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The n u m b er o f m odern  extinctions in th e  ocean is unknow n. The actual dem ise of th e  last individual of a species is essentially 
unobservable, so extinction can only be inferred. Statistical m ethods are  described for inferring extinction from  sighting records, 
sp ec ie s-a rea  considerations, and taxonom ic samples collected a t tw o different times. The m ethods are illustrated using a  variety 
of real da tasets, including a  sighting record o f the Caribbean m onk seal and  results from three surveys of ben th ic  invertebrates.
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Introduction
No-one know s how  m any m odern  extinctions there have been in 
the ocean. C arlton  e t al. (1999) conservatively identified just 
12 m arine species— five birds, three m am m als, and  four 
invertebrates— declared extinct based on th e  tim e elapsed since 
their last sighting. Then, based on a survey o f  docum entary  m ater
ial, Dulvy e ta l. (2003) increased this num ber to  133 extinctions, o f 
which 21 were global. However, after a  close review o f  the sam e m a
terial, M onte-L una etal. (2007) argued that th is estim ate m ay be too 
high by a factor o f  2 .

C arlton e t al. ( 1999) discussed three issues that arose in  assessing 
m arine extinctions: taxonom y, geography, and  sampling. The first 
concerns th e  true  taxonom ic status o f  the species under consider
ation, the second the spatial scale o f  potential species loss, and 
the th ird  the incom pleteness o f the observational record. Here, 
we focus exclusively on  the last o f these issues. Because actual ex
tinction events, i.e. the dem ise o f the last individual o f  a  species, 
are essentially unobservable, extinction needs to  be inferred. The 
purpose here is to  review som e statistical m ethods for this inference. 
Specifically, we consider inference abou t extinction based on sight
ing records, species-area  considerations, and  taxonom ic sampling. 
In the first tw o cases, th e  m ethods reviewed are no t new to the lit
erature, b u t in the th ird  case, the m ethods appear to be novel.

Inferring extinction from a sighting record
The m ost com m on approach  to inferring the extinction o f  a 
particular species is based on  the record o f  its sightings. This 
was the approach  used by C arlton  et al. (1999), Dulvy et al. 
(2003), and  M onte-Luna et al. (2007). T he basic question in

inferring extinction from a sighting record is how  long  a species 
has to go unsighted before it is safe to conclude th a t it  is extinct. 
U ntil recently, this question was answered using  ad hoc rules, 
e.g. declaring a species extinct if  it  had gone unsighted for 
50 years (Groom bridge, 1993). Although conclusions based on 
such rules are by no means necessarily w rong, th e  case o f  the coela- 
canth tha t went unrecorded for all o f  hum an  histo ry  un til a  living 
specimen was found in  1938 (Sm ith, 1939) is salutary.

The confidence w ith which extinction can be inferred from  a 
given period  during which a species is n o t sighted  depends on 
the expected rate at which it  would be sighted were it  n o t extinct. 
In m any situations, it is reasonable to  assum e th a t this rate is 
roughly p roportional to the product o f  sighting effort and species 
abundance. T he term  sighting effort m aybe  m isleading because it 
does n o t necessarily imply directed effort. As w ith the coelacanth, 
sightings o f m any rare o r cryptic species are sim ply by chance. 
R eturning to the m ain point, unless sighting effort falls to zero, 
the only way that the sighting rate can fall to zero is for abundance 
to fall to  zero, i.e. for the species to  becom e extinct. However, even 
with constant sighting effort, abundance can fall to  th e  point that 
the expected sighting rate is veiy low and confidence in  extinction 
rem ains low  even if  the interval since the last sighting is very long. 
Therefore, it is necessary to base form al inference ab o u t extinction 
on an explicit statistical model o f the sighting record.

