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516 CARLTON ET AL

years or less. Ehrlich et al (37) noted examples of birds that had become extinct
“since 1776,” noting that they had “chosen 1776 as our cutoff point somewhat
arbitrarily, but reliable reports from before that point are few, museum specimens
are rare, and documented extinctions are rarer still” (if this cutoff were to be ex-
tended beyond birds, it would not include the extinction of the Steller’s Sea Cow,
Hydrodamalis gigas, last observed in 1768).

We review the record of neoextinctions in the ocean and discuss these in terms
of both temporal and spatial patterns. We further review the possible extent of
underestimation of marine neoextinctions. Finally, we attempt to set the importance
of what we do know about marine extinctions into a larger framework of the
vulnerability of marine organisms to global deletion.

It is important to understand the diversity and number of extinctions in the
oceans for a variety of reasons. At a general level, an understanding of marine
extinctions provides a measure of the scale of susceptibility of the seas to human
perturbations and alterations. More specifically, determining which species have
become extinct can serve as a harbinger of further loss in particular habitats, pro-

viding both arationale and an opportunity for increased protection of species guilds
and habitats that may be most at risk. Knowledge of which species have regionally
or globally disappeared is critical in understanding modern-day community and
ecosystem structure and function. Energy flow, predator-prey networks, indirect
interactions, and a host of other processes may change dramatically with the re-
moval of a species—removals that have, by and large, preceded scientific study.
Knowing which species were removed from communities in historical times is the
sine qua non of understanding prealtered communities and how they evolved and
functioned (20). Indeed, it is not impossible that some of our modern-day views
and interpretations of the structure of many marine communities may be the result
of species interactions that have been readjusted by means of unrecognized species
deletions in ecological time.

Finally, there is a compelling value to knowing about extinct species in terms
of evolutionary biology: Detecting species that have gone extinct but that are
currently taxonomically buried and thus hidden in the synonymy of still-extant
species may provide potentially important phylogenetic information.

SPATIAL AND FUNCTIONAL SCALES OF EXTINCTION

Extinction occurs at a variety of operative levels, in both spatial and function

terms:

Local extinction occurs when a population or population:
displaced from a small area or habitat. This includes the local extirpation 0 ?
native species by an introduced species (that is, a reduction in the native species
fundamental niche). An example is the displacement of the native California mud
snail Cerithidea californica from open intertidal mudflats on S
California, by the introduced American Atlantic mudsnail llyanassa 0
sulting in Cerithidea being restricted to an upper intertidal refugium

s of a species &°

bsoletd,
(103
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518 CARLTON ET AL

ABLE1 Status of additional marine birds and mammals listed as extinct in Norse (93) and
T

Vermeij (138)

T: Common name Comment
axon
Class Mammalia
Order CETACEA
s Former Atlantic populations

Atlantic Gray Whale

Eschrichtius robustus s 10 b

the same species as Pacific

populations (87)
Class Aves
Order PROCELLARIIFORMES
F;ml lydpr(;fz?:?;?jfis Petrel (Hawaiian Islands) ~ Prehistoric extinction (138)
terodro

Subspecific status uncertain
(40) and extinct status
uncertain (25)

Pterodroma hasitata caribbea Jamaican Diablotin

Family Hydrobatidae
Oceanodroma macrodactyla
Order CICONITFORMES
Family Ardeidae
Nycticorax caledonicus
Crassirostris
Order ANSERIFORMES
Family Anatidae
Tadorna cristata

Chendytes lawi

Guadalupe Storm Petrel Extinct status uncertain (7, 40)

Bonin Night Heron Subspecific status uncertain (7)

Crested Shelduck Not extinct (7, 25)

