FISH and FISHERIES, 2003, 4, 25-64

Extinction vulnerability in marine populations

Nicholas K Dulvy', Yvonne Sadovy? & John D Reynolds®

1School of Marine Science and Technology, Ridley Building, University of Newcastle, Newcastle-upon-Tyne NE1 7RU, UK;
2Department of Ecology & Biodiversity, Kadoorie Biological Sciences Building, The University of Hong Kong, Pok Fu Lam
Road, Hong Kong; >Centre for Ecology, Evolution and Conservation, School of Biological Sciences, University of East Anglia,

Norwich NR4 7T], UK

Abstract

Human impacts on the world’s oceans have been substantial, leading to concerns about
the extinction of marine taxa. We have compiled 133 local, regional and global extinc-
tions of marine populations. There is typically a 53-year lag between the last sighting
of an organism and the reported date of the extinction at whatever scale this has
occurred. Most disappearances (80%) were detected using indirect historical compara-
tive methods, which suggests that marine extinctions may have been underestimated
because of low-detection power. Exploitation caused most marine losses at various
scales (55%), followed closely by habitat loss (37%), while the remainder were linked to
invasive species, climate change, pollution and disease. Several perceptions concerning
the vulnerability of marine organisms appear to be too general and insufficiently con-
servative. Marine species cannot be considered less vulnerable on the basis of biological
attributes such as high fecundity or large-scale dispersal characteristics. For commer-
cially exploited species, it is often argued that economic extinction of exploited popula-
tions will occur before biological extinction, but this is not the case for non-target
species caught in multispecies fisheries or species with high commercial value, espe-
cially if this value increases as species become rare. The perceived high potential for
recovery, high variability and low extinction vulnerability of fish populations have been
invoked to avoid listing commercial species of fishes under international threat criteria.
However, we need to learn more about recovery, which may be hampered by negative
population growth at small population sizes (Allee effect or depensation) or ecosystem
shifts, as well as about spatial dynamics and connectivity of subpopulations before we
can truly understand the nature of responses to severe depletions. The evidence sug-
gests that fish populations do not fluctuate more than those of mammals, birds and but-
terflies, and that fishes may exhibit vulnerability similar to mammals, birds and
butterflies. There is an urgent need for improved methods of detecting marine extinc-
tions at various spatial scales, and for predicting the vulnerability of species.
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Introduction

Current evidence suggests that few marine organ-
isms have become globally extinct in the past
300 years. Indeed, there is unequivocal documen-
tary evidence for the extinction of only three mam-
mals, five birds and four gastropods, while another
18 low-taxonomic level taxa could be considered
extinct if their status as valid distinct species can be
confirmed (Carlton et al. 1999). There are currently
no known global marine fish extinctions, which is
perhaps surprising given the long history and large

26

scale of fisheries exploitation (Jackson et al. 2001;
Pauly et al. 2002). Indeed, more than half of the
worlds human population lives within the coastal
zone and depends on fish for their bulk protein
intake. This proportion could reach 75% by the year
2020 (Anonymous 1998; Kent 1998; Roberts and
Hawkins 1999).

Recently, there has been vigorous debate about the
possibility that some commercially exploited species
of fish could be under threat of extinction (Mace and
Hudson 1999; Musick 1999; Powles et al. 2000;
Reynolds et al. 2002a). This debate was triggered by
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the listing, in 1996, of species such as Atlantic cod
(Gadus morhua, Gadidae), North Sea haddock (Mela-
nogrammus aeglefinus, Gadidae) and southern bluefin
tuna (Thunnus maccoyii, Scombridae) as vulnerable
or critically endangered in the World Conservation
Union’s Red List of Threatened Animals (IUCN 1996).
These species were listed because of severe declines
caused by fisheries. While no one denies that
strong declines have occurred, many have ques-
tioned whether declines of highly fecund, wide-
spread and commercially important fish species
that are under management really constitute the
same threat of extinction as declines in other taxa
such as birds and mammals. Resolution of this
issue has been hindered by the considerable difficul-
ties in determining the status of many marine organ-
isms, and of detecting local, regional or global
extinctions.

This paper aims to examine the number and pat-
tern of extinctions of marine populations. We focus
primarily on fish species, but also bring in relevant
examples from other taxa. Some authors use the term
‘extirpation’to refer to what we are calling an extinc-
tion that is restricted to local or regional scales. How-
ever, the dictionary definitions that we have seen
invariably define ‘extirpation’ with connotations of
deliberate eradication, and they do not convey either
the idea of limited geographical extent or any uncer-
tainty of the finality of the disappearance. We have,
therefore, opted to use the term, extinction, with the
qualification of its scale, ranging from global loss of
all individuals (within a reasonable doubt) to regio-
nal or local losses of groups of individuals, including
population segments or entire populations or stocks.
The definition of the spatial scale of extinction fol-
lows that described by Carlton et al. (1999), and we
have summarized these definitions in Table 1. We
have included local and regional extinctions because
they are the warning signs of conservation or man-
agement problems and are the first steps toward
global extinction (Pitcher 2001).

We begin by outlining the known causes of ex-
tinctions and consider whether the detection of
marine extinctions is delayed by examining a compi-
lation of known disappearances. We hope our provi-
sional list will encourage people to bring cases that
we have overlooked to wider attention.We then exam-
ine the basis of commonly held perceptions that
marine organisms are more extinction-proof than
terrestrial taxa. This is followed by an examination
of whether declines to extinction can be detected as
they occur and possible methods for improving
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detection. We conclude that extinctions at various
scales and threats are likely to have been underesti-
mated in marine organisms.

The causes of extinction

We have compiled a dataset of 133 populations and
species that have become extinct locally, regionally,
or globally (Table 1). This dataset is far from definitive
because of the problems of recognizing and detecting
extinctions that are discussed later, and therefore,
can only be viewed as a preliminary indication of the
relative importance of various threats.

Most marine extinctions (at all scales) were attri-
butable to a single probable threat (80%), and the
key threats, using World Conservation Union cate-
gories (Hilton-Taylor 2000), were exploitation (55%),
and habitat loss/degradation (37%). Other threats
were comparatively minor; 2% of extinctions were
attributable to invasive species and 6% were due to
other factors including climate change, pollution
and disease (Table 1). In contrast, for birds, mammals
and plants, habitat loss is the main cause of threat
(87% of threatened species), followed by hunting and
collecting (21%), invasions of alien species (18%)
combined with intrinsic factors such as inbreeding
and poordispersal, recruitment and juvenile survival
(14%) (Hilton-Taylor 2000).

