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Abstract:

 

Relatively few marine fishes have been assessed under World Conservation Union criteria, yet it is
believed that marine fish extinction rates have been underestimated by one order of magnitude (McKinney
1999). Given the paucity of data required for traditional assessment methods, we explored the use of poten-
tial correlates of extinction vulnerability to prioritize species for conservation assessment. We focused on the
world’s 230 species of skates and rays (Rajidae) because they have been identified as one of the most vulner-
able groups of marine fishes. We searched for all documented cases of local extinction and compiled a data-
base of body size and latitudinal and depth ranges for all species for which data were available. We found
that species that have disappeared from substantial parts of their ranges (“locally extinct”) have large body
sizes compared with all other skates, but that latitudinal and depth ranges were similar to those of other spe-
cies. The body size correlate may be due to higher mortality rates and correlations with life-history parame-
ters such as late age at maturity. We used the locally extinct species that had the smallest size or ranges as
benchmarks to generate lists of other species that may be vulnerable. Body size generated the smallest species
list (7), excluding the known local extinctions, compared with lists generated by size of latitudinal (150) or
depth range (63). Body size was the only trait that correctly identified the known local extinctions, suggesting
that it is more useful than range sizes for identifying potentially vulnerable fishes. This provides a simple, ob-
jective method of prioritizing species for further assessment, which complements direct methods that are
more data-intensive and time-consuming.

 

Predicción de la Vulnerabilidad de Extinción en Rayas

 

Resumen:

 

Pocos peces marinos han sido evaluados según los criterios de la UICN, sin embargo se cree que
las tasas de extinción de peces marinos han sido subestimadas por un orden de magnitud (McKinney, 1999).
Dada la escasez de los datos requeridos por los métodos de evaluación tradicional, exploramos el uso de cor-
relaciones potenciales de vulnerabilidad de extinción para priorizar especies para la valoración de su conser-
vación. Nos enfocamos en las 230 especies de rayas del mundo (Rajidae) puesto que han sido identificadas
como uno de los grupos de especies marinas más vulnerables. Buscamos todos los casos documentados de ex-
tinción local y recopilamos una base de datos de tamaño corporal y rangos latitudinales y de profundidad
para todas las especies de las que existen datos disponibles. Encontramos que las especies que han desaparec-
ido de partes sustanciales de sus rangos de distribución (“localmente extintas”) han tenido cuerpos grandes
comparadas con las otras rayas, pero sus rangos latitudinales y de profundidad fueron similares a los de las
otras especies. La correlación del tamaño del cuerpo puede ser debida a tasas de mortalidad más altas y a
correlaciones con parámetros de la historia de vida como lo es la edad avanzada al madurar. Usamos las es-
pecies localmente extintas que tenían los tamaños más pequeños o los rangos más pequeños como referen-
cias para generar listas de otras especies que pueden ser vulnerables. El tamaño corporal generó la lista más
corta (7), excluyendo las extinciones locales conocidas, comparada con la lista generada por el tamaño del
rango latitudinal (150) o el tamaño del rango de profundidad (63). El tamaño corporal fue la única car-
acterística que identificó correctamente las extinciones locales conocidas, sugiriendo que es mas útil que los
tamaños de los rangos para identificar peces potencialmente vulnerables. Esto provee un método simple y ob-
jetivo para priorizar especies para evaluaciones futuras, lo cual complementa métodos directos que re-

 

quieren datos intensivos y consumen mucho tiempo.
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Introduction

 

Marine fishes present unique challenges for conservation
assessment ( Vincent & Hall 1996; Roberts & Hawkins
1999 ). Fisheries have caused severe declines in many
species, but there are still no documented cases of com-
plete extinction, and there is considerable debate as to
whether marine species could become extinct (Roberts
& Hawkins 1999; Hutchings 2001; Jennings et al. 2001).
Many species are thought to be safe due to large geo-
graphical ranges and long-range dispersal mechanisms
( Malakoff 1997; McKinney 1998), although this will not
be true for all taxa (Vincent & Sadovy 1998; Roberts &
Hawkins 1999; Reynolds & Jennings 2000 ). It has also
been argued that biological extinction by exploitation is
unlikely because economic extinction would occur first,
causing a decline in exploitation and allowing popula-
tion recovery (Beverton 1990, 1992). Again, this ortho-
doxy has exceptions. For example, prices of southern
bluefin tuna (

 

Thunnus maccoyii

 

) have soared as high as
U.S. $178,000 per fish as stocks have declined (Watts
2001). This value makes it economically viable to use
airplanes to direct boats to single individuals. Species
caught as bycatches are another exception because they
can continue to decline as an indirect effect of fisheries
aimed at more valuable species (Brander 1981; Casey &
Myers 1998; Roberts & Hawkins 1999; Dulvy et al. 2000).