Flightless Duck (California) Prehistoric extinction (138)

i illie &
(genetic) taxa or only clinal variants of the stem species (Tables 1 and 2). Bailli

i i d did list the Japanese sea lion as an ex;
idee (7) did not list the first two an ! oo
:i}rrlgz) ;Illllb;rslpe;gciés.)ln contrast, Vermeij (138) listed the Canary Islands Oystercatc

i i topus
(as the “Canary Islands Black Oystercatcher”) under the trinomial Haematop

i- however, Baillie
OSWQIEng rﬁ:ﬁ;ﬁéﬁéb, a designation that we follow here. o "
SPGZI ei‘lfﬂfler examples, we have also not treated as global extinctions ktlvzgdl

birdsswhose taxonomic status as valid species remains uncle?a:r.l;he %?;ga) o

Plover, Thinornis rossi, and Cooper’s Sandpiper, sto' ia ( by

Coon ’s S n’d iner is based on a single specimen of a shorebird collec e > p

f(l)(’pgr;e\?/ Ygrlg in 1833 (40). Cooper’s Sandpiper has 1.ong beener(;*fjse:n dpip

VZEI(; s’pecies, bein’g interpreted as eiéheil a pybrlg c(l)li :;,fs Vn\i:;;&zigia Q)ﬂalthdﬁ
Calidris fusicollis, and the Pectoral Sandpiper, ol

i i rebird has been recorded from North nerica (9 ‘

nl()) Zraallln(i lslggcfilizzzf one or the other (despite being placed in stob;a; ;ecim

Zezus) Molecular genetic analysis could be done on the extant typ |

& Groombridge (7) treated it as a full V'
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TABLE 2 Additional marine birds and mammals that may be extinct

Taxon Common name Comment

Class Mammalia
Order CARNIVORA
Family Otariidae
Zalophus californianus
Jjaponicus

Japanese Sea Lion Subspecific status uncertain
(110, 138)
Class Aves
Order PROCELLARIIFORMES
Family Procellariidae

Pterodroma sp.

Petrel (Mauritius)

further data
Order CHARADRIIFORMES
Family Charadriidae
Thinornis rossi Auckland Island Shore Specific status uncertain
Plover (40, 49, 52)

Family Scolopacidae

Pisobia (Tringa) cooperi Cooper’s Sandpiper Specific status uncertain

(40, 81)
Marine, maritime, or inland
(see text)

Prosobonia leucoptera White-Winged Sandpiper

harvestable DNA is present. The Auckland Island Shore Plover, Thinornis rossi, is
also known from a single specimen collected in 1840, This individual differs from
all known specimens of its congener, the New Zealand Shore Plover, Thinornis no-
vaeseelandiae, itself a threatened species (7, 40, 49). Greenway (49) suggested that
T rossi may have been a distinct sibling (“sympatric”) species. As with Cooper’s
Sandpiper, the still-extant type specimen may be worthy of molecular examination.

Vermeij (138) noted four taxa as being “marginally marine,” but included them
in a table of “recently extinct marine species.” For the purposes of this review, we
define a “marine organism” as one that relies for some or all of its life on ocean
resources (such as food, breeding sites, or habitat). We omit, however, maritime
taxa, such as the Pallid Beach Mouse (Peromyscus polionotus decoloratus) or
the Dusky Seaside Sparrow (Ammodramus maritimus nigrescens). Unfortunately,
precise habitat data are lacking for many extinct taxa, leading to further potential
omissions from the list of extinct marine taxa. An example is the extinct White-
Winged or Tahitian Sandpiper, Prosobonia leucoptera (32, 49, 81). Its habitat is
unknown (“near small streams”; 52) and thus their proximity to or use of the ocean
is also unknown. However, given that its only congener, Prosobonia cancellata, is
a marine shorebird (52), P. leucoptera may also have been marine.