Exploitation

Numerous marine species have undergone substan-
tial declines due to exploitation (Sadovy 2001; Rey-
nolds et al. 2002a). Globally extinct species include
mammals such as Steller’s sea cow and the Caribbean
monk seal (see Table1 for details and scientific
names). Local and regional extinctions resulting
from over-exploitation include the sea otter, northern
elephant seal, dugong, barndoor skate, common
skate, long-nose skate, white skate, angel shark,
small-spotted catshark, smoothhound, thornback
ray, stingray, bramble shark, and smalltooth sawfish
(Table 1). Fishing has also caused regional and local
losses of bony fishes (teleosts) and molluscs, such as
the Icelandic spring-spawning herring population
(Beverton 1990, 1992), and white abalone from NE
Pacific shores (Table 1).

Local and regional extinctions are not restricted
to western-style heavily mechanized fisheries.
There have been local-scale extinctions in subsis-
tence and artisanal fisheries, such as the rainbow
parrotfish (Scarus guacamaia, Scaridae) from parts of
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Table 1 Extinctions of marine populations and species including spatial scale, probable cause, correlate of extinction, detection method, date of last sighting, date extinction was reported

and the calculated reporting delay.

Last Reporting  Reporting
Names Geographical Extinction Extinction Extinction Detection  sighting date delay
(Family, latin binomial, common) location’ scale? cause® correlate* method®  (year) (year) (year) Reference®
Mammalia
Balaenidae
Balaena mysticetus Bowhead whale E Greenland Local Exploitation ? Indirect 1828 ? n/a 1
Eubalaena glacialis Right whale Bay of Biscay Local Exploitation Large size Indirect 1059 1881 822 2,3
Delphinidae
Tursiops truncatus Bottlenose dolphin Wadden Sea Local Habitat loss Large size Indirect 1937 1981 44 2,3
Tursiops truncatus Bottlenose dolphin Netherlands Local Habitat loss Large size Indirect 1965 1981 16 2,3
Dugongidae
Dugong dugon Dugong China Local Exploitation Large size Direct 2000 2000 0 4
Hydrodamalis gigas Steller's sea cow NW Pacific Global Exploitation Large size Direct 1768 1768 0 5,6
Escrichtiidae
Eschrichtius robustus Gray whale Wadden Sea Local Exploitation Large size Indirect 1640 1970 330 2,3
Mustelidae
Enhydra lutris Sea otter NE Pacific Regional Exploitation ? Direct 1800 1981 181 57
Mustela macrodon Sea mink NW Atlantic Global Exploitation Large size Direct 1880 1880 0 5,8
Phocidae
Halichoerus grypus Grey seal Wadden Sea Local Exploitation, Large size Indirect 1400 1914 514 2,3
habitat loss
Monachus tropicalis West Indian monk seal Gulf of Mexico, Global Exploitation ? Direct 1952 1972 20 57
Caribbean
Phoca vitulina Harbour seal Dutch Rhine- Local Exploitation, ? Direct 1972 1972 0 2,39
Meuse-Scheldt Delta habitat loss, other
Phocoenidae
Phocoena phocoena Harbour porpoise Bay of Biscay Local Exploitation ? Indirect 1771 1998 227 10
Phocoena phocoena Harbour porpoise Wadden Sea Local Exploitation ? Large size Indirect 1965 2000 35 2,3
Aves
Accipitridae
Haliaeetus albicilla White-tailed eagle Wadden Sea Local Exploitation, ? Indirect 200 2000 1800 2,3
habitat loss
Alcidae
Alca impennis Great Auk N Atlantic Global Exploitation ? Direct 1844 1844 0 57,8, 11
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Anatidae
Camptorhynchus labradorius Labrador duck
Mergus australis Auckland Islands merganser

Somateria mollissima Eider duck
Haematopodidae

Haematopus meadewaldoni Canary Islands

oystercatcher

Laridae

Hydroprogne caspia Caspian tern

Larus canus Common gull

Larus fuscus Lesser black-backed gull

Sterna dougallii Roseate tern
Pelecanidae

Pelecanus crispus Dalmatian pelican

Phalacrocoracidae

Phalacrocorax perspicillatus Pallas’s cormorant

Pisces
Acipenseridae
Acipenser sturio European sturgeon

Acipenser sturio European sturgeon

Acipenser oxyrhinchus oxyrhinchus
Atlantic sturgeon

Antennariidae
Antennarius pauciradiatus Dwarf frogfish
Apogonidae
Apogon affinis Bigtooth cardinalfish
Apogon robinsi Roughlip cardinalfish
Phaeoptyx conklini Freckled cardinalfish
Clupeidae
Alosa alosa Allis shad

Clupea harengus Herring (Zuiderzee race)
Clupea harengus Icelandic spring-spawning
population

NW Atlantic
SW Pacific

Wadden Sea
NE Atlantic

S North Sea
Wadden Sea
Wadden Sea

German Wadden Sea

Wadden Sea

NW Pacific

Adriatic Sea

SE North Sea
Connecticut,

St. Marys

& St. Johns Rivers,
USA

Bermuda

Bermuda

Bermuda

Bermuda

North Sea

Wadden Sea
Iceland

Global
Global

Local

Global

Local

Local

Local

Local

Local

Global

Local

Local

Local

Local
Local
Local
Local

Local

Local
Local

Exploitation
Exploitation,
invasion

Exploitation

Invasion

?
Exploitation

Exploitation
?