Solow (2005) reviewed form al statistical approaches to  inference 
about extinction based on a sighting record. These approaches can 
be used to  test the null hypothesis th a t die species is extinct against 
the alternative hypothesis th a t it is not. O ne o f  the approaches 
reviewed in Solow (2005) assumes a constant pre-ex tinction  sight
ing rate; ano ther assumes that the pre-extinctiou  sighting rate

©2011 In ternational C ouncil for the Exploration o f  the Sea. Published by O xford University Press. All rights reserved. 
For Perm issions, please em ail: journals.perm issions@ oup.com

mailto:asolow@whoi.edu
mailto:journals.permissions@oup.com


90 W. K. Sm ith  and A . R. Solow

declines exponentially, e.g. as a result o f  declining abundance. As an 
illustration, we apply these tw o approaches to the sighting record 
for the  C aribbean m onk  seal (Monachus tropicalis). This species 
was am ong the 12 identified by  C arlton  et al. (1999) as extinct. 
T he m odern  sighting record for the  C aribbean m onk  seal consists 
o f  just five sightings: in 1915, 1922, 1932, 1948, and  1952. Both 
m ethods require tha t the start o f the observation period  is 
know n. H ere, we take the start o f  the observation period as 1915, 
and om it the in itial sighting. This leaves a very sparse record  and 
no test can be expected to  have higher power. The observed signifi
cance level (o r p-value) under the assum ption o f  a constan t p re 
extinction sighting rate is sim ply

where

(1)

V \F (T ) J
(2 )

where

(4)

i  =  _ L g i o g f i z i - * ± i .
k - \ j r (  b t „ -  t„-i+i

(5)

N ote tha t neither the beginning o f  the observation period  nor n 
needs to be know n to apply this test. As an illustration, suppose 
the sighting record o f  the C aribbean m o n k  seal actually represents 
the five m ost recent o f  a larger num ber o f  sightings. T he value o f  v 
is 0.76 and the significance level is

exp
/ - / a |i i - 195?y ” \  
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where t„ is the tim e (since the start o f the observation period) o f  the 
m ost recent sighting, T  the length o f  the observation period, and n 
the nu m b er o f  sightings in  the record. For the C aribbean m onkseal, 
p  =  ((1952 -  1915)/(2011 -  1915))4 =  0.022. By conventional 
standards, this result is significant, so it is safe to  conclude that 
the C aribbean m onk  seal is extinct.

U nder the assum ption o f  an exponentially declin ing p re 
extinction sighting rate, the observed significance level is given by

s is the sum  o f  th e  n sighting times, and  [•] denotes the in teger part. 
For the C aribbean m o n k  seal sighting record, p  =  0.17, w hich  by  
conventional standards is n o t significant. In  essence, allow ing for 
an  exponential decline in pre-ex tinction  sighting reduces the 
extent to  w hich even a 57-year gap in  the sighting record su p p o rts  
the hypothesis o f  extinction. W e note  tha t there is no evidence in  
this sighting record  o f  a  declining sighting rate before 1952, so the 
assum ption o f  there being one is certainly questionable.

T he basic p o in t here is th a t th e  extent o f  suppo rt th a t a gap in  a 
sighting record lends to  th e  hypothesis o f extinction depends on  
w hat can be assum ed about the behaviour o f  the pre-ex tinction  
sighting rate. T his behaviour, w hich inter alia  depends o n  sighting  
effort and pre-ex tinction  abundance, can be com plicated and , 
w ithout additional in fo rm ation , difficult to  assess from  d ie  sight
ing record itself.

Solow (2005) also described a test for extinction using the m ost 
recent sightings in a record contain ing  m any  sightings. T his 
m ethod is based on  a rem arkable asym ptotic d istribu tional 
result for extrem e o rd e r statistics from  any d is tribu tion  w ith  a 
finite endpoint, so avoiding the need to  specify a m odel for th e  
pre-ex tinction  sighting rate. Let f„ > £ „ _ ; > • •  • >  be the
k m ost recent o f  a  large set o f n sighting tim es in  the observation  
period  (0, T ). T he  approxim ate significance level for th is test is

which, by conventional standards, is am biguous as to  extinction. 
O f course, the treatm ent o f  this sighting record as the five most 
recent o f  a m uch larger set is n o t justified, and the asym ptotic 
result is open to  question  even as an approxim ation .