World Conservation Union criteria up until 1996 indicated that a species was
considered extinct if it had “not definitely been located in the wild during the past
50 years” (50). In the 1996 “Red Book” (7), the arbitrariness of 50 years (19)
Was replaced with the criterion of when “exhaustive surveys . .. over a time frame
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appropriate to the taxon’s life cycle and life form.” A§ discusse_d bel%w, ?(())tn ﬁrr}cklfng
a species may be due to inadequate exploration and incorrect identi tcs 1“ (.)SS. ll)lls’
the Guadalupe Storm Petrel, 0cean0dr0mq macrodqctyla, returns t;) ; e pSib?hty
alive” category (having been formerly considered extch because o 1t Z pos 1h y
of confusion with a related species and because all of its former island range has

not been exhaustively surveyed (25,40).

Marine Birds and Mammals Known to be Extinct

Treatments of marine vertebrate extinctions by Norse (93) a.nd Vermep (138'ZlhsttGd
as extinct 10 and 13 species of birds and mammals,. respectively. “Settm%r ail ;,t WO
paleoextinctions (a flightless duck, Chem?ytes lawi, and a Hawaneflr; ge (:i s t‘ero.
droma jugularis), Norse (93) and Vermeij (138) reported a total o o i)e(drtl)c 11:))115},l
with only a 62% overlap in their lists. The Guadalupe Storm Petrel,< is Cy (t) ;
Norse (93) and Vermeij (138), may be extant, as noted aboye. ‘The (r)[‘ri)a;n 21resT ;
Shelduck, listed by Vermeij (138), is considered to })e still .11v1.ng (' ?1 e 1). ! e
Jamaican Diablotin, in Vermeij’s (138) but not Norse’s (93) 11§t, is nel\t?v ;r ;: e.f;r ty 3
distinct taxon nor demonstrably extinct (Table 2). The At.laptlc Gray 87a e, liste
by Norse but not by Vermeij, is not considered to l?e a distinct taxon (T 131 -
We consider three mammals and five birds extinct, (Table 3). In ade , He
date of record is the date the last individual(s) were actually seen (a}nht}lsua y
killed), not necessarily when the species becar}le extlncft, b}lt the last sig ting ;:;\ln
be considered an estimate of the date of functional ex.tmctlon of the spem;s. 3
status of seven other species of marine vertebrates dlscussgd by Norseb( )tffmt
Vermeij (138) are summarized in Table 1, and ﬁv; more §pe01es that maly c:t ex m;:n
are listed in Table 2. We discuss below taxonomic, spatial, or temporal patterns

these extinctions.

Marine Invertebrates Known to be Extinct

There are, as discussed by Carlton et al (21) and Carlton (19), obstacles associ-

ated with assembling more than a rudimentary list of examples of extinct marine

. . o
invertebrates. Comparison of pre-twentieth century accpugts of' marine 1.nvesrtof
brates with museum collections (to detect sudden terminations in collection ‘

specific taxa) or with modern faunal lists has not yet begun. In 1992, Carlton (19

. . of
suggested that four species of marine gastropods had become extinct, none 0%,

which has been found since then (Table 4). The data are too limited to resolve any

terns. . :
pat(ij:rk (24, 25, and personal communication 1996) noted that the anaspidea

seaslug Phyllaplysia smaragda was “possibly extinct.” It' was ?rﬁt (Iigcsﬁc:nb;tii
1977 and last collected in 1981, and only known from portions odt ethe oyt
Lagoon system on the east coast of Florida. It may have specm}meI (;111‘1 habli)tat v
algae growing on the basal stems of the seagrass Syrzr'zgodn'tm, t sd et
extirpated from the type locality of the slug, but remains w1desprea e
in Florida and the Caribbean. Mikkelsen et al (89) reported specimen
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TABLE 3 Marine birds and mammals extinct in historical time
Common Geographic Last known
Taxon name region (*) living (*+)
CLASS MAMMALIA
Order CARNIVORA
Family Mustelidae
Mustela macrodon Sea Mink NW Atlantic 1880
Family Phocidae
Monachus tropicalis West Indian Monk Seal Caribbean, Gulf 1952
of Mexico
Order SIRENIA
Family Dugonidae
Hydrodamalis gigas Steller’s Sea Cow NW Pacific 1768
CLASS AVES
Order PELECANIFORMES
Family Phalacrocoracidae
Phalacrocorax perspicillatus Pallas’s Cormorant NW Pacific ca. 1850
Order ANSERIFORMES
Family Anatidae
Mergus australis Auckland Islands Merganser SW Pacific 1902
Camptorhynchus labradorius Labrador Duck NW Atlantic 1875
Order CHARADRIIFORMES
Family Charadriidae
Alca impennis Great Auk NW/NE Atlantic 1844
Haematopus meadewaldoi Canary Islands Oystercatcher NE Atlantic 1913