Exploitation,
habitat loss

Exploitation

Exploitation

Exploitation,
habitat loss
Exploitation,
habitat loss

Habitat loss

Habitat loss
Habitat loss
Habitat loss

NN

Exploitation,
habitat loss, other
Habitat loss
Exploitation

Small range

NN ) N

Large size,
specialist

Large size,
specialist
Large size,
specialist
Large size,
specialist

Specialist
Specialist
Specialist
Specialist

Specialist

Specialist
Small range

Direct
Direct

Indirect

Direct

Indirect

Indirect

Indirect

Indirect

Indirect

Direct

Indirect

Indirect

Indirect

Indirect
Indirect
Indirect
Indirect

Indirect

Indirect
Direct

1875
1902

1913

1928
1850
1850
1900

200

1850

1948

1955

1930

1931
1876
1919

1937
1972

1985
1987

1991

1982

2000

2000

2000

2000

2000

1882

2001

2000

1999
1999
1999
1999

2000

2000
1990

110
85

n/a

69

72

150

150

100

1800

32

53

45

n/a

69
68
123
80

n/a

63
18

5,8, 11
5, 11

SIS
w W w

12

13, 14

15

15
15
15

2,3
16
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Table 1 continued

Last Reporting  Reporting
Names Geographical Extinction Extinction Extinction Detection  sighting date delay
(Family, latin binomial, common) location’ scale? cause® correlate* method®  (year) (year) (year) Reference®

Dactyloscopidae

Gillellus greyae Arrow stargazer Bermuda Local Habitat loss ? Specialist Indirect 1908 1999 91 15
Gasterosteidae

Spinachia spinachia Fifteen-spined stickleback Wadden Sea Local Habitat loss Specialist Indirect 1932 1987 55 2,3
Gobiidae

Ctenogobius boleosoma Darter goby Bermuda Local Habitat loss ? ? Indirect 1903 1999 96 15
Labridae

Anampses viridis Green wrasse Mauritius Global Other ? Specialist Indirect 1839 1972 133 17
Labrisomidae

Paraclinus nigripinnis Blackfin blenny Bermuda Local Habitat loss ? ? Indirect 1906 1999 93 15
Monacanthidae

Oxymonacanthus longirostris Okinawa, Japan Local Habitat loss Specialist Direct 1998 2001 3 18

Harlequin leatherjacket

Muraenidae

Enchelycore anatina Fangtooth moray Bermuda Local Habitat loss ? ? Indirect 1872 1999 127 15
Ostraciidae

Lactophrys trigonus Buffalo trunkfish Bermuda Local Exploitation, ? Indirect 1930 1999 69 15

habitat loss

Pomacentridae

Azurina eupalama Galapagos damsel Galapagos |. Global Habitat loss ? Direct 1982 1991 9 19, 20
Prototrocidae

Prototoctes oxyrhynchus New Zealand grayling New Zealand Global Exploitation, Specialist Direct 1923 1974 51 21,22
Salmonidae invasion

Coregonus oxyrinchus Whitefish North Sea Local Habitat loss Specialist Indirect ? 2000 n/a 2,3

Salmo salar Atlantic salmon SE North Sea rivers Local Habitat loss, other Specialist Indirect 1950 2000 50 2,3

Salmo salar Atlantic salmon NW Atlantic Local Exploitation, Specialist ? ? ? ? 14
Scaridae habitat loss

Bolbometopon muricatum Bumphead parrotfish Lau islands, Fiji Local Exploitation Large size Direct 1999 2000 1 23

Nicholsina usta Emerald parrotfish Bermuda Local Habitat loss ? Indirect 1929 1999 70 15
Sciaenidae

Argyrosomus regius Meagre Wadden Sea Local Exploitation Large size Indirect 50 2000 1950 2,3

Bahaba taipingensis Chinese bahaba S China Regional Exploitation Large size, Indirect 2000 2001 1 24

small range
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Scorpaenidae

Scorpaena grandicornis Plumed scorpionfish
Serranidae

Epinephelus marginatus Dusky grouper
Syngnathidae

Cosmocampus brachycephalus Crested pipefish

Syngnathus typhle Deep-snouted pipefish
Trachinidae

Trachinus draco Greater weaver

Chondrichthyes

Dalatiidae
Oxynotus centrina Angular rough shark
Oxynotus centrina Angular rough shark

Dasyatidae

Dasyatis pastinaca Stingray
Echinorhinidae

Echinorhinus brucus Bramble shark
Heptranchidae

Heptranchias perlo Sharpnose seven gill shark
Myliobatidae

Myliobatis aquila Common eagle ray

Pristidae
Pristis pectinata Smalltooth sawfish
Pristis pectinata Smalltooth sawfish
Pristis perotteti Largetooth sawfish
Rajidae
Dipturus alba White skate
Dipturus batis Common skate
Dipturus batis Common skate
Dipturus batis Common skate

Dipturus oxyrhinchus Long-nose skate
Dipturus oxyrhinchus Long-nose skate

Leucoraja circularis Sandy ray
Leucoraja circularis Sandy ray

Leucoraja mirelatus Maltese ray

Bermuda
Adriatic Sea

Bermuda
Wadden Sea

Wadden Sea

Adriatic Sea
Gulf of Lions,
Mediterranean Sea

Wadden Sea
Bay of Biscay
Adriatic Sea

Gulf of Lions,
Mediterranean Sea

Bermuda
W Atlantic
Gulf of California, USA

Adriatic Sea

Irish Sea

Adriatic Sea

Gulf of Lions,
Mediterranean Sea
Irish Sea

Gulf of Lions,
Mediterranean Sea
Adriatic Sea

Gulf of Lions,
Mediterranean Sea
Gulf of Lions,
Mediterranean Sea

Local

Local

Local
Local

Local

Local
Local
Local
Local
Local
Local
Local
Regional
Local
Local
Local
Local

Local

Local
Local

Local
Local

Local

Habitat loss

Exploitation

Habitat loss
Habitat loss

Exploitation,

habitat loss

Exploitation
Exploitation
Exploitation
Exploitation
Exploitation
Exploitation
Exploitation
Exploitation
Exploitation
Exploitation
Exploitation
Exploitation

Exploitation

Exploitation
Exploitation

Exploitation
Exploitation

Exploitation

Large size

?
Specialist

Large size
Large size
Large size
Large size
Large size
Large size
Large size
Large size
Large size
Large size
Large size
Large size