Inferring extinctions from sp ecies-area  
considerations
As on land, one o f  the chief threats to  species in the marine 
environm ent is habitat alteration, e.g. the degradation and loss o f 
coral-reef habitat. A com m on approach to  estim ating species loss 
attributable to habitat alteration is through the species-area curve 
(Pim m  and Raven, 2000). Let s(a) be the num berofspecics contained 
in a region o f area a. It is com m only assumed that s(a) oc a2 for some 
constant z  <  1. It follows that reducing the area by a factor c will 
reduce the species num ber by a factor c*. The exponent z  is com m on
ly taken as ~ 0 .3  so, for example, a 90% reduction  in area corresponds 
to a 50% reduction in  species number. Reaka-Kudla based her pre
diction that up  to 1.2 m illion reef species w ould be lost by the 
m iddle o f  the 21st century on  this approach (Malakoff, 1997). A 
general discussion o f  the species-area curve and m arine conserva
tion was provided by Neigel (2003).

The species-area curve describes the rate a t w hich the num ber 
o f  species contained in a region increased w ith the area o f  the 
region. Interest in  this relationship dates back at least to W atson 
(1835). A significant landm ark  in establishing th e  centrality o f 
this relationship w ith ecology was the publication  o f  the m ono
graph by M acA rthur and W ilson (1967) on island biogeography. 
In th is early work, the species present on  each island were 
known o r assumed to be know n. M ore com m only, the species- 
area relationship is estim ated from  taxonom ic counts w ithin 
small spatial sam ples o r  quadrats (Colwell and C oddington, 
1994). In this case, the behaviour o f  the sam ple species-area 
curve reflects two factors. First, as the spatial extent o f  the quadrats 
increases, the coverage o f  the heterogeneity o f  th e  region w ith 
respect to  the species present also increases. Second, as the 
num ber o f  quadrats increases, the chance o f  observing spatially 
rare species also increases. O nly the first o f  these is relevant to 
assessing extinction, whereas the second is a sam pling artefact.

Suppose tha t n quadrats o f  un it area are sam pled and  the 
species w ithin each are recorded. Suppose fu rther that a to ta l o f 
s species is found in  the union o f  these quadrats, and let n¡ be 
th e  num ber o f  quadrats contain ing  species j .  The sample
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species-area relationship is given by

/ « - « A

i«n.plc(tn) =  S -  /™  \  ■ (6)

for m  =  1, 2 , n, and where (0 - 0 if  a < b (Solow and

Smith, 1991). The quantity sMmp|C(m) is precisely the expected 
num ber o f  species contained in m sam ple quadrats sampled at 
random  w ithou t replacement. O f course, quadrats are not 
islands. If instead each quadrat is properly seen as a sam ple from 
a different island (or ano ther subregion) w ith in  a larger region 
o f interest, then it is alm ost certain tha t th e  species overlap 
between quadrats will underestim ate the species overlap between 
subregions. Depending on how  species are d istributed  across 
subregions, the effect o f this on the way in w hich species actually 
accum ulate w ith increasing area can be very large.

Suppose tha t each quadrat represents a sam ple from  a sub- 
region. Let x¡j be the num ber o f  individuals o f  species j  contained 
in  quadrat i, x¡ =  (x\¡X2¡ • • • x nj) be the vector o f  quadrat counts 
for species j ,  and Kj be the unknow n num ber o f  subregions that 
contain species j. By analogy to  the sam ple species-area relation
ship in E quation (4), C hu et al. (1998) defined th e  h idden  species- 
area relationship as

Shlddcniftt) — i  — y '

(;) '

(7)

the process by which individuals are distributed  in samples 
w ithin subregions.

