
to identify evidence to support sea level higher than pre-
sent in mid Holocene (Gischler et al., 2008; Kench et al.,
2009). Based on detailed mapping of conglomerate around
Cocos, several in situ microatolls have been radiocarbon
dated and indicate that there has been a gradual fall of sea
level from an elevation 0.5—0.8 m above present over the
past 3000 years (Woodroffe et al., 1990b; Woodroffe, 2005).

In the case of islands in the Pacific Ocean there has
been a similar debate. The radiocarbon ages reported by
Schofield (1977a) from Kiribati and Tuvalu appear to be
from corals from the conglomerate that were not in their
growth position. The conglomerate in the northern part
of the Gilbert chain is composed of a lower unit that
contains Heliopora in its growth orientation at a few local-
ized sites (Falkland and Woodroffe, 1997; Woodroffe and
Morrison, 2001), overlain by an upper unit of disoriented
cemented coral clasts. There have been several attempts to
infer sea level either geographically (Grossman et al.,
1998) or at a site (e.g., French Polynesia, Pirazzoli et al.,
1987; Pirazzoli and Montaggioni, 1986, 1988; Funafuti,
Dickinson, 1999), but these have not discriminated the
in situ corals from the more extensive larger conglomerate
outcrops. Large sea-level oscillations or abrupt changes
appear unlikely, and studies that identify large anomalous
fluctuations of sea level have generally been rebutted. For
example, evidence for an abrupt fall of sea level around
1300 AD inferred by Nunn (1998) has been criticized by
Gebhrels (2001) both on the basis of how dating evidence
was handled as well as because evidence from a wide geo-
graphical area is brought together without regard to spatial
variability.

Reef islands on atolls

A generalized cross-section of an atoll reef island suggests
a typical cross-island morphology comprising a distinct
oceanward ridge and a lesser lagoonward ridge, with a
pronounced swale in the middle. Figure 6 demonstrates
considerable variation in reef island morphology, as well
as human modification. Waves represent the principal pro-
cesses that build islands. Open ocean swell is filtered at the
reef crest, but a component of the wave energy crosses the
reef flat and reaches the island shore. As a consequence,
reefislands are low-lying; on many Pacific atolls, and also
on the Cocos (Keeling) Islands, only about 33% of the reef
island surface is more than 2 m above mean sea level, and
<8% exceeds 3 m above mean sea level. In the Maldives
the islands appear even lower, with around 4 and 1% of
the total island area above 2 and 3 m above mean sea level,
respectively (Woodroffe, 2008).

Island sediments

Atoll reef islands are built from sediments that are entirely
calcareous, being derived from the skeletal fragments of
organisms living on the reefs, such as coral, coralline or
calcifying algae, molluscs, and foraminifera. Genera of
benthic foraminifera, such as Calcarina, Amphistegina
and Baculogypsina, produced on the reef crest and the reef
flat close to the crest, are a major contributor to the sands
from which the islands are composed in Kiribati, Tuvalu,
and the Marshall Islands (Woodroffe and Morrison,
2001; Collen and Garton, 2004; Fujita et al., 2009). Else-
where islands may be composed of coarser material,
including coral rubble and shingle. Islands composed of
coarser material are often referred to by the Polynesian
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Atolls, Figure 6 Reef island cross sections surveyed across a selection of atolls and illustrating the variability in surface topography.
Several of the reef islands have been modified through the excavation of pits for cultivation of taro.

term motu (q.v.) and differentiated from sandy islands that
are called cays (Stoddart and Steers, 1977).

Prominent on many atolls is a conglomerate of
disoriented coral blocks, often forming a platform that rep-
resents highly resistant substrate where it occurs. Many
reef islands appear to be anchored on such outcrops of con-
glomerate (Montaggioni and Pirazzoli, 1984). Although

disoriented coral boulders and cobbles give the conglomer-
ate an irregular appearance, the upper surface is often rela-
tively horizontal, and internal structure may contain distinct
beds of various thicknesses. The conglomerates (q.v.) are
cemented by coralline algae and marine cements such as
isopachous rims of fibrous aragonite or high-magnesian
calcite.
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Less well-lithified outcrops around the margins of
islands include beachrock, which is cemented beach sand,
preserving the dip of the original beach. The sands appear
to have been cemented beneath the water table, and
beachrock (q.v.) may be preserved where sand has been
eroded away, indicating former shoreline positions. Cay
sandstone is a less well-cemented limestone; this poorly
lithified carbonate is horizontally bedded and seems to
form associated with the water table within the island inte-
rior. On a few islands, the droppings of nesting seabirds
have infiltrated into sands in the island interior and they
are cemented with a phosphatic cement (Rodgers, 1989).
Island surfaces can also be colonized by vegetation, which
contributes both directly through roots that stabilize sand
and humus that gives the soil greater structure.