Large size

Large size
Large size

Large size
Large size

Large size

Indirect

Indirect

Indirect
Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Direct

Indirect

Indirect

Indirect
Indirect

Indirect
Indirect

Indirect

1903

1948

1910
1932

1948

1992

1966

1981

1948

1976

1931

1948
1981
1948
1960

1880
1984

1948
1960

1989

1999

2001

1999
2000

2000

2001

1997

2000

1998

2001

1997

1999
2000

2001
1981
2001
1997

2000
1997

2001
1997

1997

96

53

89
68

n/a

53

34

53

21

68

n/a

53

53
37

120
13

53
37

12
25

2,3,26

25

15
14, 27
14

12
28-30
12
25

29
25

12
25

25
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Table 1 continued

Last Reporting  Reporting
Names Geographical Extinction Extinction Extinction Detection  sighting date delay
(Family, latin binomial, common) location’ scale? cause® correlate? method®  (year) (year) (year) Reference®
Leucoraja naevis Cuckoo ray Gulf of Lions, Local Exploitation Large size Indirect 1989 1997 8 25
Mediterranean Sea
Raja clavata Thornback ray Wadden Sea Local Exploitation Large size Indirect 1960 2000 40 2, 3,31
Raja microocellata Small-eyed ray Gulf of Lions, Local Exploitation Large size Indirect 1960 1997 37 25
Mediterranean Sea
Rostroraja alba White skate Irish Sea and Local Exploitation Large size Indirect 1880 n/a n/a 29, 30
English channel
Scyliorhinidae
Scyliorhinus canicula Small-spotted Wadden Sea Local Exploitation ? Large size Indirect 1955 2000 45 2,3
catshark or lesser spotted dogfish
Scyliorhinus stellarus Nurse hound Gulf of Lions, Local Exploitation Large size Indirect 1987 1997 10 25
Mediterranean Sea
Squatinidae
Squatina squatina Angel shark Bay of Biscay Local Exploitation Large size Direct ? ? n/a 10
Squatina squatina Angel shark Adriatic Sea Local Exploitation Large size Indirect 1948 2001 53 12
Squatina squatina Angel shark Irish Sea/English Local Exploitation Large size Indirect 1998 2000 2 30
Channel
Triakidae
Galeorhinus galeus Tope or soupfin shark Adriatic Sea Local Exploitation Large size Indirect 1948 2001 53 12
Galeorhinus galeus Tope or soupfin shark Gulf of Lions, Local Exploitation Large size Indirect 1984 1997 13 25
Mediterranean Sea
Mustelus asterias Starry smoothhound Gulf of Lions, Local Exploitation Large size Indirect 1970 1997 27 25
Mediterranean Sea
Mustelus mustelus Smoothhound Gulf of Lions, Local Exploitation Large size Indirect 1989 1997 8 25
Mediterranean Sea
Mustelus mustelus Smoothhound Wadden Sea Local Exploitation ? Large size Indirect 1991 1991 0 2,3
Echinodermata
Diadematidae
Diadema antillarum Long-spined urchin Caribbean Regional Other ? Direct 1983 1983 0 32
Echinidae
Paracentrotus lividus Purple sea urchin Lough Hyne, Ireland Local Other, exploitation? ? Direct 2000 2002 2 33
Toxopneustidae
Tripneustes gratilla Short-spined sea urchin Bolinao, Philippines Local Exploitation ? ? 1995 1995 0 34

Mollusca
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Acmaeidae

‘Collisella’ edmitchelli Rocky shore limpet

Buccinidae
Buccinum undatum Whelk

Cerithideidae
Cerithidea californica Mudsnail

Cerithidea fuscata Horn snail
Corambidae

Corambe obscura Obscure corambe
Dolabriferidae

Phyllaplysia smaragda Emerald leafslug

Haliotidae

Haliotus sorenseni White abalone
Hermaeidae

Stiliger vossi

Lacunidae

Lacuna vincta Northern lacuna
Littorinidae

Littoraria flammea Periwinkle
Lottidae

Lottia alveus alveus Atlantic eelgrass limpet

Mytilidae

Mytilus trossulus Foolish mussel
Ostreidae

Crassostrea virginica Eastern oyster

Ostrea edulis Edible oyster

Rissoidae
Onoba [Cingula] semicostata aculeus
Rissoa membranacea

Tridacnidae
Hippopus hippopus Giant clam
Tridacna gigas Giant clam

Arthropoda
Mysidae
Acanthomysis longicornis

NE Pacific

Wadden Sea

S California
NE Pacific
Wadden Sea

Indian river lagoon,
Florida

NE Pacific

Biscayne Bay,
Florida

Wadden Sea

China

NW Atlantic

S California
Chesapeake Bay, USA
Wadden Sea

Wadden Sea

Wadden Sea

Guam, Fiji & Tonga

Carolines and Fiji
(Lau islands)

Gulf of Naples,
Mediterranean Sea

Global

Local

Local

Global

Local

Local ?