The param eters or, ß , and y  o f  this m odel can be estim ated by 
the m ethod o f  m axim um  likelihood— technical details are 
provided in C hu et ai. (1998)— and these estim ates can be used 
to estim ate the hidden species-area relationship in Equation 
(5). C om puter code for perform ing these calculations is available 
from  the first author. A key assum ption o f  this m odel is that the 
dispersion param eter y  is the same for all species. Roughly speak
ing, th is allows the variability o f positive quadrat counts o f abun
dan t species to  provide inform ation about the zero counts o f  rare 
species.

As an illustration, we applied this approach to  data  from  the 
classic benthic survey described in Grassle and M aciolek (1992). 
This example involves ten  stations located on  a 180-km transect 
along the 2100-m isobath off the coast o f  New  Jersey. The data 
at each station, which are sum m arized in Table 1, represent 
pooled results over six sam pling times and three replicate cores 
per sam pling tim e. Figure 1 shows the sam ple species-area  rela
tionship in Equation (6). This increases from  297 species in a 
single sam ple to  647 species in all ten samples and conform s rea
sonably well to  a power model w ith exponent 0.3. T he estim ated 
h idden  species-area relationship, which is also shown in 
Figure 1, is strikingly different, increasing only slightly from  
around  590 species in a single subregion to  647 in  all ten

Table 1. Summary statistics for ten deep-sea sampling stations.

where x  =  (xi X2 • • • x») is th e  com plete set o f  observed species 
counts. T he h idden species-area curve is the conditional expected 
value o f  the  num ber o f  species contained in  a random  sam ple o f  m 
subregions, given the observed species counts. I f  each quadrat is 
treated as a subregion (and n o t as a sam ple from  a subregion), 
then  Kj =  n¡ and the h idden spec ies-a rea  relationship in 
E quation (7) is the same as the  sam ple species-area  relationship 
in Equation (6). Otherwise, 5hidden(«i) >  Ssampic(^) and  ^sampk(tn) 
will overestim ate the rate at w hich species accum ulate w ith area.

To take this argum ent further, it is necessary to  specify a statis
tical m odel for the way in  which individuals are d istribu ted  within 
subregions. C hu et ul. (1998) presented one such m odel. The 
model operates in the following way. First, K ), K2 , . . . .  Ks are 
assum ed to  be independent and identically d istribu ted  w ith a zero- 
truncated  beta-binom ial d istribution  with param eters a  and ß. 
The beta-binom ial d istribution  extends the fam iliar binom ial dis
tribu tion  to  allow for variability between species in the occurrence 
probability  w ith in  subregions. The zero truncation  ensures that 
the species are present in  a t least one subregion. Second, given 
Kj, species j  is distributed a t random  to Kj o f  the « subregions. 
T hird, the total observed num ber ^ ”=1 x¡¡ o f  individuals o f 
species ;  is distributed  am ong  these Kj sam ple quadrats according 
to a D irichlet m ultinom ial d is tribu tion  w ith com m on dispersion 
param eter y. The Dirichlet m ultinom ial d istribu tion  is the exten
sion o f  the beta-binom ial d is tribu tion  to the situation in  which 
> 2  outcom es are possible. N ote that in  this m odel, the process 
by w hich species are d istributed  in subregions is decoupled from

Station Individuals Species Singleton species Unique species
1 7 093 301 92 28
2 8155 329 97 28
3 6632 325 89 26
4 7 683 281 80 17
S 7178 308 82 16
6 5 224 267 69 17
7 6070 304 86 23
8 2 559 225 67 12
9 5 956 278 74 13
10 7 739 351 114 42
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Figure 1. Observed species-area curve (dotted  line) and estimated 
hidden species-area curve (solid line) for deep-sea benthic data.
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subregions. In essence, under the  m odel ou tlined  above, the data 
are consistent w ith a situation  in w hich the  species tend  to  be 
cosm opolitan  across subregions, b u t w ithin subregions, indivi
duals are distributed  patchily.