Morphological differences have been identified between
atolls in storm-prone areas, and those closer to the equator
where tropical cyclones (typhoons, hurricanes) are not
experienced. Where storms are frequent, reef flats contain
abundant coral rubble and large blocks of reef limestone
called reef blocks (Bayliss-Smith, 1988). For example,
megablocks (q.v.) up to 4 m high and 10 m long were
reported to have been deposited on the reef flat of
Nukutipipi Atoll in the Duke of Gloucester group in the
Tuamotu Archipelago, by the cyclones Veena and Orama
that occurred in 1983 (Salvat and Salvat, 1992). Sig-
nificant impacts were observed after a storm on Jaluit
(Blumenstock, 1961). Under some circumstances it appears
that tsunami may detach and emplace large blocks of simi-
lar dimensions on coral reefs (Bourrouilh-Le Jan, 1998),
but as a tsunami has only a small amplitude in mid ocean,
the prevailing view is that these megablocks are emplaced
by cyclones. Rubble ramparts are often formed by individ-
ual storms (Scoffin, 1993); for example the “Bebe” bank on
Funafuti (Maragos et al., 1973; Baines et al., 1974). This
rampart has been gradually reworked shoreward across
the reef flat, since it was thrown up during Cyclone Bebe,
and in places it has accreted onto similar, but earlier
storm-derived deposits on the reef islands (Baines and
McLean, 1976). Where storms are less frequent, boulders
may accumulate and contribute to a conglomerate that
underpins the island. In those atolls closest to the equator
and outside the storm belt, such as the Maldives, the islands
are predominantly built of sand. Boulder ramparts (q.v.)
and shingle ridges (q.v.) are indicators of former storm
events, and may be eroded and only partially preserved
(Pirazzoli, 1987). Rubble storm ridges, deposited over the
past 3000 years, are prominent features on islands in Lak-
shadweep (formerly the Laccadives) to the north of the
Maldives (Siddiquie, 1980).

Processes of island formation

Almost all material which comprises reefs islands is ame-
nable to radiocarbon dating, and a series of models of reef-
island formation on atolls was proposed by Woodroffe
et al. (1999). Radiocarbon ages yield estimates of the time
of death of skeletal organisms, and deposition may occur

some time later, after an undefined period of transport,
breakdown, erosion, and redeposition. However, a pattern
of gradual oceanward accretion of reef islands appears to
have occurred on an elongate island (West Island) on
Cocos (Woodroffe et al., 1999), and on Makin at the north-
ern end of the Gilbert chain in Kiribati (Woodroffe and
Morrison, 2001). These, and results from comparison of
multitemporal aerial photography or satellite imagery
(Webb, 2006), indicate ongoing accretion, where sediment
production and transport are sustained, on many of the
oceanward shores of atoll islands. In other settings there
may be more complex trends in shoreline erosion and
deposition (Richmond, 1992). For example, detailed
resurveys of beaches on the islands of Betio and Buariki
in South Tarawa indicate fluctuations of island outline that
correspond with wind changes associated with the El
Nifio-Southern Oscillation phenomenon (Gillie, 1993;
Solomon and Forbes, 1999), and in the Maldives seasonal
adjustments follow reversal of the monsoon (Kench et al.,
2006). An alternative model of island build-up has been
proposed for the small sandy islands that occur on patch
reefs in the center of the lagoons on atolls in the northern
Maldives (Kench et al., 2005). A further approach to deter-
mining island formation has been recently developed with
the use of computer modeling (Barry et al., 2007, 2008).

Island soils, vegetation, and ecosystems

The calcareous sediments that form reef islands on the
margin of atolls produce poorly developed and immature
soils (Morrison, 1990; see also Chapter Coral Cays — Soils
of Low Elevation Structures). Soil characteristics depend
primarily on the incorporation of plant matter and the
development of a humus layer. An exception is the occur-
rence of phosphate-rich areas, first identified by Fosberg
(1957), but subsequently described in several situations
where the vegetation is, or was previously, dominated by
the tree Pisonia grandis. This tree attracts seabirds and
the phosphate enrichment appears related to bird guano.