Uncertainty about the theoretical likelihood of extinc-
tions in marine ecosystems is compounded by practical
difficulties in identifying species at risk ( Mace & Hudson
1996; Vincent & Hall 1996). It is difficult to conduct sam-
pling with sufficient power to determine rates of decline,
how many individuals are left, or whether the last individ-
ual has disappeared (Roberts & Hawkins 1999). Fisheries
biologists pay more attention to valuable targeted species,
but because the majority of fishes are not managed, we
know little about them. Consequently, local extinctions of
marine fishes and invertebrates tend to be overlooked un-
til long after they have occurred (Brander 1981; Casey &
Myers 1998; Carlton et al. 1999; Dulvy et al. 2000). As a re-
sult of these problems, the conservation status of 

 

�

 

5% of
approximately 24,600 fish species has been assessed ac-
cording to the World Conservation Union’s Red List of
Threatened Species (Hilton-Taylor 2000). Given the cur-
rent situation, it seems timely to devise rules of thumb to
allow the rapid, objective assessment of the conservation
status of marine fishes (e.g., Musick 1999

 

a

 

). This is partic-
ularly true for elasmobranchs such as skates and sawfishes
(Camhi et al. 1998), which are believed to be highly vul-
nerable to exploitation due to their large body size and
associated large offspring size, slow growth, late matura-
tion, and low fecundity relative to bony fishes (teleosts)
(Holden 1973, 1974; Compagno 1990; Hoenig & Gruber
1990; Stevens et al. 2000; Goodwin et al. 2002).

One approach to prioritizing species for conservation
is to use life-history traits correlated with declining or

 

extinct taxa (Reynolds et al. 2001). The most obvious bi-
ological feature to examine is body size. In a wide vari-
ety of taxa, large-bodied species are consistently more
prone to declines or extinction (Lessa & Farina 1996;
Bennett & Owens 1997; McKinney 1997 ). Larger fish spe-
cies are usually more valuable and hence targeted more
extensively. They are also more prone to being caught
by many types of fishing gear. Large-bodied species have
correlated life-history characters that render populations
less resilient to exploitation; for example, late maturity
leads to low intrinsic rates of population increase ( re-
viewed by Musick 1999

 

b

 

; Smith et al. 1999; Reynolds et
al. 2001). These expectations have been borne out by
recent comparative studies showing that larger-bodied
species, including skates, tend to suffer greater declines
than smaller ones ( Jennings et al. 1998, 1999

 

a

 

; Dulvy et
al. 2000; Stevens et al. 2000). Additional features linked
to high extinction vulnerability in other taxa are small
geographic range size ( Jablonski & Chaloner 1994; Gas-
ton 1996; Gaston & Blackburn 1996; Purvis et al. 2000)
and ecological specialization, including feeding modes,
habitats, and migration (Carlton et al. 1991; McDowall
1992; Bibby 1994; Angermeier 1995).

Although species can be ranked along these gradients of
vulnerability, it is helpful to have benchmarks for deter-
mining how vulnerable a given species is apt to be and
hence what priority the species deserves for protection or
further assessment. Choices of dividing lines will always be
rather arbitrary, whether based on ecology (Stobutzki et al.
2001), life histories (e.g., Musick 1999

 

a

 

), or population
changes and range size (Mace 1995; Purvis et al. 2000). We
explored a potential way forward that involves the use of
species whose vulnerable status has been well docu-
mented as benchmarks for comparison with other species
with similar life histories. We suggest that exploited spe-
cies beyond the benchmark for the relevant extinction cor-
relate should be given high priority for conservation at-
tention because they could face a similar fate. Testable
hypotheses derived from this reasoning are that species
larger than a body-size benchmark should be more vulner-
able, as should species with smaller geographic ranges.

We searched for documented local extinctions of all
230 known skate species and compared the body sizes
and two measures of geographical range size, latitude
and depth, of the known locally extinct species to those
of all other species to qualitatively test the hypotheses.
The known locally extinct species were used as bench-
marks to identify additional species that may be at risk
on the basis of body size and range and that therefore
deserve high priority in conservation assessments.

 

Methods

 

Locally extinct species are defined as those that have un-
dergone severe population declines and have disap-
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peared from a substantial part of their geographical
range. To determine which of the world’s described
skates have become locally extinct, we searched the lit-
erature and questioned people on ELASMO-L, an elec-
tronic elasmobranch discussion group of approximately
675 subscribers ( J. G. New, personal communication).

For each species, where available, we collated infor-
mation on body size (109 species), latitudinal range (202
species), and depth range (147 species). Total length (in
centimeters) was used as a measure of body size, latitudi-
nal range was measured in degrees, and depth range was
measured in meters. Data were compiled from FishBase
(Froese & Pauly 2000), primary literature, and regional
checklists. The data set is available on request from the
authors. Relative geographical ranges were calculated
from the residuals of a least-squares regression model of
each range size on body size.

Through a two-step approach, we asked how useful
body size and both measures of range size were for iden-
tifying vulnerable species. First, we compared the body
size and ranges of species exhibiting evidence of extir-
pation to all other species to see at which end of the
trait spectrum the locally extinct species lie. Second, we
used the results of this analysis to provide a benchmark
for identifying additional species that may have been at
risk, but for which data on their status were not yet
available. As a precautionary approach, we searched our
database for all species that met any of the following
three criteria: (1) larger body size than the smallest
known locally extinct species, (2 ) smaller latitudinal
range size than the locally extinct species with the small-
est latitudinal range, and (3) narrower depth range than
the locally extinct species with the narrowest depth
range. We used the locally extinct species with the
smallest body and range size as benchmarks to search
for species facing the double jeopardy of large body size
and small range size.