R eturning to  the question  o f  assessing species loss, i t  is clear 
th a t failing to account for unsam pled  species in  estim ating the 
regional species-area  relationship can have a dram atic effect on 
conclusions about the effect o f  hab ita t loss. A ccounting for 
unsam pled species is certainly a challenge and  requires specifica
tion  o f  a statistical m odel. T he m odel o f  C hu  et al. (1998) is 
only  one possibility, and  there is need for m ore  w ork  in  this area 
and, in  particular, in  the developm ent o f  m odels th a t reflect 
w hat is know n about biogeographical processes.

Inferring extinction from direct species sampling
The m ost direct way to  infer extinction  in a com m unity  or o ther 
group o f  species is by observing the com m unity  over tim e. Here, 
we focus on the situation  in  w hich taxonom ic samples are taken 
at tw o times, and  the question  o f  in terest is w hether any o f  the 
species observed in th e  earlier sam ple have becom e extinct by 
the tim e o f  the later sam ple. W ith in  this situation , we consider 
tw o cases. In the first, species counts are available for both 
tim es. In the second case, only a species list is available for the 
earlier tim e. In bo th  cases, the main difficulty is th a t the absence 
o f a species in the second sam ple can be attribu ted  either to  extinc
tion  o r  to  sam pling variability.

Suppose that an earlier sam ple contains a total o f  s species, and 
let E\ , E2 , . . . ,  £5 be th e  species coun ts for those species. A second 
sam ple is taken later. Let L ¡, L2 , . . . ,  Ls be the species coun ts for 
those sam e s species in the  second sam ple. N ote that E, m ust be > 0  
for all j  (otherwise, the species is n o t observed in th e  earlier 
sam ple), b u t tha t ly can be zero. Let Cy =  E¡ +  L¡ be the com bined 
co u n t for species) in bo th  sam ples. W e assum e that, conditional 
on  the observed value cj o f  Cy, L¡ has the  probability  mass function

p ro b d y  =  lylCy =  Cy) =  ( |  )  (1 -  I l y ) ^ (8)

log L(q, a, b) =  j] lo g p (/y |c y ) , 
y=i

(9)

where

p « y | c y ) - t *  +  d - « ( f )  B{lj + aB{CaÍb)¡i + b) <10>

is the conditional probability  mass function  o f L y given C y =  cy , 
w here 5y =  1 if /y  =  0 and 1 otherw ise, and  B  is th e  beta function.

This log-likelihood can be used to  test the null hypothesis 
H0 : q =  0 tha t all zero coun ts at the later tim e are attributable 
to  sam pling variability against the one-sided alternative hypothesis 
H i : q >  0 that som e m ay be attributable to  extinction. The like
lihood ratio  (LR) statistic for testing H 0 against H\ is

A =  2(log U q, «, h) -  log L(0, 0(0), h(0))), ( 11)

where q. â, and b are the unrestricted  m axim um  likelihood (ML) 
estim ates o f  q, a, and b, and  5(0) and  ¿(0) are the ML estim ates o f  a 
and b w ith  q fixed at zero. The null hypothesis can be rejected at 
approxim ate significance level a  if  the  observed value o f  A 
exceeds the upper 2o¡-quantile o f  the d is tribu tion  w ith 1 
degree o f freedom . C om puter code for perform ing this test is avail
able from  the first author.

As an  illustration, we applied this m ethod  to  som e data from  a 
benthic survey conducted by the M assachusetts W ater Resources 
A uthority  in  M assachusetts Bay. These data, w hich are described 
in m ore detail in M aciolek et al. (2008), consist o f  two sam ples col
lected in  1996 and 2007 near the end  o f the Boston H arbour 
sewage outfall. This outfall began operating  in 2000, and the 
sam ples were taken as p a r t o f  a large m on ito ring  program m e 
designed to  identify and m easure any effects o f  the outfall. The 
data are presented in Figure 2, w here the abundances (on a 
log-scale) in  2007 o f  the 203 species found in 1996 are plotted 
against their abundances in the 1996 sample. O f the species 
found in 1996, 49 were n o t found in 2007. M ost o f  these were 
rare in the 1996 sample, b u t som e were not.