In contrast to neighboring high islands, the atolls and
low islands of the Indian and Pacific Oceans have a rela-
tively species-poor flora. There is a distinct pantropical
group of plants that are dispersed effectively across large
distances. Many of these plants are strand plants that have
seeds that float and can be easily washed up on the beaches
around the margins of atolls. Early descriptions of the
vegetation and floristics of atolls were undertaken by
Raymond Fosberg (1974, 1992), and a major compila-
tion on the vegetation of the tropical Pacific outlines the
principal vegetation associations (Mueller-Dombois and
Fosberg, 1998).

Several creepers can occur on the beach, such as
Ipomoea pes-caprae and Vigna marina. A coastal fringe
of shrubs develops on those sand cays that are not ephem-
eral, and a broad belt of Scaevola taccada and Suriana
maritima 1is frequent, often with Tournefortia argentea
(Argusia [Messerschmidia] argentea), which can grow
into a small tree. On the larger islands a peripheral belt
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of shrubs often grades into a forest with trees such as
Cordia subcordata, Calophyllum inophyllum, Hernandia
peltata, Guettarda speciosa, and Pisonia grandis. On
many atolls the interior is covered with coconut woodland,
but in most cases this has been planted and is maintained
because the coconut (Cocos nucifera) is important for sub-
sistence and often as the basis of a commercial copra
industry. A zonation with increasing maturity of vegeta-
tion and soils into the interior of reef islands can be recog-
nized, often representing a temporal succession (see Coral
Cays — vegetational succession).

The smaller islands tend to contain the least species,
and the relationship between number of plant species
and island area, particularly based on a study of the vege-
tation of Kapingamarangi Atoll (Niering, 1963) provided
support for the development of ideas on island biogeogra-
phy by MacArthur and Wilson (1967). However, it is also
apparent that the smallest islands, particularly those less
than 100m wide, are too small to support a freshwater lens,
and only have a restricted strand flora (Whitehead and

Il Rhizophora stylosa
=3 Lumnitzera littorea

Jones, 1969). Although on predominantly sandy reef
islands there are more species on the larger islands, two
further factors are important. On the remote atoll of
Suwarrow in the Cook Islands, it is evident that plants
are influenced by the substrate, with extensive stands of
Pemphis acidula sprawled across outcrops of conglomer-
ate (Woodroffe and Stoddart, 1992). Mangrove habitats
are also restricted in extent to those few locations where
it is sheltered and there is brackish water. Mangroves
may occur around the margins of a lagoon (e.g., on Nui
in northern Tuvalu, or in the more enclosed embayments
as in Vaitupu, Tuvalu, and can also be found in completely
enclosed depressions in the center of table reefs, such
as Nanumanga, Tuvalu) (Figure 7). On the islands with
settlements there are generally many introduced plants
(Woodroffe, 1985), including crops such as breadfruit
(Artocarpus), pandanus, banana and taro (Calocasia,
Cyrtosperma) and ornamentals, such as the frangipani
(Plumeria) (Dawson, 1959). Giant taros provide the tradi-
tional stable food and are planted in excavated pits. These

Pemphis acidula
Reef edge

Atolls, Figure 7 Three atolls in Tuvalu, showing distribution of mangrove and Pemphis, and the degree that these environments

are impounded (after Woodroffe, 1988).
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pits are dug until ground water level is reached. Taros are
planted just above the groundwater level and surrounded
by woven coconut fronds or pandanus leaves that provide
a retaining wall for the plant compost.

On the most remote atolls, where human visitation is
minimal, reef islands can support huge colonies of sea-
birds. Noddy and sooty terns, boobies, and frigate birds
nest in enormous numbers, and if unused to human pres-
ence, sit unconcerned while the occasional visitor wanders
amongst them. Typically, the ecosystems which develop
on atolls are composed of widespread easily dispersed
species, and there tends to be a low degree of endemism,
presumably because islands have only appeared in the
past few millennia on most atolls. Land birds are generally
few in number, although there are flightless rails on sev-
eral atolls. Endemic species are found where the atoll
has remained emergent over glacial-interglacial cycles,
and not undergone complete submergence during the
postglacial sea-level rise. Aldabra in the western Indian
Ocean is a noteworthy example with its population of
giant tortoises (Arnold, 1976; Stoddart, 1984).

