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Abstract:

 

Skates are arguably the most vulnerable of exploited marine fishes. Their vulnerability is often as-
sessed by examining fisheries catch trends, but these data are not generally recorded on a species basis except
in France. Aggregated skate catch statistics tend to exhibit more stable trends than those of other elasmo-
branch fisheries. We tested whether such apparent stability in aggregated catch trends could mask population
declines of individual species. We examined two time series of species-specific surveys of a relatively stable
skate fishery in the northeast Atlantic. These surveys revealed the disappearance of two skate species, long-
nose skate (

 

Dipturus oxyrhinchus

 

) and white skate (

 

Rostroraja alba

 

) and confirmed a previously documented
decline of the common skate (

 

D. batis

 

). Of the remaining five skate species, the three larger ones have de-
clined, whereas two smaller species have increased in abundance. The increase in abundance and biomass of
the smaller species has resulted in the stability of the aggregated catch trends. Because there is significant di-
etary overlap among species, we suggest the increase in abundance of the smaller species may be due to com-
petitive release as the larger species declined. A consequence of this kind of stability is that declining species
cannot be detected without species-specific data, especially in taxa exhibiting competitive interactions. This
may explain why previously documented disappearances of two species of skates went unnoticed for so long.
The conservation of skates and other elasmobranchs requires species-specific monitoring and special atten-
tion to larger species.

 

Estabilidad de la Pesquería, Extinciones Locales y Cambios en la Estructura de Comunidades de Rayas

 

Resumen:

 

Las rayas son presumiblemente los peces explotados más vulnerables. Su vulnerabilidad es fre-
cuentemente evaluada mediante el examen de tendencias de capturas pesqueras; sin embargo, con la
excepción de Francia estos datos generalmente no son obtenidos a nivel de especie. Las estadísticas de las cap-
turas agrupadas de rayas tienden a exhibir tendencias estables en comparación a otras pesquerias de elas-
mobranquios. Evaluamos si esta aparente estabilidad en las tendencias de las capturas agrupadas podría en-
cubrir una disminución poblacional de las especies a nivel individual. Examinamos dos series de tiempo de
estudios especie-específicos en una pesquería de rayas relativamente estable del Atlántico nororiental. Estos
estudios revelaron la desaparición de dos especies de rayas, la raya nariz larga (

 

Dipturus oxyrhinchus

 

) y la
raya blanca (

 

Rostroraja alba

 

) y confirmaron un declive previamente documentada de la raya común (

 

D. ba-
tis

 

). De las cinco especies restantes, las tres más grandes disminuyeron, mientras que las especies pequeñas
incrementaron en abundancia. El incremento en abundacia y biomasa de las especies más pequeñas resultó
en la estabilidad de las tendencias de las capturas agrupadas. Debido a que existe una sobreposición di-
etética entre especies, el incremento en abundancia de las especies pequeñas resultó en la estabilidad de las
tendencias de las capturas agrupadas. Debido a que existe una sobreposición dietética entre especies, el in-
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cremento en abundancia de las especies pequeñas posiblemente es ocasionando por una liberación competi-
tiva al disminuir las especies más grandes. Una consecuencia de este tipo de estabilidad es que las especies en
disminución no pueden ser detectadas sin datos especie-específicos, especialmente en los taxa que exhiben in-
teracciones competitivas. Esto podría explicar el porqué las desapariciones previamente documentadas de
dos especies de rayas pasaron desapercibidas por tanto tiempo. La conservación de rayas y otros elasmo-

 

branquios requiere de monitoreos especie-específicos y de especial atención hacia las especies más grandes.

 

Introduction

 

The conservation of marine species has received less at-
tention than that of terrestrial species (Norse 1993; Irish
& Norse 1996; Vincent & Hall 1996; Vincent & Sadovy
1998; Reynolds & Jennings 2000; Roberts & Hawkins
1999). The low conservation priority of marine species
can be attributed to two causes. First, it is debated
whether marine species could be driven to extinction, be-
cause they typically exhibit large geographic ranges and
long-distance dispersal strategies (Malakoff 1997; McKin-
ney 1998; Roberts & Hawkins 1999). Second, short-term
economic interests in the relatively few commercial spe-
cies tend to prevail over long-term conservation interests
in nontargeted species and ecosystem health (Earll 1994;
Vincent & Clarke 1995; Dayton 1998; Mace & Hudson
1999). These conflicting economic and conservation
goals were highlighted by the controversy surrounding
the listing of Atlantic cod (

 

Gadus morhua

 

) and halibut
(

 

Hippoglossus hippoglossus

 

) in the IUCN Red List (World
Conservation Union 1996; Mace & Hudson 1999). The
first evidence that the conservation status of exploited
marine fishes should be considered seriously came 19
years ago with the disappearance of the common skate
(

 

Dipturus batis

 

) from the Irish Sea (Brander 1981). Since
then another skate species, the barndoor skate (Casey &
Myers 1998), has been driven to near extinction through-
out its large geographic range. Also, four North Sea skates
have undergone severe declines and now exist only in lo-
calized pockets (Walker & Heessen 1996; Rijnsdorp et al.
1997; Walker & Hislop 1998).