For these data, the unrestricted ML estim ate o f  q is 0.06, i.e. an 
estim ated 6% o f  the species observed in 1996 were no longer 
present in 2007. This contrasts w ith the nearly 25%  o f  species 
observed in 1996 that were no t observed in 2007. The value o f 
the LR statistic is 3.77 fo r an approxim ate p-value o f  ~0 .026 . 
Therefore, by conventional standards o f  significance, we reject 
the null hypothesis o f n o  extinctions. Two points are w orth  
em phasizing here. First, the spatial scale o f  the sam pling is very

where the random  probabilities I i i , I I 2, . . . ,  I IS follow a m ixture of 
a p o in t mass q at zero an d  a  beta distribution with param eters a and 
b over the u n it interval. This model is a m odification o f  one p ro 
posed by Smith et al. (1996), who called it a d e lta -be ta  binom ial 
model, for estimating species overlap. The basic idea is that the 
point mass at zero accom m odates zero species counts associated 
with extinction, whereas the beta com ponent accom m odates vari
ability in the sampling probabilities o f  species that are no t extinct.

Let f |, I2 , ls be the observed species coun ts in  the second 
sample. The log-likelihood o f  th e  com plete sam ple is given by
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Figure 2. Sample abundances (at a log-scale) in 2007 of 203 benthic 
species found in 1996 at the Boston Harbour outfall site vs. their 
abundance in 1996. Larger points indicate species num bers > 1 . 
Species with zero abundance in 2007 are indicated as filled circles 
just above the horizontal axis.



Extinction in the ocean and its inference 93

small and provides only a highly local p icture o f  species loss. 
Second, there is no reason to  believe that any local species loss 
was caused by the operation o f the outfall. In particular, the 
2007 sample contains 36 species that were no t present in 1996. 
Considerably m ore  inform ation is needed about the natural rate 
of species tu rnover at this site before any issues of attribution  
can be addressed.

Finally, we consider the case in  which only  a species list is avail
able for the earlier tim e and species counts are available only for 
the later tim e. Because species counts are not available for both 
times, it is n o t possible as above to  focus on how  they are distrib
uted between the tw o tim es conditional on  their sum . Instead, we 
model the species counts in  th e  later period  using a stochastic 
abundance d is tribu tion  (C hao and Bunge, 2002) extended to  
allow for extinction . A convenient stochastic abundance model 
is the Poisson lognorm al (Buhner, 1974). U nder this model, the 
species co u n t L¡ far species ;  has a Poisson distribution  w ith sto
chastic m ean 0 ;  that follows a lognorm al d istribution with 
mean /a and variance cP. As above, we extend this, m odel to  
allow for extinction by including an additional probability q o f a 
zero count.

The log-likelihood o f the la ter sam ple is

i
log L(q, cr2) =  ^  log pi/;). (12)

ƒ=!

Here,

/>(/,) =  q 8) +  (1 — <?)ƒ(/;•; /a, <^). (13)

where Sj =  1 if lj =  0 and 0 otherwise, and  ƒ  (If, ¡i, a2) is the 
Poisson-lognorm al probability mass function evaluated at lj. The 
LR statistic for testing the null hypothesis H 0 ; q — 0 o f  no extinc
tion against the one-sided alternative hypothesis H] : q >  0 is

A =  2 (log L(q, A , Ô-2) -  log L(0, ¿ (0 ) , á \0 ) ) ) .  (14)

where q, j i . and & 2 are the unrestricted ML estim ates o f  q, / a ,  and 
a2, and A(0) and  ô 2(0) are the ML estimates o f/a  and a1 under the 
restriction tha t q — 0. As above, H0 can be rejected at approxim ate 
significance level a  if  the observed value o f A exceeds the upper 
2a-quantile  o f  the y 2 d is tribu tion  w ith 1 degree o f  freedom. 
Com puter code for perform ing this test is also available from 
the first author.