Global

Local

Local

Global

Global

Local

Local

Local

Local

Local

Local
Local

Local

Habitat loss

Exploitation,
habitat loss

Exploitation,
invasion
Exploitation

Habitat loss

Habitat loss

Exploitation

Habitat loss
Habitat loss
Habitat loss
Invasion

Exploitation,
habitat loss

Exploitation,
habitat loss

?
Habitat loss

Exploitation
Exploitation

Other

Specialist

Specialist

Specialist

Specialist

Specialist
Specialist

Specialist

Large size
Large size,
small range

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Direct

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect

Indirect
Indirect

Indirect

1861

1960

1935

1981

1960

1840

1929

1878

1929

1984

2000

1975

1992

2000

1994

1994

2000

1992

1992

1988

2000

2000

2000

1988
1988

2001

123

n/a

57

n/a

n/a

34

n/a

152

63

n/a

110

n/a

n/a

n/a

n/a
n/a

72

5,35

2,3

5,35

2,3

5, 35-37

38-40

36, 37

42

2,3

2,3

2,3

43, 44
43, 44

45
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Table 1 continued

Last Reporting  Reporting
Names Geographical Extinction Extinction Extinction Detection  sighting date delay
(Family, latin binomial, common) location’ scale? cause® correlate* method®  (year) (year) (year) Reference®
Mysidopsis angusta Gulf of Naples, Local Other ? Indirect 1929 2001 72 45
Mediterranean Sea
Nephropidae
Homarus gammarus Lobster Wadden Sea Local Exploitation, Large size Indirect ? 2000 n/a 2,3
habitat loss
Upogebiidae
Upogebia bermudensis mud shrimp Bermuda Local Habitat loss Specialist Indirect 1902 1999 97 15
Xanthidae
Rhithropanopeus harrisii Harris mud crab Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Annelida
Ampharetidae
Alkmaria romijni Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Sabellariidae
Sabellaria spinulosa Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Coelenterata
Edwardssidae
Edwardsia ivella anemone Sussex, UK Gilobal Habitat loss Small range  Direct 1983 1992 9 5
Milleporidae
Millepora boschmai Fire coral E Pacific Global Other Small range  Direct 1998 1998 0 46
Siderastreidae
Siderastrea glynni E Pacific Gilobal Other Small range  Direct 1998 2001 3 46
Algae
Ceramiaceae
Antithamnion vollosum Red algae Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Ceramium diaphanum Red algae Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Gigartina australis Turkish towel algae Sydney Harbour, Global Habitat loss, other ? Indirect 1892 2001 109 47, 48
Australia
Spermothamnion repens Red algae Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Corallinaceae
Corallina officinalis Red algae Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Jania rubens Red algae Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Delesseriaceae
Vanvoorstia bennettiana Sydney Harbour, Global Habitat loss, other Small range Indirect 1916 1992 76 48

Bennett's seaweed

Australia
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Spongitaceae

Pneophyllum fragile Red algae Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Cladophoraceae

Cladophora dalmatica Green algae Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Punctariaceae

Punctaria hiemalis Brown algae Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Scytosiphonaceae

Colpomenia peregrina Brown algae Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3
Sphacelariaceae

Sphacelaria cirrosa Wadden Sea Local Habitat loss ? Indirect ? 2000 n/a 2,3

Brown algae

This is intended to convey the location of smaller-scale extinctions, rather than the absolute extent of the extinction. We have attempted to use the smallest inclusive description of each geographical extent of
extinction.

2Scale of extinction was categorised following Carlton et al. (1999) whereby local = the disappearance of a population from a small area of habitat e.g. mollusc extinctions from Californian shorelines or
skate disappearances from the Irish Sea, regional = the disappearance from a substantial part of an ocean basin or former range, e.g. sea otter from the NE Pacific coastline and global = complete
extinction, within reasonable doubt. These species where isolated individuals may be still be present but where breeding is doubtful can be considered functionally extinct (Carlton etal. 1999), e.g. Irish Sea
common skate or the white abalone. While species and populations may have gone extinct from a number of locations we only list the best-documented disappearances. Note that the Wadden Sea Gulls
and the Sea Otter are now recovering.

3Extinction causes are categorised according to World Conservation Union Red List (Hilton-Taylor 2000), where ‘habitat loss’ includes habitat degradation and ‘other includes pollution, global warming,
disease.

“Large size’ broadly categorises species with slow life histories and low productivity, ‘small range’ refers to geographical range size and includes species endemic to small geographic ranges, ‘specialist’
includes habitat specificity, diadromy/catadromy and flightlessness, and also includes the categories defined as ‘intrinsic’ by World Conservation Union; low dispersal, parental care, and low competitive
ability (when faced by alien invasive).

SDirect detection methods include monitoring or ecological censusing and historical methods include archaeological, sub-fossil or historical species list comparisons.

81. Allen and Keay (2001), 2. Wolff (2000), 3. Wolff (2000), 4. Morton (2001), 5. Carlton et al. (1999), 6. Jackson et al. (2001), 7. Day (1989), 8. COSEWIC (2002), 9. Reijnders (1985), 10. Quero (1998), 11.
Halliday (1978), 12. Jukic-Peladic et al. (2001), 13. Colligan et al. (1998), 14. Musick et al. (2000), 15. Smith-Vaniz et al. (1999), 16. Beverton (1990), 17. Hawkins et al. (2000), 18. Kokita and Nakazono
(2001), 19. Jennings et al. (1994), 20. Roberts and Hawkins (1999), 21. Balouet (1990), 22. McDowell (1996), 23. Dulvy and Polunin (unpublished data), 24. Sadovy and Cheung (2002), 25. Aldebert
(1997), 26. Walker (1995), 27. Anonymous (2000), 28. Brander (1981), 29. Dulvy et al. (2000), 30. Rogers and Ellis (2000), 31. Walker and Hislop (1998), 32. Lessios (1988), 33. Barnes et al. (2002), 34.
Talaue-McManus and Kesner (1995), 35. Carlton (1993), 36. Clark and Rosenzweig (1994), 37. Clark (1994), 38. Tegner et al. (1996), 39. Davis et al. (1998), 40. Karpov et al. (2000), 41. Carlton et al.
(1991), 42. McCormick-Ray (1998), 43. Lewis et al. (1988), 44. Paulay (1996), 45. Wittmann (2001), 46. Fenner (2001), 47. Millar and Kraft (1993) and 48. Millar (2001).
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the Caribbean, the bumphead parrotfish from some
Pacificislands, the Napoleon wrasse (Chelinus undula-
tus, labridae) from parts of Fiji and Hong Kong and
giant clams from the Fiji, Guam, Tonga and Caroline
Islands (Table 1).

Many species are taken as by-catch when fishing
for more valuable and abundant species, but primary
target species such as tropical groupers (Serranidae),
Napoleon wrasse (Donaldson and Sadovy 2001),
giant clams, white abalone, totoaba (Totoaba totoaba,
Sciaenidae) and Chinese bahaba (Bahaba taipingen-
sis, Scianidae) have also been fished out on small spa-
tial scales (local to regional). The goliath, Nassau,
Warsaw and potato groupers and the speckled hind
(Epinephelus itajara, E. striatus, E. nigritus, E. tukula,
E. drummondhayi, Serranidae) have been severely
depleted in parts of their range (Huntsman et al.
1999; Sadovy and Eklund 1999).