Atoll hydrology

The small reef islands around the margin of atolls rarely
contain freshwater lakes (e.g., Washington in the Line
Islands). However, rainwater percolates through the soil
and can accumulate as a freshwater lens beneath the island
surface. The freshwater lens floats above seawater, and
has been characteristically described by the Ghyben-
Herzberg principle, that is that the surface elevation of
the lens extends above the level of the sea by about 1/40
of the depth to which the lens occurs. The characteristic
shape of a Ghyben-Herzberg lens is rarely actually found
beneath reef islands because of significant variations in
the degree and extent of lithification of the reefal material
and in porosity of the limestone (see: Coral Cays Geohy-
drology). A dual aquifer model has been proposed which
recognizes the significance of the greater porosity of the
Pleistocene limestone that is found beneath the rim of
most atolls (Buddemeier and Oberdorfer, 1986). The
hydrogeology of several atolls is summarized in reviews
by Falkland (1991) and Vacher and Quinn (1997). The
elevation of the surface topography influences the water
level, and the shape of the lens can also be constrained
by well-cemented conglomerate, which may confine the
aquifer, as seen in the example of the island of Deke on
Pingelap Atoll (Figure 8) in the Marshall Islands (Ayers
and Vacher, 1986).

Human impacts on atolls

The formation of habitable reef islands occurred in mid
Holocene, as described above. The history of human occu-
pation therefore is also restricted to the late Holocene, and
depends on sea-level history and the accretion of islands
of suitable size to colonize. In the case of remote atolls
in the Pacific, this is often marked by the appearance of
Lapita pottery (Bellwood, 1987; Weisler, 1994; Nunn,

1999). Human occupation has shaped atoll ecosystems
in a number of ways. The vegetation of many has been
modified with the planting of coconut plantations, and
the introduction of plants as described above.

Human activities have had the greatest impact where
there are high population densities (See Chapters Mining
and Quarrying of Coral Reefs; Engineering on Coral Reefs
with Emphasis on Pacific Reefs). Impacts have affected
corals and other carbonate producing organisms. Corals
suffer mortality when smothered by sediment (Zann,
1982). Seawater contamination is indicated by increased
nutrient levels. Sewerage contains nutrients, and contami-
nation of seawater is often measured by using coliform
counts. Increased nutrients can cause localized coral mor-
tality as observed by a high incidence of dead corals on the
oceanward reef flat in front of Bikenibeu, a densely popu-
lated island on the southern rim of Tarawa Atoll, which
has received sewerage outfall in the past (Lovell, 2000).

Domestic waste poses a further threat to ecosystems on
some atolls. Certain macrofauna located in the shallow areas
of'the lagoon at Tarawa may have been organically enriched
from land-based anthropogenic sources (Kimmerer and
Walsh, 1981; Newell et al., 1996). Also, direct disposal
of raw sewerage into the sea has likely increased the sea-
water nutrient level causing bacterial contamination of
the lagoon seawater at Tarawa, but the lagoon ecosystem
has been flourishing as a result (Kelly, 1994).

On atolls such as those in the Marshall Islands, Funafuti
in Tuvalu and Tarawa in Kiribati increasing population
pressure has led to houses being built in inappropriate
locations, such as near active beaches and on low-lying
areas. In South Tarawa this has prompted the construc-
tion of coastal protection structures to avoid overtopping
during storms and high water events. There are a large
number of reclamations of varying designs and materials
built to expand the land area (Figure 9). Betio, Bairiki,
and Bikenibeu, the administrative centers of Kiribati, have
grown significantly compared to the comparatively pris-
tine islands of Buariki and Abatao on the same atoll,
with reclamations and seawalls (both Government and pri-
vate). Causeway construction between reef islands can
have negative physical and biological, as well as social,
effects. The position, length, construction method, width
of the reefs, and the pattern of water exchange and current
strengths mean that causeways can have an influence on
both water and sediment transport.

Seawalls pose particular problems. Many are tempo-
rary structures built to protect land or expensive assets
from erosion. On Tarawa and in the Marshall Islands, they
are generally built of coral boulders and beachrock on the
margin of land and often extend out onto or across the
active beach. Where vertical walls are constructed, these
tend to reflect wave energy and can cause scouring at their
base and undercutting (Figure 9). Alternatively, wave
overtopping causes infiltration of water leading to struc-
tural collapse.

Reclamation and backfilling with sand have provided
many people with extra space on small reef islands.
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Atolls, Figure 8 The atoll of Pingelap, Micronesia, showing a cross-section of Deke Island, and the elevation of the island and the
surface elevation of the freshwater lens (after Ayers and Vacher, 1986).