As an illustration, we applied this m ethod to som e data on 
benthic invertebrates on  Georges Bank o ff the coast o f 
M assachusetts. To begin w ith, we used the O cean Biogeographic 
Inform ation System to com pile a list o f  154 benthic invertebrate 
species from  specim ens collected before 1960. We then extracted 
the counts o f  these species from  the 1981/1982 surveys conducted 
by Frederick Grassle and Nancy M aciolek (M aciolek and Smith, 
2009). The 1981/1982 counts for these 154 species, o f which 42 
(or just over 27%) are zero, total 169 772 individuals. The unre
stricted ML estim ates o f q, p ,  an d  e ra re  0.17, 3.14, and 2.97, re
spectively, and tire M L estim ates o f  /a an d  cr under the 
restriction th a t q =  0 are 2.10 and 3.64. The value of the LR stat
istic is 4.47, w ith an approxim ate significance level o f 0.017. 
Therefore, we can reject the null hypothesis that there have been 
no extiirctions. As a check o f the m odel fit, Table 2 reports tire rela
tive frequencies o f  different values o f  species counts along w ith the

Table 2. Observed and fitted frequencies to  species counts from 
the 1981/1982 survey of Georges Bank.

Count Observed frequency Fitted frequency
0 0273 0.273
1 0.045 0.054
2 0.039 0.037
3 0.013 0.028
4 0.032 0.023
5 0.013 0.019
6 -1 0 0.091 0.066
11-50 0.162 0.172
51-100 0.084 0.071
101-500 0.123 0.133
501-1 000 0.039 0.040
1000-10 000 0.071 0.068
> 1 0  000 0.013 0.017

frequencies fitted under H t. Note that the fitted value o f  the fre
quency o f  zero counts is guaranteed to equal the observed value. 
In overall terms, the fit appears to be good, so we conclude tha t 
o f  th e  42 species that were unobserved in 1981 /1982 , an  estim ated 
26 are no longer present. A possible explanation for this species 
loss is the intensive bottom-trawling on Georges Bank during 
the 1960s and the 1970s (Collie e ta /., Î997).

Discussion
W e began by stating that no-one knows how m any m o d e m  extinc
tions there have been in the ocean. O f course, for practical p u r
poses, the precise num ber o f m odern m arine extinctions cannot 
be known and  the real question is w hether there is any  credible 
estimate. The answer to this question is also negative, and  o u r 
purpose has been therefore to  take a step tow ards explaining 
why this might be. The basic reason for the lack o f an  estim ate 
is that it is difficult to generate one. The m ain difficulty is that 
extinction is a singular event and the observational basis for infer
ring it is very thin. To make progress, it is necessary to  supplem ent 
the observational record w ith fairly substantial statistical assum p
tions. As illustrated here, this allows one to  conduct form al infer
ence about extinction. This level o f  quantitative rigour is relatively 
new to  questions on extinction. The results o f these m ethods m ay 
be sensitive to  the underlying statistical model, and  the  thinness o f 
the observational record poses a challenge to  the type o f  inodel- 
validation exercise that would otherwise be possible. For this 
and o ther reasons, there is a strong need to base the  statistical 
models on  biological knowledge rather than m athem atical 
convenience.

Further, an argum ent can be made for m oving away from a 
focus on num bers and instead developing a deeper understanding  
o f  the processes underlying the extinction o f  different types o f 
organism  in different habitats facing differing types o f p e rtu rb 
ation. Beyond its scientific value, such an understand ing  could 
support both a  qualitative assessment o f  the likely extinction 
im pacts o f  m ore easily observed perturbations, as well as m easures 
that can be taken to avoid or mitigate them.
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