We tested for relationships between body size and the
two measures of range size using both cross-species re-
gression, in which each species contributed one data
point to the analyses, and phylogenetically based com-
parative analyses (Felsenstein 1985; Harvey & Pagel
1991; Martins 1997; Rickman et al. 2000; Reynolds et al.
2001). The latter method addresses the fact that com-
mon ancestry usually precludes species from being
treated as if they are statistically independent. Statistical
and phylogenetic independence can be achieved by cal-
culating paired independent contrasts (PICs) or differ-
ences in life history and biogeographical traits between
closely related pairs of species. The use of contrasts also
reduces the Type 1 error rate by controlling for spurious
differences among unrelated taxa. We calculated con-
trasts using CAIC (Purvis & Rambaut 1995), based on
the most detailed and recent genus-level skate phylog-
eny ( McEachran & Dunn 1998 ). Information on the
branch lengths between species was unavailable, so we

 

set them to zero. Data were log

 

10

 

-transformed to achieve
normality, and the raw contrasts were standardized by
the square root of their expected variance to meet the
assumptions of regression analysis (Purvis & Rambaut
1995; Freckleton 2000).

 

Results

 

To the best of our knowledge, there is evidence for the
local extinction of only four species of skate: barndoor
skate, common skate, long-nose skate, and white skate
(Table 1 [contains scientific names]; Fig. 1). We com-
pared the distribution of the traits of the locally extinct
species with those of all other species (Fig. 2). The lo-
cally extinct species were all on the large end of the
body-size spectrum, the smallest of which was the barn-
door skate, and it was therefore used as a benchmark for
this trait (Fig. 2). The locally extinct species exhibited
intermediate to large latitudinal ranges and intermediate
depth ranges compared with the other species (Fig. 2).
The white skate had both the smallest latitudinal range
and smallest depth range; it was therefore used for a
benchmark for these traits in later analyses. Overall,
large-bodied species had larger latitudinal ranges than
smaller species (cross species, 

 

F

 

1,94
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 11.9, 

 

p
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0.001;
phylogenetic contrasts, 
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1,27
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 26.2, 

 

p

 

 

 

�

 

 

 

�

 

0.001), and
they occupied greater ranges of depth (cross species,
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1,93
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 3.7, 

 

p
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 0.057; phylogenetic contrasts, 
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1,25
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4.85, 

 

p

 

 

 

�

 

 0.037) (Fig. 3).
In addition to the known local extinctions, seven spe-

cies had larger body sizes than the barndoor-skate
benchmark (Table 2; Fig. 4). Many species had smaller
latitudinal (150) and depth (63) ranges than the white-
skate benchmark. Fewer species had smaller relative lati-
tudinal ranges (29) and smaller relative depth ranges
(20) than the benchmark white skate when body size
was controlled for. Three species had both larger body
sizes and smaller relative latitudinal ranges than the
benchmarks: Richardson’s ray, spinetail ray, and smooth
skate. Only one species, the roughbelly skate, had both
larger body size and smaller relative depth range than
the benchmarks. The only trait that correctly identified
the other known local extinctions, apart from those
used as benchmarks, was body size (Fig. 4). Contrary to
the hypothesis linking vulnerability to range size, all
three of the nonbenchmark local extinctions involved
species occupying larger ranges and living in deeper wa-
ter than the benchmarks. Four of the 7 species identified
as potentially vulnerable, based on their body size, have
shallow continental shelf and slope distributions. Three
others—pale ray, Richardson’s ray, and the roughbelly
skate—inhabit abyssal plains (Table 2).

As an additional test of the value of body size com-
pared to range size for predicting vulnerability, we rean-
alyzed correlates of population trends of five exploited
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Irish Sea skates (based on Dulvy et al. 2000). There was
a significant negative relationship between body size
and both measures of abundance ( numerical abun-
dance, 

 

F

 

1,4
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 18.8, 

 

p
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 0.023;biomass, 
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1,4
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 10.5, 

 

p
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0.048), whereas no significant relationship was found
between global geographical range size and either mea-
sure of abundance, suggesting that global range is not
very helpful in predicting vulnerability at smaller scales.

 

Discussion

 

Prioritizing Species for Conservation

 

Our study highlights seven species of skate that may be
vulnerable to extirpation if exploited in a manner similar
to that of the four species that we consider to have un-

 

dergone local extinction ( i.e., disappearance from sub-
stantial parts of their geographical ranges). None of
these species lives solely on the continental shelf, so
they may be able to survive in deep-water refuges. This
factor has been implicated in limiting the decline of
other skates (Brander 1981; Casey & Myers 1998). Such
a refuge may not be available to the smooth skate (

 

Dip-
turus innominatus

 

) because it is occasionally captured
by deep-water fisheries (Francis 1997; Hurst & Bagley
1997 ). This species is endemic to New Zealand and
has the least productive suite of life-history traits known
for any skate, maturing at 13 years old and reaching at
least 24 years of age (Francis et al. 2001). It is the only
shallow-water species facing the double problem of
large body size and small latitudinal range, and it de-
serves the greatest conservation attention of the seven

Figure 1. Historical distribution of 
four locally extinct skates in the 
northwest and northeast Atlantic, 
from Table 1. Key: e, area of local 
extinction; p, present in recent fish-
eries surveys; ?, no knowledge of sta-
tus; e?, possible local extinction. 
Scale bar represents 150 km.
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species identified here. The three deep-water species
may not require immediate prioritization because they
live beyond the depth of most fishing gear, but they
should not be forgotten if new deep-water fisheries are
planned.