*Region abbreviations: NE, Northeast; NW, Northwest, SW, Southwest.
**Final observations of living specimens:

Mustela macrodon: Day (32) stated that the last known specimen was taken in 1880 on an island in the Gulf of Maine;

Campbell (16) stated it was taken at Campobello, New Brunswick, in 1894, but Waters & Ray (141) noted that the 1894 record
i is questionable. Vermeij (138) listed a date of “about 1900

3 . Monachus tropicalis: Knudtson (67) noted that the last authenticated sighting was in 1952 on Serranilla Bank in the western
£ Caribbean. L.eBoeuf et al (72) noted that surveys between 1973 and 1984 failed to discover it (thus Vermeij’s (138) record of
b cxtinct “before 1973”). Solow (126) discussed the monk seal as an example of inferring extinction from sighting data (see also
82). In a prophetic statement, William T Hornaday wrote in 1913 (55) about West Indian monk seals, “. .. the Damocletian
sword of destruction hangs over them suspended by a fine hair, and it is to be expected that in the future some roving sea
adventurer will pounce upon the Remnant, and wipe it out of existence for whatever reason may to him seem good.”
Hydrodamalis gigas: Vermeij (138) gave a date of 1750, and Day (32) a date of 1767; we follow Silverberg (121), Scheffer
(118), and Rice (110) in using 1768.
Phalacrocorax perspicillatus: The date of “about 1850” is based on estimates made in 1882 of when the last birds were seen
"on a small island off the Komandorskiye (Commander) Islands (40, 49).
Mergus australis: Fuller (40) noted that the last pair of birds was collected in 1902. The dates of 1901 (49), 1905 (138), and
E sbout 1910 (32) appear to be either errors or speculations.

Camptorhynchus labradorius: A date of 1878 is occasionally cited, but Fuller (40) noted, this record cannot be verified, and
dded that “there is some doubt concerning the” date 1875 itself but did not elaborate.

- Alca impennis (= Pinguinus impennis). The date of 1844 is widely agreed upon (32, 40, 49).

| Haematopus meadewaldoi: Hayman et al (52) noted that the last “firm sighting” was 1913, but Fuller (1987) wrote the
t'"blaCk Opystercatcher was last seen on Tenerife in 1968.” The 1968 date represents one of a series of sightings of “black
vOYSterCatchers” from regions such as the western Canaries (Tenerife) (in 1968 and 1981), and Senegal (in 1970 and 1975)
: Where no oystercatchers, either the Canary Islands Oystercatcher or the African Black Oystercatcher (H. moquini) have ever
g been recorded. The temporal clustering of these records one decade could suggest a temporary expansion of the vagrant range

H. moquini (previously known only as far north as Angola, far to the south). Regardless, the long hiatus between 1913 and
3 968, and the lack of reports since 1981 or 1975, compel us to use the date of 1913.
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ine i inct in historical time
BLE 4 Marine invertebrates extinct in
= Geographic I:,a§t known
Taxon Common name region living
PHYLUM MOLLUSCA
lass GASTROPODA . . 5
Clistiia alveus alveus Atlantic eelgrass Limpet NW Atlantic 126?
. i
“Collisella” edmitchelli Limpet NE Pa01. c o,
Littoraria flammea Periwinkle NW Pacf;ﬁc o
Cerithidea fuscata Horn Snail NE Pacific