Reclamations act like groynes blocking sediment trans-
port along active beaches, with sediment accumulating
on the updrift side of structures, while the downdrift side
experiences coastal erosion as has occurred on Majuro
Atoll (Xue, 2001). Other disturbances to sediment trans-
port pathways can also have severe implications, for
example, boat channels, blasted or excavated across the
reef flat to provide access for boats at all stages of the tide,
also provide conduits for beach sand to be lost over the
reef edge. This and similar interventions further disrupt
longshore sediment transport, as has occurred on
Fongafale, on Funafuti Atoll in Tuvalu (Yamano et al.,
2007).

The scarcity of building materials has led to people
extracting beach sand and aggregates in large quantities

for construction on atolls with a large population. These
demands represent a further disruption to the sediment
budget causing detrimental impacts such as coastal ero-
sion. On Majuro, chronic erosion has been experienced
along lagoonal shores due largely to beach mining (Xue,
2001). Similarly in Vaitipu, Tuvalu, increased sand mining
activities in the intertidal zone have reduced beach berm
levels, increasing the island’s vulnerability to cyclones.
Perhaps the most serious impacts of human activities
are yet to be experienced. The impacts of climate change,
and in particular sea-level rise, appear particularly omi-
nous for atolls (McLean and Tysban, 2001; Nicholls
et al., 2007). There have been several assessments of the
vulnerability of atoll reef islands to sea-level rise (e.g.,
Roy and Connell, 1989, 1991; Lewis, 1989, 1990).
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Atolls, Figure 9 Human impacts on atoll shorelines, illustrated with examples from Tarawa Atoll, Republic of Kiribati: top left,
Oceanside seawall at Nanikai, which reduces access to the ocean; top right, private reclamation; lower left, large reclamation for
Mormon Church, Bairiki; lower right, private reclamation that has resulted in erosion of shoreline.

Studies of the regional pattern of sea-level rise indicate
that the sea is rising with respect to most atolls (Church
et al.,, 2006). The principal impacts anticipated fall into
three categories: shoreline erosion, inundation and
flooding, and saline intrusion into the water table
(Mimura, 1999). Widespread flooding in the interior of
Fongafale on Funafuti Atoll in Tuvalu is often cited as evi-
dence of the effects of sea-level rise, or confirmation that
the “islands are sinking” (Pittock, 2005; Patel, 2006).
However, Yamano et al. (2007) reconstructed historical
conditions showing that the interior of this island was
already subject to flooding at the time of the Royal
Society expedition in the 1890s. They indicate that con-
struction of an airstrip over former mangrove wetlands
further increased the area subject to inundation, and that
a considerable degree of human modification, including
urbanization, has exacerbated the problem in this instance.
Settlement in this densely populated part of the adminis-
trative center has encroached on low-lying areas or
depressions excavated during military operations
(Yamano et al., 2007).

Reef islands are particularly low-lying, although there
is considerable geomorphological variability around the

margin of any one atoll (Woodroffe, 2008). Islands exhibit
a degree of physical resilience, and many may be continu-
ing to build as further sediment is produced through the
growth of calcareous organisms on surrounding reefs
and as that sediment is transported onshore. Those parts
of atolls that are most resilient, and which can be used sus-
tainably, need to be enhanced by various levels of cultural,
or other socioeconomic resilience (Connell, 2003), to
reduce the likelihood that atoll communities will collapse
in the face of climate or sea-level change (Barnett and
Adger, 2003).

Summary

Atolls represent some of the most remote and lowest-lying
land on the planet. Each atoll comprises a reef rim that
encloses a lagoon, which may be completed infilled on
the smallest table reefs, but can be tens of meters deep
on the largest. Lagoons vary considerably in the extent
to which they are connected to the surrounding ocean.
Carbonate sediment is produced by the growth of reef
organisms, and it is swept by oceanic processes, particu-
larly waves, toward the lagoon. On the rims of many atolls,
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sediment has accumulated as reef islands, which have been
colonized first by salt-tolerant plants and in many case by
trees. A freshwater lens underlies the larger islands, and
these have attracted human settlements often resulting in
coconut plantations and the introduction of other plants
and animals. Human impacts threaten the integrity of both
terrestrial and marine ecosystems on atolls. Climate change
appears likely to exacerbate many of these problems unless
a more sustainable approach is adopted to augment the nat-
ural resilience of atoll ecosystems.
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