The choice of benchmark for any method of conserva-
tion assessment is arbitrary. In our study, the thornback
ray (

 

Raja clavata

 

) might be included under our defini-
tion of locally extinct and used as a benchmark. This
species is smaller than our current benchmark, the barn-
door skate (112 cm vs. 152 cm). It has disappeared from
the southeast (Dutch) coast of the North Sea, and it has
undergone an approximately 45% decline in abundance
in the Irish Sea between 1988 and 1997 (Dulvy et al.
2000). It is present in the southwest (Thames) coast of
the North Sea, however, and it is the most abundant

skate species in the Irish Sea ( Walker & Heessen 1996;
Walker et al. 1997; Dulvy et al. 2000). We believe this
species should be watched carefully.

 

Body Size and Range Size as Predictors of Vulnerability

 

Our analyses suggest that body size is more useful for de-
tecting species at risk than any measure of global geo-
graphic range size. Body size generated a manageably
small number of species, but—more importantly—it
was the only trait that correctly identified the other lo-
cally extinct skates.

Body size is useful for several reasons, both practical
and theoretical. Body-size data can be easily collected

Figure 2. Frequency distribution of skate body size, 
latitudinal range, and depth (m) range. Locally extinct 
species are shaded.

Figure 3. Relationships between phylogenetically inde-
pendent contrasts in skate body size and (a) contrasts 
in skate latitudinal range size and (b) contrasts in 
skate depth range. A contrast is the trait difference be-
tween two related taxa (see methods).
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from the literature, and size is intimately linked to life
histories and demography via life-history invariants and
tradeoffs involving individual growth rate and natural
mortality (Roff 1992; Charnov 1993; Reynolds et al.
2001). Individual growth rates are tied to age and size at
maturity, and the intrinsic rate of population increase is
determined largely by age at maturity in sharks (Smith et

 

al. 1999). It is therefore not surprising that body size is a
reasonable predictor of vulnerability, particularly where
the threat is from fishing. Most fisheries are biased to-
ward larger individuals and species ( Jennings et al. 1999

 

b

 

).
Indeed, there is a negative correlation between skate
body size and population trend (Walker & Hislop 1998;
Dulvy et al. 2000). From a demographic perspective, it
would be more satisfying to be able to calculate 

 

r

 

, the in-
trinsic rate of population increase, but the required esti-
mates of age-specific fecundity and survival are rarely
available, and the value of 

 

r

 

 calculated for wild popula-
tions depends on population density (Reynolds et al.
2001; Sutherland & Gill 2001). This makes it a slippery
parameter to pin down, because its measurement will
change as populations change.

Skates, like other marine and terrestrial species, ex-
hibit a positive relationship between body size and glo-
bal geographical range size (Gaston & Blackburn 1996;
Pyron 1999). Consequently, it is not immediately appar-
ent why our measures of geographic range size did not
correctly identify locally extinct skates in addition to the
benchmark. This failure was also shown by the quantita-
tive analysis of the population trends of five skate spe-
cies in the Irish Sea between southwest Britain and Ire-
land.

For three reasons, we believe that skates are not buff-
ered by large geographic distributions. First, the geo-
graphic scale of mortality is often large, with fisheries
covering large areas, especially in shallow-water conti-
nental-shelf regions. Second, population recovery is
hampered by the continuing mortality of these fishes as
bycatches of fisheries targeting more valuable species.
Third, even if fishing pressures decrease, skates may
have little capacity for dispersal and recolonization of
depleted areas. Skates lay benthic eggs and tend to be
philopatric, exhibiting only limited seasonal movement
(

 

�

 

50–100 miles) (Wheeler 1969; McEachran & Musick
1975; Walker et al. 1997; Anonymous 1999a). In support
of the second and third factors, there is little evidence
for recolonization of the Irish Sea by the common skate,
despite the presence of a nearby population off western
Scotland. Only six individuals were captured in govern-
ment surveys of the Irish Sea between 1988 and 1997
(Dulvy et al. 2000). Although there is insufficient empiri-
cal evidence to quantitatively examine the vulnerability
of skates with restricted ranges, the undescribed Port
Davey skate has been listed as endangered because it is
known only from two Tasmanian estuaries and because
range restrictions suggest that a number of Mediterra-
nean species may be vulnerable (Notarbartolo di Sciara
1998; Hilton-Taylor 2000 ). Unusually for fishes, the
skate family includes a large proportion of species con-
fined to a single zoogeographic locality, approximately
55% (McEachran 1990; McEachran & Miyake 1990). As
more data become available, future studies should inves-
tigate the interaction between body size and geographic

Figure 4. Relationships between skate body size and 
(a) latitudinal range and (b) depth range. The bench-
mark species for body size is the barndoor skate and 
for latitudinal or depth range the white skate. Locally 
extinct species are represented by the open symbols. 
Light shading represents the domain of species theoret-
ically vulnerable due to either large body size or small 
range, according to the benchmarks (see text). Dark 
shading represents the domain of species potentially 
vulnerable due to both small range size and large 
body size.
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range size in predicting the vulnerability of fishes (e.g.,
Purvis et al. 2000).