The worrisome aspect of the local extirpations of
these species is that, unlike declines in other marine spe-
cies, such as whales, they were not discovered until
years after they occurred (Brander 1981; Casey & Myers
1998). The barndoor skate has not even been assessed
under IUCN criteria (World Conservation Union 1996).
Clearly, it is important to understand why disappear-
ances of marine taxa can go unnoticed and to predict be-
forehand which species may be vulnerable.

As members of the Elasmobranchii, skates are thought
to be particularly vulnerable to exploitation because of
their large size, slow growth rate, late maturity, low fe-
cundity, and large size at birth. These life-history traits
translate into low rates of reproduction and low poten-
tial rates of population increase (Holden 1973; Hoenig &

Gruber 1990; Walker & Hislop 1998; Smith et al. 1999).
Indeed, elasmobranch life histories and demographics
are more similar to those of large mammals than other
fishes, with the exception of higher fecundity in skates
(40–150 eggs produced per year) (Hoenig & Gruber
1990; Ellis & Shackley 1995; Smith et al. 1999). There is
evidence that links between life histories and population
dynamics can be used to prioritize species for conserva-
tion ( Jennings et al. 1998, 2000; Sutherland & Reynolds
1998).

Elasmobranchs typically exhibit rapid declines in catch
rates (boom and bust yields), with fisheries collapsing
soon after the initiation of exploitation (Holden 1973;
1977; Anderson 1990; Bonfil 1994). Despite this, elasmo-
branchs tend to receive cursory conservation and fisheries
assessment because of their relatively low economic value
and the paucity of species-specific data (Compagno 1990;
Manire & Gruber 1990; Bonfil 1994; Rose 1996). Conse-
quently, fishery assessment tends to be limited to examin-
ing trends in numbers caught, particularly for skates (e.g.,
Holden 1973; Compagno 1990; Taniuchi 1990; Bonfil
1994; Rose 1996). Unfortunately, skate capture data are
not usually recorded on a species-specific basis by nations,
with the exception of France (Anonymous 1997). There is
a tendency to collect fisheries capture statistics by aggre-
gated categories that can include several species, for skates
as well as for other elasmobranchs (Compagno 1990; Bon-
fil 1994; Rose 1996). Compared to those of other elasmo-
branch fisheries, aggregated catch statistics for skates ex-
hibit stable patterns of catches and tend to be overlooked
in favor of taxa exhibiting more perilous trends (e.g.,
Holden 1973; International Council for Exploration of the
Seas 1989; Taniuchi 1990; Bonfil 1994; Rose 1996).

We examined species-specific abundance patterns of
skates to determine whether such apparent stability in
aggregated fisheries statistics masks declines in individ-
ual species. The skate fishery in the Irish Sea of the
northeast Atlantic is currently unmanaged, and all skate
species have been exploited for human consumption
since at least the 1880s (Anonymous 1889; Holden 1973;
Fleming & Papageorgiou 1996). We determined life-his-
tory correlates of vulnerability to exploitation for each
species. Such correlates could be used for a priori identi-
fication of vulnerable species sharing life histories simi-
lar to those of other skate species, thereby aiding con-
servation prioritization ( Jennings et al. 1998, 2000).
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Methods

 

Nomenclature and Study Sites

 

The Rajidae are correctly known by the common name
of skates, whereas the term rays is reserved for tropical
myliobatoid taxa (Nelson 1994). In European waters,
long-nosed rajid species are colloquially known as skates
and short-nosed species as rays (Hayward & Ryland
1990). These common names for individual species are
used throughout this paper, but we refer to skates when
discussing the family Rajidae.