Habitat loss

The effects of habitat loss are difficult to separate from
other impacts, such as exploitation, but at least 14
extinctions at various scales have resulted from habi-
tat loss combined with other threats (Table 1). Nat-
ural impacts known to cause habitat loss include
earthquakes, storms, hurricanes, freshwater input
and diseases (Edmunds and Carpenter 2001).
Human-induced habitat loss has been caused by
coastal reclamation and development with asso-
ciated pollution, leading to changes in water clarity,
sediment loading and added nutrient inputs (Short
and Wyllie-Echeverria 1996). However, the distinc-
tion between natural and human impacts is now
blurred by the rise in anthropogenic effects on the fre-
quency and intensity of impacts that were previously
considered natural, such as hurricanes (Harvell et al.
1999; Ruiz et al. 2000b; Walsh and Ryan 2000; Gold-
enberg et al. 2001; McCarty 2001). Climate change,
which is at least partly human-induced, is predicted
toincrease the frequency of both EI Nifio and La Nina
events. In the Atlantic Ocean, there is a reduced
chance (28%) of hurricane strikes during El Nino
phases, while during La Nina phases there is a 66%
increase in the probability of hurricane strikes (Bove
etal.1998).

Mangroves stabilize sediments and provide impor-
tant juvenile habitat for a number of reef and lagoon
fishes and crustaceans. Mangroves are cleared to
support wood chip industries, shrimp aquaculture
and for a host of artisanal uses, such as grazing fod-
der, medicine and building material (Semesi 1991;
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Ong 1995; Dierberg and Kiattisimkul 1996). The glo-
bal rate of mangrove habitat loss is at least 1% per
year, but local losses can be higher: examplesinclude
about 18% in Mexico over 16 years and 16-32% in
Thailand between 1979 and 1993 (Dierberg and Kiat-
tisimkul 1996; Kovacs et al. 2001). While loss of man-
groves has clearly affected local populations of
plants and animals, it is not known whether there
have been associated global extinctions.

Declines and extinctions can be associated with
theloss of habitat essential for the completion of criti-
cal parts of the life cycle, such as migration bottle-
necks or spawning and nursery habitat (McDowall
1992). The inner Bay of Fundy Atlantic salmon (Salmo
salar, Salmonidae) population and the Interior Fraser
River Coho salmon (Oncorhynchus kisutch, Salmoni-
dae) population are listed as ‘endangered’ by the Com-
mittee on the Status of Endangered Wildlife in
Canada (COSEWIC). This committee defines ‘endan-
gered to mean that these populations face imminent
extinction. Atlantic salmon are locally extinct from
14 other Canadian rivers, in addition to the Bay of
Fundy catchment (Musick et al. 2000). In USA, the
Atlantic salmon was historically native to nearly
every major coastal river north of the Hudson River,
New York. Almost all US populations of the Atlantic
salmon have been lost apart from remnant popula-
tions in eight rivers in Maine (Musick et al. 2000).
Sturgeon and Pacific salmon declines are reviewed
elsewhere and are beyond the scope of this review,
so we have only summarised the key information
here (e.g. Allendorf et al. 1997; Billard and Lecointre
2001). Pacific salmon stocks have disappeared
because of terrestrial degradation, acid rain, dams,
pollution, loss of water from streams, over-exploita-
tion, inappropriate management and climate change
(Lichatowich et al. 1999; Beamish et al. 2000; Bradford
and Irvine 2000). Sturgeons also have specialized
habitat requirements and low population growth
rates, and are consequently particularly susceptible
to habitat loss and exploitation. Currently, 27 out of
29 species are listed as endangered under World Con-
servation Union Red List criteria (Boreman 1997;
Jonsson et al. 1999; Billard and Lecointre 2001).

Habitat loss and degradation may also be caused by
fishing, particularly by bottom trawling, which is
estimated to cover half of the global continental shelf
area (Dayton et al. 1995;Watling and Norse 1998). This
trawled area is estimated to be 150-fold greater than
the land area clear felled by forestry each year
(Watling and Norse 1998). Benthic fishing gears such
as trawls and mollusc dredges have altered benthic
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species composition, structural complexity, trophic
structure, size structure and productivity of benthic
communities (Jennings and Kaiser 1998; Watling
and Norse 1998; Hall 1999; Turner et al. 1999; Collie
et al. 2000; Kaiser and de Groot 2000; Jennings et al.
2001a,c; Dulvy et al. 2002). Fishing activities are very
patchyon a small scale; areas can be fished up to eight
times a year in the North Sea or 25-141 times a year
in the Clyde estuary (Rijnsdorp et al. 1998; S. . Marrs
pers. comm.).While trawling and dredging have clear
local impacts on benthic habitats and populations, it
isdifficult to know whether this has resulted in larger
scale extinctions.

Fish abundance and diversity on coral reefs are
clearly linked to habitat types, such as the abundance
of hard corals, substrate topography and interstitial
spaces (e.g. Friedlander and Parrish 1998). Hurri-
canes, blast fishing and coral mining reduce hard
coral habitat and blast fishing particularly could lead
to extinctions over small areas (e.g. Guard and Masai-
ganah 1997). While coral removal is associated with
reduced abundance and diversity of reef fishes (Daw-
son Shepherd et al. 1992; Dulvy et al. 1995), there is
no evidence that hurricanes, coral mining or blast
fishing have actually caused extinctions except on
very small scales. One of the best documented cases
of local extinction due to habitat loss is the demise of
10-14 shallow water reef and lagoon fishes due to
the dredging of Castle Harbour, Bermuda (Smith-
Vanis et al. 1999). Approximately one-fifth of the nat-
ural harbour area was lost to dredging and landfill
for the construction of Kindley Air Force Base
between 1941 and 1944. Castle Harbour previously
supported luxuriant coral reefs and very clear water.
Following construction, most corals disappeared
(over an unknown time scale) due to extensive silta-
tion and turbidity (Smith-Vanis et al. 1999). Another
example of local extinction through habitat loss is
the disappearance of a 44.6-km”* population of
oysters in Tangier Sound, Chesapeake Bay, which is
attributed to the mechanical impact of fishing gears
(McCormick-Ray 1998; Jackson et al. 2001). The
exploitation of ecosystem engineers also has indirect
impacts on benthic habitats, potentially resulting in
extinctions. Deepwater groupers (e.g. Epinephelus
morio, Serranidae) and tilefishes (e.g. Lopholatilus
chamaeleoticeps, Malacanthidae) form excavations
and burrows that create shelter for fishes and inver-
tebrates in otherwise structurally barren soft sub-
strates (Coleman and Williams 2002).