Our approach is a first step toward an objective means
of prioritizing species for conservation assessment in
data-poor situations. This method is not a substitute for
demographic analyses, if they can be done, but the data
required for such quantitative approaches are unlikely
to become available except for fishes of the highest eco-
nomic value. The American Fisheries Society has re-
cently proposed a method that requires information on
both life histories and population trends (Musick
1999

 

a

 

). This is being used for assigning threat status,
rather than for making an initial decision about which
species should be examined, as we have emphasized
here. Although we agree with the theoretical motivation
for this approach, its data requirements still make it im-
practical for most marine fish species, including most of
those studied here. Thus, many regions of the world lack
the data necessary to know which species should be ex-
amined. We hope comparative approaches such as those
used here will point researchers in the right direction.

 

Acknowledgments

 

This work was supported by European Community con-
tract BIOEC.93/01 to J. W. Horwood, J. Browne, and
J.D.R. and by the Natural Environment, and Biotechnol-
ogy and Biological Sciences Research Councils. We are
grateful to R. Bonfil, G. M. Cailliet, J. A. Gill, N. B. Good-
win, G. W. Hopkins, S. Jennings, W. J. Sutherland, and
T. J. Webb for helpful discussions. J. R. Ellis, M. P. Fran-
cis, J. W. Horwood, J. D. Metcalfe, N. V. C. Polunin, and
J. D. Stevens provided constructive criticism, and E. Main,
C. M. Roberts, J. A. Musick, and three anonymous refer-
ees helped improve the manuscript

 

Literature Cited

 

Allen, M. J., and G. B. Smith. 1988. Atlas and zoogeography of common
fishes in the Bering Sea and northeastern Pacific. Technical report
NMFS 66. National Oceanographic and Atmospheric Administra-
tion, Washington, D.C.

Andriyashev, A. P. 1964. Fishes of the northern seas of the U.S.S.R. Is-
rael Program for Scientific Translations, Jerusalem.

Angermeier, P. L. 1995. Ecological attributes of extinction-prone spe-
cies: loss of freshwater fishes of Virginia. Conservation Biology 

 

9:

 

143–158.
Anonymous. 1979. Annex III: convention on the conservation of Euro-

pean wildlife and natural habitats. ETS no. 104. Council of Europe,
European Treaties, Bern.

Anonymous. 1997. FAO yearbook of fishery statistics: catches and
landings 1995. Food and Agriculture Organization, Rome.

Anonymous. 1999

 

a

 

. Determination of migration and movements of
rays and anglerfish in western sea areas. Final report on European
Commonwealth studies project BIOECO/93/01. European Union
Centre for Environment, Fisheries and Aquaculture Science, Low-
estoft, United Kingdom.

Anonymous. 1999

 

b

 

. Common skate (

 

Raja batis

 

) biological action
plan. English Nature, Peterborough, United Kingdom.

 

Bennett, P. M., and I. P. F. Owens. 1997. Variation in extinction risk
among birds: chance or evolutionary predisposition? Proceedings
of the Royal Society of London, Series B 

 

264:

 

401–408.
Beverton, R. J. H. 1990. Small pelagic fish and the threat of fishing: are

they endangered? Journal of Fish Biology 

 

42:

 

5–16.
Beverton, R. J. H. 1992. Fish resources: threats and protection. Nether-

lands Journal of Zoology 

 

42:

 

139–175.
Bibby, C. J. 1994. Recent past and future extinctions in birds. Philo-

sophical Transactions of the Royal Society of London, Series B 

 

344:

 

35–40.
Bonfil, R. 1994. Overview of world elasmobranch fisheries. Fisheries

technical report 341. Food and Agriculture Organization, Rome.
Brander, K. 1981. Disappearance of common skate 

 

Raia batis

 

 from
Irish Sea. Nature 

 

290:

 

48–49.
Bruce, J. R., J. S. Colman, and N. S. Jones. 1963. Marine fauna of the

Isle of Man. Memoir 36. Liverpool University Press, Liverpool,
United Kingdom.

Camhi, M., S. Fowler, J. Musick, A. Brautigam, and S. Fordham. 1998.
Sharks and their relatives: ecology and conservation. World Con-
servatio Union, Gland, Switzerland.

Carlton, J. T., G. J. Vermeij, D. R. Lindberg, D. A. Carlton, and E. C.
Dudley. 1991. The 1st historical extinction of a marine invertebrate
in a basin: the demise of the eelgrass limpet 

 

Lottia alveus.

 

 Biologi-
cal Bulletin 

 

180:

 

72–80.
Carlton, J. T., J. B. Geller, M. L. Reaka-Kudla, and E. A. Norse. 1999.

Historical extinctions in the sea. Annual Review of Ecology and Sys-
tematics 

 

30:

 

525–538.
Casey, J., and R. A. Myers. 1998. Near extinction of a large, widely dis-

tributed fish. Science 

 

281:

 

690–692.
Charnov, E. L. 1993. Life history invariants. Oxford University Press,

Oxford, United Kingdom.
Compagno, L. J. V. 1990. Shark exploitation and conservation. Pages

391–414 in H. L. Pratt, S. H. Gruber, and T. Taniuchi, editors. Elas-
mobranchs as living resources: advances in the biology, ecology,
systematics, and the status of the fisheries. Technical report NMFS
90. National Oceanographic and Atmospheric Administration,
Washington, D.C.