Both historical and recent surveys have been con-
ducted in the Western Seas area of the northeast Atlan-
tic. This area includes the Irish Sea and Bristol Channel
and part of the northeast Celtic Sea, corresponding to di-
visions VIIa, VIIf, and VIIg, respectively, of the Interna-
tional Council for the Exploration of the Seas ( ICES; Fig. 1).
For international statistical purposes, each division was
divided into areas or statistical rectangles, each 0.5

 

8

 

 lati-
tude and 1

 

8

 

 longitude in size. The study site encom-
passes 27 such rectangles.

 

Fishery Statistics

 

Data on annual yield to the fishery (tonnes), fishing effort
(vessel days spent at sea), and catch value of the skate and
ray fishery in the Irish Sea and Bristol Channel were ex-
tracted from sea fisheries statistics of Her Majesty’s Sta-
tionary Office (HMSO; Anonymous 1996). Technically,

these are landings, because unknown numbers of individ-
uals may be caught and discarded at sea. The lengths of
the time series differ because of changes in availability of
data. Species-specific data from the commercial fishery
are not available because species are aggregated into the
category of skates and rays in fisheries statistics. Only data
on fishing effort by towed (trawl) and static (long-line)
fishing gear were extracted because few skates are cap-
tured by seine nets (for the North Sea, see Walker et al.
1997). Data from the Irish Sea and Bristol Channel were
combined for statistical analyses. No data were available
for the Celtic Sea.

 

Historical and Recent Data Sources

 

Historical data on skate community structure were ob-
tained from four research cruises between 1959 and 1965
( Table 1). The aim of these surveys was to tag all individu-
als and species of skates encountered. It is possible that
juveniles of each species are underrepresented. The
records of fish released during this survey provide a his-
torical measure of community composition. Surveys were
conducted by means of an otter (Lowestoft) trawl with
70-mm mesh. The size of the net mouth is unknown. This
gear was towed along the seabed. Records of tow time for
the 1959 cruises were not available, so we calculated esti-
mates based on mean tow times of the later Platessa
cruises. Six species were captured, including common
skate (

 

Dipturus batis

 

), blonde ray (

 

Raja brachyura

 

),

Figure 1. The coast of the United Kingdom and Ire-
land showing the survey area (shaded) encompassing 
the Irish Sea, Bristol Channel, and northeastern part 
of the Celtic Sea.

 

Table 1. Sampling effort of historical and recent surveys in the 
Western Seas area of the northeastern Atlantic Ocean.

 

Year

Vessel
name

and cruise
number

Cruise date
(day/

month) Season
Number
of tows

Total
time

towed
(hours)

Platessa

 

1959 12 14/7–12/7 summer 42 52.5–61.5*
1959 13 22/7–27/7 summer 38 47.5–55.6*
1964 7 13/5–28/5 spring 74 92.6
1965 7b 2/6–11/6 summer 47 68.8

 

Corystes

 

1993 3 4/3–29/3 spring 117 58.5
1994 3 3/3–29/3 spring 119 59.5
1996 4 15/3–10/4 spring 78 39
1997 3a 26/2–19/3 spring 115 57.4
1988 7 20/9–13/10 autumn 79 19.8
1989 9 5/9–27/9 autumn 78 19.5
1990 10 6/9–27/9 autumn 108 32
1991 9 10/9–1/10 autumn 106 39.7
1992 10b 28/8–21/9 autumn 158 66.6
1993 10 2/9–27/9 autumn 142 71
1994 10 26/8–19/9 autumn 121 60.3
1995 9 24/8–17/9 autumn 119 59.5
1996 11 23/8–16/9 autumn 121 60.5
1997 10a 15/9–6/10 autumn 110 54.5

 

*

 

Estimated.
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thornback ray (

 

R. clavata

 

), painted or small-eyed ray (

 

R.
microocellata

 

), spotted ray (

 

R. montagui

 

), and cuckoo
ray (

 

Leucoraja naevus

 

).
Recent catch rates of each species were determined

from surveys in September–November of 1988–1997
conducted by the Centre for Environment, Fisheries and
Aquaculture Science (CEFAS) of the Ministry of Agricul-
ture, Fisheries and Food of the United Kingdom. Data
were also available for surveys in March–April of 1993–
1997, except for 1995. This time series was too short to
detect any trends and was used solely for comparison
with historical community structure. Although surveys
were conducted prior to 1988, they used an incompara-
ble fishing gear, the Granton trawl. The post-1988 data
set was chosen because of the comparability of fishing
gear and thus of catches over the time period. Surveys
were conducted by means of a 4-m beam trawl with
40-mm mesh. This gear is also towed over the seabed
but can have higher catch rates than a conventional
trawl because of the faster towing speed. The number of
fishing tows per year varied from 78 to 158, and the to-
tal time towed varied between 19.5 and 71 hours (Table
1). Each fish caught was identified to species, measured
(total length in centimeters from the tip of the rostrum
to the end of the tail), and weighed (wet and ungutted)
to the nearest 10 g.