in 1980 from the seagrass Thalassia in the Indian I‘{i'ver I.Jagoon, b‘ut ?llsaf)l;, ﬂlln
Mikkelsen et al (89), felt that these may have been nns1dent1ﬁed‘ speclzlgnglz) furthei
related slug P. engeli. Clark (24, 25, and pers?nal cgmmgmcaégn o) furt
noted that the sacoglossan seaslug Stiliger vossi, described in 19 gn ov ity
from Biscayne Bay, in southeast Flogidﬁ, his nevelr biiliizgilzitsenaﬁla; rélaﬁ ‘?61;
extensive searching, and he speculated that it was also . :

i aslugs in the latter half of the twentieth century,
Z?nti\(fjellict?l‘;:rr};s:hﬂffsfhi:wga.sr?bbea%l has not been thoroughly explored for rare
opisglobranchs, we note these here as possible extinctions but do not formally

admit them to Table 4 at this time. . -
Some other invertebrate species were thought possibly extinct:

o Wells et al (143) and Barnes (10) noted that the nudibranch seaslugb
Dovidella batava, described from the Zuiderzee, Nethe.rlands, .mzy e N
extinct. Swennen & Dekker (130) demonstrated that th1§ slug is Ccl):am
obscura, described from North America and apparently introduced to

Europe.

o Banks et al (8) speculated that the Kumamoto oyster, Crassostrea sikamea,

inct i ? i i boratory or in
“may be extinct in Japan™ and thus survive only in the la ry

oyster culture in North America. Living specimens were recovered in 199 ;

in Japan (149). )
o Runnegar (113) believed the Caribbean bivalve m.ollusk Pholadomya
candida was extinct, but it was discovered living in Venezuela (45).

¢ Glynn & de Weerdt (47) reported that the hydrocoral Millepora boschmat"

had become extinct in its only known locality, the Gulf of Chirifqduag) .
Panama, in the tropical Eastern Pacific Ocean. Gl.ynn & Feingo _
reported the species had been rediscovered alive in 1992.

e Barnes (10) noted that the infaunal sea anemor:? Edwardsia :yegl,,, 1:51(1)?1‘1
only from a single lagoon in Sussex, England, “may. . .be ex 111B;lmes g
not been collected, despite searching, since 1983. However, ash ol
notes, this is a small anemone of shallow soft mud bottoms, a ha
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well explored for small invertebrates, and thus it “may well be living,
unnoticed, in other localities.”

¢ Edmondson (36) noted that the fiddler crab Uca minor was known only
from and said to have been collected on the island of Oahu, Hawaiian
Islands, in 1826-1827. It has never been found again in Hawaii (nor indeed
were any species of fiddler crabs known from the islands). He speculated
that it “may have become extinct here.” Crane (28) believed the record,
based upon the original description, represented mislabeled specimens of
the widespread Indo-Pacific fiddler crab Uca lactea.

O’Clair & O’ Clair (96) noted that the ectoparasitic cyamid amphipod crustacean
(whale louse) “S irenocyamus rhytinae was recorded from the Steller’s Sea Cow, but
that unfortunate marine mammal was driven to extinction in 1768 and its cyamid
has not been seen since.” No specimens were preserved, and cyamid amphipods
are known only from whales and dolphins, and have never (since Steller) been
recorded from sirenians. As Leung (73) noted, the species Cyamus rhytinae was
resurrected by later workers based upon the assumption that a piece of dried skin
discovered in St. Petersburg, Russia, was from the sea cow, and that the whale-lice
attached to this skin were thus Steller’s species. However, the specimens were
Cyamus ovalis, a species well-known from the right whale Balaena glacialis. Tt
was then assumed that the dried skin was that of aright whale. Leung (73) reported
that C. ovalis is also known from the sperm whale, Physeter catodon, suggesting a

third possibility for the skin’s origin. As some cyamids are not host specific (73),
it is possible that the cyamid found on Steller’s sea cow was the same as a species
found on North Pacific whales; arguing against this is a sirenian being an atypical

habitat for a cyamid. Identifying this piece of dried skin by molecular means would
thus be of interest,