Compagno, L. J. V., D. A. Ebert, and P. D. Cowley. 1991. Distribution
of offshore demersal cartilaginous fish (class Chondrichthyes) off
the west coast of Southern Africa, with notes on their systematics.
South African Journal of Marine Science 

 

11:

 

43–139.
Cox, G., and M. Francis. 1997. Sharks and rays of New Zealand. Cam-

bridge University Press, Christchurch, New Zealand.
Dulvy, N. K., J. D. Metcalfe, J. Glanville, M. G. Pawson, and J. D. Rey-

nolds. 2000. Fishery stability, local extinctions and shifts in com-
munity structure in skates. Conservation Biology 

 

14:

 

283–293.
Fahy, E. 1989. Fisheries for ray (Batoidei) in western statistical area

VIIa, investigated through the commercial catches. Irish Fisheries
investigations series 34. Department of the Marine, Dublin.

Felsenstein, J. 1985. Phylogenies and the comparative method. The
American Naturalist 

 

125:

 

1–15.
Francis, M. 1997. A summary of biology and commercial landings and a

stock assessment of rough and smooth skates (

 

Raja nasuta

 

 and 

 

R.
innominata

 

). Ministry of Fisheries, Wellington, New Zealand.
Francis, M. P. 1998. New Zealand shark fisheries: development, size

and management. Marine and Freshwater Research 

 

49:

 

579–591.
Francis, M. P., C. and Ó Maolagáin, and D. Stevens. 2001. Age and

growth estimates and sexual maturity of two New Zealand en-
demic skates, 

 

Dipturus nasutus

 

 and 

 

D. innominatus

 

. New Zealand
Journal of Marine and Freshwater Research 

 

35:831–842.
Freckleton, R. P. 2000. Phylogenetic tests of ecological and evolution-

ary hypotheses: checking for phylogenetic dependence. Func-
tional Ecology 14:129–134.

Froese, R., and D. Pauly. 2000. FishBase. Available from www.fishbase.
org (accessed April 2000).

Gaston, K. J. 1996. Species-range-size distributions: patterns, mechanisms
and implications. Trends in Ecology and Evolution 11:197–201.



Conservation Biology
Volume 16, No. 2, April 2002

Dulvy & Reynolds Predicting Skate Vulnerability 449

Gaston, K. J., and T. M. Blackburn. 1996. Conservation implications of
geographic range size body size relationships. Conservation Biol-
ogy 10:638–646.

Goodwin, N. B., N. K. Dulvy, and J. D. Reynolds. 2002. Life history cor-
relates of the evolution of live-bearing in fishes. Philosophical
Transactions of the Royal Society of London, Series B 356:in press.

Hart, J. L. 1973. Pacific fishes of Canada. Fisheries Research Board of
Canada, Ottawa.

Harvey, P. H., and M. D. Pagel. 1991. The comparative method in evo-
lutionary biology. Oxford University Press, Oxford, United Kingdom.

Hilton-Taylor, C. 2000. IUCN red list of threatened species. World Con-
servation Union, Gland, Switzerland.

Hitz, C. 1964. Observations on the egg cases of the big skate (Raja
binoculata Girard) found in Oregon coastal waters. Journal of the
Fisheries Research Board, Canada 21:851–854.

Hoenig, J. M., and S. H. Gruber. 1990. Life-history patterns in the
elasmobranchs: implications for fisheries management. Pages 1–
16 in H. L. Pratt, S. H. Gruber, and T. Taniuchi, editors. Elasmo-
branchs as living resources: advances in the biology, ecology, sys-
tematics, and the status of the fisheries. Technical report NMFS
90. National Oceanographic and Atmospheric Administration,
Washington, D.C.

Holden, M. J. 1973. Are long-term sustainable fisheries for elasmo-
branchs possible? Rapports et Procès-Verbaux des Réunions du
Conseil International pour l Exploration de la Mer 164:360–367.

Holden, M. J. 1974. Problems in the rational exploitation of elasmo-
branch populations and some suggested solutions. Pages 117–137
in F. R. Harden Jones, editors. Sea Fisheries Research. ELEK Sci-
ence, London.

Hubbs, C. L. 1916. Notes on the distribution of three Californian rays.
Copeia 37:87–88.

Hulley, P. A. 1986. Rajidae. Pages 115–127 in M. M. Smith and P. C.
Heemstra, editors. Smith’s sea fishes. Springer-Verlag, Berlin.

Hurst, R. J., and N. W. Bagley. 1997. Trawl survey of shelf and upper
slope species off Southern New Zealand, November 1986. New
Zealand fisheries technical report 47. National Institute of Water
and Atmospheric Research, Wellington, New Zealand.

Hutchings, J. A. 2001. Conservation biology of marine fishes: percep-
tions and caveats regarding assignment of extinction risk. Canadian
Journal of Fisheries and Aquatic Sciences 58:108–121.