Surveys between 1989 and 1991 used 15-minute tows,
whereas later surveys used 30-minute tows. To deter-
mine the effect of the change in tow duration on catch
rate and the mean size distribution of fish captured, we
tested for differences using a data set consisting of 18
paired tows (15-minute vs. 30-minute). Each pair of tows
was conducted in the same area, and the sequence of
the tows was randomized. There was no significant dif-
ference in catch rate or mean length of individuals
caught (mean number of individuals caught: 15-minute
tow 

 

5

 

 8.7 

 

6

 

 1.7 standard error of the mean (SEM), 30-
minute tow 

 

5

 

 6.3 

 

6

 

 1.4 SEM; paired 

 

t

 

 

 

5

 

 1.8, df 

 

5

 

 17, 

 

p

 

 

 

5

 

0.090; mean length of individuals: 15-minute tow 

 

5

 

 38.7 

 

6

 

1.2 SEM cm, 30-minute tow 

 

5

 

 39.4 

 

6

 

 1.2 SEM cm;

paired 

 

t

 

 

 

5

 

 

 

2

 

0.404, df 

 

5

 

 17, 

 

p

 

 

 

5

 

 0.686). Because both
tow durations caught similar quantities and sizes of fish,
they were treated as equivalent, and catch rates were
calculated as catches per tow (equivalent to 15-minute
tow). To ensure that our results were robust to tow du-
ration, we performed two alternative sets of analyses.
First, we scaled the 30-minute tows to the 15-minute
tows according to the difference in the mean catch rates
of the paired tow trial. Second, we scaled the catch rates
according to the difference in tow time by halving the
catch rate of the 30-minute tows. Neither of these alter-
native corrections changed the patterns, except the
latter data set changed a nonsignificant life-history corre-
lation to significant; therefore, we retain the more con-
servative unstandardized data throughout. The abun-
dance of all species appears consistently higher in 1991;
this is likely to be a survey artefact.

 

Data on Life Histories and Fishing Mortality

 

Life-history parameters and estimates of fishing mortality
for each species were gathered from published sources
and unpublished CEFAS survey data (Table 2). Estimates
of fishing mortality from the literature had been derived
by means of catch curves and mark-and-recapture meth-
ods. To the best of our knowledge, these tables include
every published estimate. Fishing mortality (

 

F

 

) is ex-
pressed as annual mean instantaneous fishing mortality,
which is related to survivorship(

 

S

 

):

where 

 

S

 

 is the survival rate per unit time (1 year) and 

 

M

 

 is
natural mortality. Growth rate and body size of each spe-
cies were described by 

 

K

 

 and 

 

L

 

`

 

 of the Von Bertalanffy
growth equation

where 

 

L

 

t

 

 is length at age 

 

t

 

 (in years), 

 

L

 

`

 

 is the asymptotic
length, 

 

K

 

 is the rate of growth toward the asymptotic
length, and 

 

t

 

0

 

 is the time at which length is zero

S e
F M+( )–

,=

Lt L∞ 1 e
K t t0–( )–

–( ),=

 

Table 2. Fishing mortality and life-history parameters for all Western Seas species, ranked in descending order of body size (

 

6

 

SE).

 

a

 

Species Mean 

 

F K

 

 (per year)

 

L

 

∞

 

L

 

max

 

L

 

1st 

 

m

 

(cm)

 

L

 

50% 

 

m

 

(cm) References

 

b

 

Common skate no data 0.057 253.7 220 

 

6

 

 30 no data no data 1–4
Blonde ray 0.71 

 

6

 

 0.16 0.220 

 

6

 

 0.013 123.3 

 

6

 

 3.2 96.7 

 

6

 

 4.4 no data 90 

 

6

 

 5 4–7
Thornback ray 0.58 

 

6

 

 0.10 0.188 

 

6

 

 0.013 107.5 

 

6

 

 3.4 96.7 

 

6

 

 3.5 51.7 

 

6

 

 2.5 62.7 

 

6

 

 2.9 5–15
Shagreen ray no data no data 95 89.5 

 

6

 

 9.7 56.2 53.3 1, 3
Painted ray 0.57 

 

6

 

 0.04 0.074 no data 80.0 

 

6

 

 0.9 44.3 

 

6

 