Marine Fish, Marine Algae, and Marine Seagrass
§ Neoextinctions

Although an increasing number of marine fish and marine plants are recognized as
threatened and endangered, no fish, algae, or seagrasses are known to have become
globally extinct in historical time. For seaweeds, this may reflect a taxonomic arti-

fact, the difficulty of recognizing when poorly studied and systematically difficult
taxa have disappeared.

TaXonomic, Geographic, and Temporal Patterns of Marine
Yertebrate Neoextinctions

With only eight marine bird and mammal taxa unquestionably extinct, taxonomic,
geographic, and temporal analyses are limited, but nonetheless offer some com-
pelling insights. The eight extinct species represent five orders of mammals and
birds, suggesting that extinction is not phylogenetically constrained. Three of the
Species occurred in the Pacific and five in the Atlantic-Caribbean. No Pacific
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marine vertebrate has gone extinct since 1902, but Atlantic extinctions continued
e gsflt extinctions from 1768 to 1952 means an extinction every 23 years. Aside
from %he first and last (1768 and 1952), these extinctions occurr@d from 1844 tq
1913. A marine bird went extinct approximately every 12 years H}ll the 1atter;1§.1f
- i i he first decade of the twentieth century. Thig

of the nineteenth century and into t . ade penien senny: 1
i i is coinci th rapidly increasing global exploration,

d of human history is coincident wi dly i i : .
Egﬁ)(;liz(;tion and industrialization, and thus rapidly increasing hunlt(mg elmd habltetit

: incti West Indies monk seal, occurre
ion. The most recent extinction, that of the . .
.deiltlr: gﬂ)bean Islands suggesting that in areas with complex geogfaphy, it r.na.y
II::; more difficult to locate and kill every individual of a larger organism than it ig
along more open coastlines or on individual islands.

UNDERESTIMATION OF MARINE NEOEXTINCTIONS

The small number of invertebrate and vertebrate marine extinctions recorded to
date suggests that the true number may be underestimated.‘ We argue belf>w Fhat
this limited record is not due to marine life being relatively nmnulclle t;) extlpctlon.
imari ible for the poor record of marine ex-
henomena are primarily responsib : : :
tin;“itl)?lspm historical time (19): one, the rich pre-twentieth czr(l)t)ury lcllte;rature
i i i ly uninvestigated (see also 20), and two, a
on marine organisms remains large ! . ' e o, 8
i i iodiversity, especially in those coas
creasing knowledge of marine bio ‘ . wal
ifost susciptible to human-induced destruction and perturbatlf)n. ’(l‘:heli:srlflelzlga(t;(;r;
it di f once-abundant species. Car
makes it difficult to detect losses, even o : a2
i the New England shore of a marin
onstrated that the disappearance from .
?ae irilmpet) that was recorded in 1929 as occurring by the thousands on the eelgrass
j than 50 years.
tera marina had been overlooked for more : . -
Zoises:les in systematics also contribute to overlooking extmctl;oils (1?). Sﬂ;ﬁ
i imilar that they are considered to belong 0a
species—those that are so simi . : o T oy
i i i tic data—abound in the sea (66).
species without corroborating gene : ( o massel Myt s
ibling species within even well-studied genera (e.g., h
:i:;lz llili%tol;ina and Nucella) (80, 84, 97; see 66 for additional examples) sugg;?zzs
that many additional widespread species may be compllexeshoti two oﬁrt ir::l;)lrl; S(ﬁztjnc;
i i known. Similarly, phylogen
with the conservation status of each un . ;i o biology
i i i ay be seen in the context of conse: \ _
populations of single species m, oy ity
lutionarily significant units (ESUs), eac wi ' oot
ZZO‘; Consici]ered in this manner, local populations may be Fhe approppetlg(:i ﬁlaﬁhé
conce'm (90, 139). There is no evidence that many geographically restr;ct heques.
sibling species or ESUs have become extinct or are even endangered,1 u oo
tion has not been systematically addressed. We discuss below examples