The importance of habitat for fish productivity is
recognized in US Law under the (1996) amendments
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to the Magnuson—Stevens Fishery Conservation and
Management Act (Kurland 1998). This act defines
essential fish habitat as those waters and substrate
necessary for spawning, breeding, feeding, or growth
to maturity (Rosenburg et al. 2000).

Invasive species

Documentation of marine invasions and their
impacts has lagged behind terrestrial studies, but a
recent review suggests that the North American
coastline alone may be host to 298 foreign species,
most of which arrived in the ballast tanks of ships
(Ruiz et al. 2000b; Wonham et al. 2000). In Hawaii,
there have been 101 known marine invasions since
the beginning of the last century (Coles et al. 1999).
Most were crustaceans and molluscs, but the taxo-
nomic range of invaders spans dinoflagellates to
fishes (Ruiz et al. 2000a). Forty species have been
introduced to the Wadden Sea, yet none are believed
to have caused any of the 42 extinctions documented
there in the past 2000 years (Wolff 2000a). In con-
trast, small-scale impact experiments suggest that
while invading species can potentially cause extinc-
tions, these losses may be difficult to detect (Grosholz
2001). In California, the introduced Japanese mud
snail (Batillaria attramentaria, Potamididae) is a more
efficient forager than the native snail (Cerithidea cali-
fornica, Cerithideidae), and it is predicted by demo-
graphic models to eventually replace the native
species (Byers 2000). Molecular analyses of museum
specimens suggest that alien mussels (Mytilus gallo-
provincialis, Mytilidae) had already displaced the
native mussel (M. trossulus) in southern California,
some time in the last century (Geller 1999). The stu-
dies reviewed above (see also Carlton 1999) suggest
that alien species may be a less important cause of
extinctions in the marine environment than in ter-
restrial or freshwater systems. This is a tenuous con-
clusion, and the impacts of marine invasions
deserve much more attention than they have received
to date.

Other threats

Climate change

There is concern that climatic change, particularly as
manifested by increased frequency and severity of El
Nifio Southern Oscillation (ENSO) events, may lead
to habitat loss and marine extinctions (Scavia et al.
2002). In the tropics ENSO events are associated with
elevated water temperature and unusually calm con-
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ditions. Such conditions have been associated with
coral bleaching, where coral hosts lose their symbio-
tic single-celled algae and may subsequently die
(Glynn 1996). Prior to 1979 coral bleaching events
were localized with presumed local causes. Since
then bleaching events have been observed across
ocean basins, each coinciding with an El Nifio period
(Glynn 1996; Hoegh-Gulburg 1999; Stone et al. 1999).
During an El Nifno event, there is a shift of equatorial
warm water from the western to the eastern Pacific
Ocean, displacing the cold tongue of water normally
found there. During a La Nifna event the warm
water pool remains in the western equatorial Pacific,
but the easterly cold tongue is 3 °C cooler than nor-
mal (http://www.pmel.noaa.gov/tao/elnino/el-nino-
story.html, last accessed 22/08/2002). Pacific Ocean
temperature changes affect other oceans, and sea
temperatures are tightly coupled to regio- nal atmo-
spheric conditions and wind patterns (McGowan
et al. 1998; Barsugli et al. 1999). Sea surface tempera-
tures 1°C greater than the maximum summer
monthly average for a number of weeks are known
to cause mass coral mortality (Goreau and Hayes
1994; Cumming et al. 2002; Toscano et al. 2002). The
recent 1998-1999 event flipped from a strong EI Nino
to a strong La Nina event, raising temperatures in
some tropical areas to the highest values recorded in
150 years, and possibly longer (Wilkinson 2000).
The unprecedented severity of this event is indicated
by the death of ancient corals up to 700 years old
(Hoegh-Gulburg 1999; Souter and Linden 2000). This
climatic event was associated with widespread coral
bleaching and the global loss of 4% of coral reefs
since 1998. This is in addition to the loss of 11% of
coral reefs in the decade prior to this event (Wilkin-
son 2000). Locally, coral mortality was higher, with
75-90% of coral colonies killed in shallow waters
<15 m (Souter and Linden 2000). High temperatures
and bleaching often extend down to the depth limit
of shallow coral communities (approximately 50 m)
(Souter and Linden 2000). Two species of coral are
thought to have possibly become globally extinct
due to bleaching (Siderastrea glynni and Millepora
boschmai, Table1). Both have small geographic
ranges in the Eastern Pacific, directly in the path of
ENSO events (Glynn and de Weerdt 1991; Fenner
2001).

The large scale of bleaching in the last decade and
subsequent loss of reefs might reasonably be pre-
dicted to cause the local or regional extinction of
coral-associated species. Two obligate coral-feeding
fish species have disappeared from aquarium trade
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catches in the Maldives and may be gone from this
area (Table 1, M. Saleem, pers. comm.). One of these
species, the harlequin leatherjacket (Oxymona-
canthus longirostris, Monacanthidae), has also disap-
peared from small study sites in Southern Japan
(Kokita and Nakazono 2001). A previously common
planktivorous, coral-associated Galapagos damsel-
fish (Azurina eupalama, Pomacentridae) has not been
seen since the 1982—3 ENSO bleaching event despite
concerted searches (Table 1, G. Edgar and S. Jennings,
pers. comm.). There are also concerns over the status
of a number of coral-associated fishes that appear to
have disappeared from some sites in the Western Paci-
fic (T. ]. Donaldson, pers. comm.).

It is forecast that ENSO-linked coral bleaching will
become annual events in SE Asia and the Caribbean
by the year 2020 and in the Great Barrier Reef, Aus-
tralia somewhere between 2040 and 2070, depend-
ing on latitude (Hoegh-Gulburg 1999). Given these
forecasts, we expect significant decreases in global
coral cover, though the scale of loss of corals and
reef-associated species cannot yet be predicted with
any certainty (Carlton 1993).