Jablonski, D., and W. G. Chaloner. 1994. Extinctions in the fossil
record. Philosophical Transactions of the Royal Society of London,
Series B 344:11–16.

Jennings, S., J. D. Reynolds, and S. C. Mills. 1998. Life history correlates
of responses to fisheries exploitation. Proceedings of the Royal So-
ciety of London, Series B 265:333–339.

Jennings, S., J. D. Reynolds, and N. V. C. Polunin. 1999a. Predicting
the vulnerability of tropical reef fishes to exploitation: an approach
based on phylogenies and life histories. Conservation Biology 13:
1466–1475.

Jennings, S., S. P. R. Greenstreet, and J. D. Reynolds. 1999b. Structural
change in an exploited fish community: a consequence of differen-
tial fishing effects on species with contrasting life histories. Journal
of Animal Ecology 68:617–627.

Jennings, S., M. J. Kaiser, and J. D. Reynolds 2001. Marine fisheries
ecology. Blackwell Science, Oxford, United Kingdom.

Lamb, A., and P. Edgell. 1986. Coastal fishes of the Pacific Northwest.
Harbour Publishing, Madeira Park, British Columbia, Canada.

Leim, A. H., and W. B. Scott 1966. Fishes of the coast of Canada. Bulle-
tin 155. Fisheries Research Board of Canada,

Lessa, E. P., and R. A. Farina. 1996. Reassessment of extinction pat-
terns among the late Pleistocene mammals of South America. Palae-
ontology 39:651–662.

Mace, G. M. 1995. Classification of threatened species and its role in
conservation planning. Pages 197–213 in J. H. Lawton and R. M.
May, editors. Extinction rates. Oxford University Press, Oxford,
United Kingdom.

Mace, G. M., and E. Hudson. 1996. Marine fish and the IUCN red list of
threatened animals. Zoological Society of London, London.

Malakoff, D. 1997. Extinction on the high seas. Science 277:486–488.
Martins, E. P. 1997. Phylogenies and the comparative method in ani-

mal behavior. Oxford University Press, Oxford, United Kingdom.
McDowall, R. M. 1992. Particular problems for the conservation of di-

adromous fishes. Aquatic Conservation Marine and Freshwater Eco-
systems 2:351–355.

McEachran, J. D., and K. A. Dunn. 1998. Phylogenetic analysis of
skates, a morphologically conservative clade of elasmobranchs
(Chrondrichthyes: Rajidae). Copeia 271–290.

McEachran, J. D., and T. Miyake. 1990. Zoogeography and bathymetry
of skates (Chondrichthyes, Rajoidei). Pages 305–326 in H. L. Pratt,
S. H. Gruber, and T. Taniuchi, editors. Elasmobranchs as living re-
sources: advances in the biology, ecology, systematics, and the sta-
tus of the fisheries. Technical report NMFS 90. National Oceano-
graphic and Atmospheric Administration, Washington, D.C.

McEachran, J. D., and J. A. Musick. 1975. Distribution and relative
abundance of seven species of skates (Pisces: Rajidae) which oc-
cur between Nova Scotia and Cape Hatteras. Fishery Bulletin 73:
110–136.

McKinney, M. L. 1997. Extinction vulnerability and selectivity: com-
bining ecological and paleontological views. Annual Review of
Ecology and Systematics 28:495–516.

McKinney, M. L. 1998. Is marine biodiversity at less risk? Evidence and
implications. Diversity and Distributions 4:3–8.

McKinney, M. L. 1999. High rates of extinction and threat in poorly
studied taxa. Conservation Biology 13:1273–1281.

Musick, J. A. 1999a. Criteria to define extinction risk in marine fishes.
Fisheries 24:6–14.

Musick, J. A. 1999b. Ecology and conservation of long-lived marine an-
imals. American Fisheries Society Symposium 23:1–10.

Northeast Fisheries Science Center. 2000. Draft 30th northeast re-
gional stock assessment workshop (30th SAW): stock assessment
review committee (SARC) consensus summary of assessments.
Woods Hole, Massachusetts.

Notarbartolo di Sciara, G. 1998. Dark clouds on Mediterranean elasmo-
branchs: the case of the endemic skates. Shark News 12:7.

Paulin, C., A. Stewart, C. Roberts, and P. McMillan. 1989. New Zealand
fish: a complete guide. Miscellaneous series 19. National Museum
of New Zealand, Wellington, New Zealand.

Purvis, A., and A. Rambaut. 1995. Comparative analysis by indepen-
dent contrasts (CAIC): an Apple Macintosh application for analys-
ing comparative data. Computer Applications in Biosciences 11:
247–251.

Purvis, A., J. L. Gittleman, G. Cowlishaw, and M. G. Mace. 2000. Pre-
dicting extinction risk in declining species. Proceedings of the
Royal Society of London, Series B 267:1947–1952.

Pyron, M. 1999. Relationships between geographical range size, body
size, local abundance, and habitat breadth in North American suck-
ers and sunfishes. Journal of Biogeography 26:549–558.

Reynolds, J. D., and S. Jennings. 2000. The role of animal behaviour in
marine conservation. Pages 238–257 in L. M. Gosling and W. J.
Sutherland, editors. Behaviour and conservation. Cambridge Uni-
versity Press, Cambridge, United Kingdom.