. P SU S \3
act of undetected sibling species extinction and the difficulty of recogmzntlfeEnine_ |
b Inadequately described species (especially those not collected since

i i usually
teenth century or earlier and for which no museum material exists) are
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Extinct populations may have been of undescribed species; as suggested else-
where in this review, this hypothesis is testable by molecular examination of
Mmuseum material. The search should be for extinct populations that represented
distant, peripheral, or end-of-range records or for extinct populations reported from

no way of knowing they ever existed.

We examine the question of extinction underestimation by reviewing the ap-
plication of species-area relationship theory to coral reefs, a marine environment
under global stress, and by reviewing molecular genetic analysis as a means of

detecting now-extirpated sibling species and recognizable allopatric populations
that, if rendered extinct, would result in genetic loss.

AModel System: Theoretical Estimations of Coral
Reef Extinctions

It is possible to estimate species loss based on estimates of species diversity and
documented range contraction and habitatloss. That species diversity is predictably
related to the area of habitat in both continental and island faunas has been known
empirically for over a century, and multiple regression studies in these environ-
ments have shown that area alone accounts for most of the variation in species
number (30, 76).

Although early studies fitted the curve between species number and area in
several ways, the most commonly accepted relationship now is that the logarithm
of the number of species (S) is proportional to the logarithm of area (A) plus a
constant (c), or S = cAZ? (11,26, 76, 83, 145), where ¢ depends upon the taxon,
biogeographic region, and population density, and z is the rate of increase of
species (log S) with area (log A). Of the z-values that have been determined
empirically for beetles, ants, amphibians, reptiles, breeding birds, land vertebrates,
land plants, freshwater diatoms, and crustaceans inhabiting coral heads most

Particularly for marine environments, which are difficult to monitor for loss of
species, the species-area curve can be useful in providing bracketed assessments of
the numbers of species that should be present, and, given a documented or projected
amount of habitat loss, how many species could go extinct. This approach has
been used successfully, in consort with satellite imagery, to identify species loss
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atrisk (29% under high and 32% under medi
consistent with Wilkinson’s conclusions.

If one accepts the value that even 5 % of the world’s reef area has been degraded
to a nonreef state, about 1,000 (1.3%) of the described species on global coral
reefs would already have become extinct (984-1,200 if the original reefs occupied
2500,000 or 650,000 km? and z = 0.25; the latter figures are not intended to imply
undue precision but simply to show that the calculations are robust relative to the
estimated ranges of global reef area). If 30% of the world’s reef area were to be
lost in the next 10 to 20 years, almost 10% (approximately 6,000-8,000) of the

world’s described coral reef species could become extinct (M Reaka, unpublished
observations).

Since the biota of the oceans is s0
the actual number of species (described plus undescribed), and their potential loss,

um threat). These figures are relatively

that of global rainforests) assuming

ecological principles as rainforests (107).

- If rainforests contain 2 million species (an undoubtedly conservative number;
38, 147), global reefs would host between 750,000 and 950,000 total (known plus
unknown) species (reef area = 250,000 to 650,000 km?, 7 = 0.25). If 5% of the
area of these coral reefs were destroyed, 10,000-12,000 species would become
extinct; if 30% of the area of global reefs were degraded to nonfunctional states,

reefs could lose 65 ,000-85,000 of their total (known plus unknown) species. Since
emerging consensus favors a figure of about 14-18 million species on Earth, it is
reasonable to expect that global rainforests may support as many as 10 million
species. Comparable calculations (reef area = 250,000-650,000 km?, 7 — 0.25)
showed that global reefs then would contain 3—4 million total (known plus un-
known) species (M Reaka, unpublished observations). Of these, 50,000-60,000
species could become extinct if only 5% of reef area is destroyed and 300,000—

400,000 species would be lost if 30% of the area of global reefs were destroyed
(M Reaka, unpublished observation).