Pollution

Pollution disrupts reproductive physiology, mating
systems, and life histories of organisms and probably
combines with other extinction-causing factors to
reduce population persistence (Kime 1995; Jones and
Reynolds 1997). Pollution has been implicated in one
of the best-documented global extinctions: Bennett's
seaweed (Vanvoorstia bennettiana, Delesseriaceae)
(Millar 2002). This red alga was found around Sydney
Harbour in the 1850s, and it was presumably com-
mon, since large quantities of it were discovered by
dredging crudely from a small boat. However, the last
known collection of this species was in 1886; subse-
quent exhaustive searches have failed to find it. This
narrowly distributed plant had a fine reticulate thal-
lus and may have been choked by the fine sediment
discharged by storm drains into Sydney Harbour
(Millar 2002). Pollution may also have caused the dis-
appearance of another Australian red alga (Gigartina
australis, Gigartinaceae) (Millar 2002). The eutrophi-
cation of the Indian River lagoon, FL, USA due to
changes in upland drainage appears to have caused
the local extinction of the emerald leafslug (Phylla-
plysia smargada, Dolabriferidae) and the decline of
70% of opistobranch mollusc species in the area
(Clark 1995). However, Carlton et al. (1999) suggest
that the emerald leafslug may have specialized on
the epiphytic algae growing on the basal stems of
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seagrass and that its disappearance may be linked to
disease-induced habitat loss, in turn possibly linked
to the depletion of large herbivorous vertebrates
(Jackson et al. 2001). Pollution, combined with habitat
loss and over-exploitation, has caused the extinction
of Allis shad and Atlantic salmon from the Wadden
Sea (Table 1, for details) (Wolff 2000a,b). Major oil
spills and chronic pollution have caused local losses
of 11 hard coral species from an assemblage of 42 spe-
cies; by comparison only three species disappeared
from a control reef over the same 4-year time span
(Loya1976).While oil spills cause population declines
and speciesredistribution, we are not aware that they
have caused global extinctions (Paine et al. 1996;
Peterson 2001).

Disease

The incidence of novel marine diseases and fre-
quency of outbreaks is increasing due to climate
change and anthropogenic impacts (Harvell et al.
1999, 2002; Ruiz et al. 2000b). One of the best exam-
ples of the effect that disease can have on populations
is the 1983 mass mortality of the keystone sea urchin
(Diadema antillarum, Diadematidae) resulting in a
regional reduction of urchin abundances by approxi-
mately 93-99.99% (Lessios 1988).

Diseases are associated with the apparent loss of
seagrass habitat and subsequent local extinctions in
the Western Atlantic and the Wadden Sea in the East-
ern Atlantic. In Florida Bay, approximately 4000 ha
of seagrass beds were lost to disease and a further
23 000 ha degraded. The steep decline of a seagrass
(Zostera marina, Zosteraceae) in the 1930s caused the
first documented contemporary global extinction of
a marine mollusc — the Atlantic eelgrass limpet (Lot-
tia alveus alveus, Lottidae) (Carlton et al. 1991). This
limpet fed solely on the surface cells of this one sea-
grass. A disease-induced die-off of seagrass habitat
in the Dutch Wadden Sea in the 1930s also led to the
local disappearance of the 15-spined stickleback (Spi-
nachia spinachia, Gasterosteidae) and of the deep-
snouted pipefish (Syngnathus typhle, Syngnathidae)
(Wolff 2000b). Recent outbreaks of white- and black-
band diseases have caused the unprecedented loss of
large branching corals (Acroporapalmataand A. cervi-
cornis, Acroporidae) in the Caribbean (Jackson et al.
2001). An examination of the subfossil record on
Western Caribbean reefs indicates that these corals
have dominated reef community structure for the
past 3800 years (Aronson et al. 1998, 2002; Green-
stein et al. 1998). Recent declines in sea fans (Gorgonia
spp., Gorgoniidae) were attributed to a fungal patho-
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gen (Aspergillus sydowii, Trichocomaceae) (Geiser
et al. 1998). It is argued that this pathogen is asso-
ciated with African dust, derived from the drying
outof Lake Chad and other Saharan areas, and trans-
ported across the Atlantic. Fungal spores collected
from the transported dust clouds were demonstrated
by experiment to invoke pathogenic activity (Shinn
et al. 2000). Such coral reef diseases prevalent in the
Caribbean have not had the same impact on Indo-
Pacific reefs.

Why are disease outbreaks evidently on the
increase in a range of hosts, particularly in the Carib-
bean? One hypothesis is that the removal of large-
bodied species and ecosystem engineers results in
an ecosystem dominated by microbial loops, that is
more vulnerable to disease (Jackson 2001; Jackson
et al. 2001). Specifically, the suggestion is that histori-
cally abundant turtles and manatees would have
cropped the seagrass off near the base. Following a
steep decline in turtle populations seagrass blades
may have grown longer due to the reduction in her-
bivory. Since blade tips provide habitat for epiphytes
such as algae, fungi and other microorganisms,
infection can now begin in the older parts of leaves
that would previously have been grazed away
(Jackson et al. 2001).

Estimating extinction rates

It is virtually impossible to estimate how many mar-
ine extinctions at any scale might already have hap-
pened, due to problems with detections and with
understanding the biological basis of vulnerability.
While some progress has been made toward under-
standing vulnerability (Jennings et al. 1998, 1999b;
Dulvy et al. 2000; Hawkins et al. 2000; Reynolds et al.
2001) we concur with previous arguments that
detectability deserves far more attention than it
has received in the past (McKinney 1999; Hawkins
et al. 2000). The undersampling of poorly studied
groups may underestimate extinctions because
researchers tend to discover and study common spe-
cies (McKinney 1999).

Delayed reporting of marine extinctions

The degree to which the reporting of marine extinc-
tions is delayed can be estimated from the difference
between the date the organism was last seen and the
date on which its absence was reported. Our database
of known losses on all scales (Table 1) indicates that
since1000 AD the reporting of extinctions haslagged
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Figure 1 Frequency distribution of reporting delays of
marine extinctions. Reporting delay is the time elapsed from
the last sighting until the reported date of extinction

(n = 98).

behind the last sighting date by a median of 53 years
(Fig. 1; Wilcoxon signed rank Z = —8.1, P < 0.001,
n = 98). Since the 1900s, the median reporting delay
was 44 years (n = 75). Delayed reporting is not sur-
prising considering that since 1900 80% of extinc-
tions were detected using indirect historical
comparative methods, such as comparing a histori-
cal trawl survey or fauna list with a comparable
recent survey (e.g. Aldebert 1997; Rogers and Ellis
2