Reynolds, J. D., S. Jennings, and N. K. Dulvy. 2001. Life histories of
fishes and population responses to exploitation. Pages 147–168 in
J. D. Reynolds, G. M. Mace, K. H. Redford, and J. G. Robinson, edi-
tors. Conservation of exploited species. Cambridge University
Press, Cambridge, United Kingdom.

Rickman, S. J., N. K. Dulvy, S. Jennings, and J. D. Reynolds. 2000. Re-
cruitment variation associated with fecundity in marine fishes. Ca-
nadian Journal of Fisheries and Aquatic Sciences 57:116–124.

Robbins, C. R., and G. C. Ray. 1986. Atlantic coast fishes. Houghton
Mifflin, Boston.

Roberts, C. M., and J. P. Hawkins. 1999. Extinction risk in the sea.
Trends in Ecology and Evolution 14:241–246.



450 Predicting Skate Vulnerability Dulvy & Reynolds

Conservation Biology
Volume 16, No. 2, April 2002

Roff, D. A. 1992. The evolution of life histories. Chapman and Hall,
New York.

Scott, W. B., and M. G. Scott. 1988. Atlantic fishes of Canada. Canadian
Bulletin of Fisheries and Aquatic Sciences 219:731p.

Smith, S. E., D. W. Au, and C. Show. 1999. Intrinsic rebound potentials
of 26 species of Pacific sharks. Marine and Freshwater Research
49:663–678.

Stehmann, M. 1990. Rajidae. Pages 29–50 in J. C. Quero, J. C. Hureau, C.
Karrer, A. Post, and L. Saldanha, editors. Checklist of the fishes of the
eastern tropical Atlantic. European Ichthyological Union and United
Nations Educational, Scientific and Cultural Organization, Paris.

Stehmann, M., and D. L. Bürkel. 1984. Rajidae. Pages 163–196 in P. J.
P. Whitehead, M.-L. Bauchot, J.-C. Hureau, J. Nielsen, and E. Tor-
tonese, editors. Fishes of the northeastern Atlantic and Mediterra-
nean. United Nations Educational, Scientific and Cultural Organiza-
tion, Paris.

Stevens, J. D., R. Bonfil, N. K. Dulvy, and P. Walker. 2000. The effects
of fishing on sharks, rays and chimaeras (chondrichthyans), and
the implications for marine ecosystems. International Council for
Exploration of the Seas Journal of Marine Science 57:476–494.

Stobutzki, I., M. Miller, and D. Brewer. 2001. Sustainability of fishery
bycatch: a process for assessing highly diverse and numerous by-
catch. Environmental Conservation 28:167–181.

Sutherland, W. J., and J. A. Gill. 2001. The role of behaviour in studying
sustainable exploitation. Pages 259–280 in J. D. Reynolds, G. M. Mace,
K. H. Redford, and J. G. Robinson, editors. Conservation of exploited
species. Cambridge University Press, Cambridge, United Kingdom.

Teshima, K., and T. K. Wilderbuer. 1990. Distribution and abundance
of skates in the eastern Bering Sea, Aleutian Islands, and Gulf of
Alaska. Pages 257–268 in H. L. Pratt, S. H. Gruber, and T. Taniuchi,
editors. Elasmobranchs as living resources: advances in the biol-

ogy, ecology, systematics, and the status of the fisheries. Technical
report NMFS 90. National Oceanographic and Atmospheric Admin-
istration, Washington, D.C.

Vincent, A. C. J., and H. J. Hall. 1996. The threatened status of marine
fishes. Trends in Ecology and Evolution 11:360–361.

Vincent, A. C. J., and Y. Sadovy. 1998. Reproductive ecology in the
conservation and management of fishes. Pages 209–245 in T. Caro,
editor. Behavioural ecology and conservation biology. Oxford Uni-
versity Press, Oxford, United Kingdom.

Walker, P. A., and J. Ellis. 1998. Ecology of rays in the north-eastern At-
lantic. Ph.D. thesis. Amsterdam, Holland.

Walker, P. A., and H. J. L. Heessen. 1996. Long-term changes in ray
populations in the North Sea. ICES Journal of Marine Science 53:
1085–1093.

Walker, P. A., and J. R. G. Hislop. 1998. Sensitive skates or resilient
rays? Spatial and temporal shifts in ray species composition in the
central and north-western North Sea between 1930 and the
present day. ICES Journal of Marine Science 55:392–402.

Walker, P. A., G. Howlett, and R. Millner. 1997. Distribution, movement
and stock structure of three ray species in the North Sea and eastern
English Channel. ICES Journal of Marine Science 54:797–808.

Watts, J. 2001. Loadsa tunny £570/kg price record. The Guardian
(London) 1 June:16.

Wheeler, A. 1969. The fishes of Britain and North-West Europe. Mac-
millan, London.

Zeiner, S. J., and P. Wolf. 1993. Growth characteristics and estimates
of age at maturity of two species of skate (Raja binoculata and R.
rhina) from Monterey Bay, California. Pages 87–99 in S. Branstet-
ter, editor. Conservation biology of elasmobranchs. Technical re-
port NMFS 115. National Oceanographic and Atmospheric Admin-
istration, Washington, D.C.