Model Systems: Regional Mussel Extinction and Snajl
4§ Demise in California

Mussels of the genus Mytilus are common on intertida] and shallow-water hard
bottoms worldwide. Three species comprise a sibling species group: M. edulis
is native to the North Atlantic Ocean, M, galloprovincialis is native in the
Mediterranean Sea, and M. trossulus is native in the North Pacific Ocean (68,84).In
southern California, Mytilus galloprovincialis, introduced from southern Europe,
is abundant, and the native M. trossulus is rare or absent (84,117, 129). In contrast,
M. trossulus is abundant north of San Francisco Bay (84,117, 129).

Collections and reports of living mussels in southern and central California in
¢ the twentieth and nineteenth centuries indicate there have been temporally con-
. tinuouys populations of mussels (18,60, 64,78, 1 11). Thus, the modern domination
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century ship-borne hunters was the final blow to the reduced populations of the

sea COw.
Few such complex relationships have
tions. Direct human hunting has severe

116), and may imply that the twentyfirst century w
mber of species of marine mammals, turtles, and fish

extinction rates. The nu
ly depressed appears to be unprecedented in hu-

(7,93, 116) that are now severe
man history. We review two case histories that illustrate how widespread marine

can quickly near extinction.

been suggested in modern marine extinc-

ly affected edible species (9,93,99, 115,
i1l witness vastly increased

organisms

An Abundant Subtidal Mollusk Becomes Rare

The white abalone, Haliotis sorenseni, is alarge herbivorous gastropod that ranged
from Point Conception, California, to Isla Asuncion, central Baja California (86).
White abalones occur mainly on low-relief rocky reefs at 26-65 m (31), deeper
than the other seven Northeast Pacific species of Haliotis. Their populations were
therefore largely ignored until other shallow-water species became rare from over-

exploitation.

A fishery for w
(31,132). When Tut:
fornia in the early 19
population density averaged 1

hite abalone began around 1965 and collapsed after 1977
schulte (134) surveyed the Channel Islands in southern Cali-
70s after heavy commercial fishing had begun, white abalone
0,000 per hectare (1/m?).By 1980-1981, the density

had dropped three orders of magnitude, to 0.0021/m?, and by yet another order

of magnitude to 0.0002/m? in 1992-1993 (31). Surveys in 19961997 at greater
howed densities of about 1 per hectare in suit-

relict white abalone populations in the
al communication, 1998). There appear.

depths using a research submarine s
able habitat; there thus appears to be no
deeper part of its range (G Davis, person:
to be no other factors contributing significantly to the population decline during
this period, and there is evidence that white abalone populations in Mexico have
declined in parallel (31, 132). If population densities in the historic population
center of this species, California’s Channel Islands, are typical of the entire ranges
only 500-600 white abalone exist today. :
White abalone can spawn as many as 10-15 million eggs and have planktoni¢
dispersal, attributes that suggest that it would be difficult to render this mar
snail extinct by overfishing. The last recruitment event of the white abalone.
curred in the late 1960s, at the beginning of the most intensive eight years of
fishery (31). Sporadic recruitment might have been more than sufficient t0 §
this species if the fishery had not reduced population densities by three to f
orders of magnitude in prime habitat. As population density fell far below 1/

it became impossible for fertilization to occur, resulting in complete reprodi
failure (31,132). Many marine invertebrates are broadcast spawners, and V,
d, fertilization

their population densities decline beyond a certain threshol
cruitment fall sharply, a positive feedback mechanism called the Allee Effe

leads to extinction.
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i i tions, dispersal by ocean currents,
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