 5.7 no data 1, 14
Cuckoo ray 0.7 

 

6

 

 0.06 0.223 

 

6

 

 0.064 78.2 

 

6

 

 6.8 68.0 

 

6

 

 0.6 57.3 53.9 2, 6
Spotted ray 0.59 

 

6

 

 0.10 0.218 

 

6

 

 0.032 76.3 

 

6

 

 5.5 68.0 

 

6

 

 1.0 58.5 

 

6

 

 0.8 70 5–7, 14

 

a

 

F

 

, instantaneous fishing mortality; 

 

K

 

, growth rate, from the von Bertalanffy equation; 

 

L

 

∞

 

, asymptotic (maximum) length; 

 

L

 

max

 

, maximum
length recorded; 

 

L1st m, length at first maturity; and L50% m, length at which 50% of the population are mature.
bReferences: 1, Wheeler (1969); 2, Du Buit (1977); 3, Whitehead et al. (1984); 4, Fahy (1991); 5, Holden (1972); 6, Fahy (1989); 7, Pawson &
Nichols (1994); 8, Steven (1947); 9, Williams et al. (1965); 10, Lesser (1967); 11, Jardas (1973); 12, Fitzmaurice (1974); 13, Nottage & Perkins
(1983); 14, Ryland & Ajayi (1984); and 15, Brander & Palmer (1985).
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(Beverton & Holt 1957). We also used an alternative body
size parameter, Lmax, defined as the largest individual re-
corded for each species, because L` is particularly sensi-
tive to sample size.

Analyses

Historical data (1959–1965) on percent community com-
position of each skate species were averaged across 12
statistical rectangles and compared to percent commu-
nity composition of groundfish surveys (1989–1997) aver-
aged across the same statistical rectangles. Standard-error
bars represent spatial variability among sites during each
survey period. Percent community composition was used
for relative comparisons because differences in catch
rates of historical and recent fishing gears are unknown.

To examine short-term community changes, catch rates
were summed by ICES statistical rectangle and expressed
as means for each year. Standard errors thus represent
spatial variability within each year. Regression coeffi-
cients of species trends in numerical abundance, biomass,
and mean size were determined using least-squares re-
gression on transformed (log10 1 1) abundance and bio-
mass against time. This linear model provided a suitable
short-term description of trends. We controlled for differ-
ences in fishing mortality (F ) by taking residuals from re-
gressions between mean fishing mortality and population
trend (abundance and biomass).

To determine life-history correlates of short-term popu-
lation trends, we conducted a cross-species study. A phy-
logenetically explicit analysis is preferred because species
are not strictly statistically independent (Felsenstein 1985;
Harvey & Pagel 1991; Martins 1997). Electrophoretic spe-
cies-specific data suggest that R. clavata and R. montagui
can be grouped together, as can R. brachyura and L. nae-
vus (Blake 1972). These pairings are supported by a mor-
phological phylogeny that suggests R. brachyura is basal
to the other Raja species, thus allowing a comparison to
be made between it and L. naevus (McEachran & Dunn
1998). Thus, two phylogenetically independent compari-
sons can be calculated from these pairs.

Results

Stability of the Skate Fishery

Generally there has been a gradual decline in catches
(technically, landings) except between 1978 and 1987,
when catches increased slightly (Fig. 2a). There has
been no change in fishing effort over time, although it
has varied considerably between 8000 and 13000 days at
sea per year. As a result, catch per unit of fishing effort
of skates and rays has declined over time, but there have
been two periods during which it increased, 1958–1965
and 1972–1989 (Fig. 2b). There has been an increase in

the value of these fish over time (Fig. 2c). The fishery
catches exhibited a slight decline during the groundfish
survey period (1988–1997).

Changes in Community Structure

Comparison of present community structure with that
of the 1959–1964 period showed that, with one excep-
tion, the larger species declined in abundance, whereas
the smaller species increased in abundance (Fig. 3). The
dominant species, the thornback ray, declined from
52.8% to 42.8%. The largest species in the community,
the common skate, declined from 2% to 0.2%. In con-
trast, the smaller cuckoo ray has increased from 4.8% to
21.3%. The more southerly distributed painted ray in-
creased in relative abundance from 0.6% to 7.6%. There
was little change in the relative abundance of one large
species, the blonde ray (3.8% to 4.4%), and a smaller spe-
cies, the spotted ray, exhibited a decline in relative
abundance (36% to 23.7%). 

The numerical abundance and biomass of all skates
combined showed slight declines during 1988–1997 (Fig.
4a & 4b), reflecting the gradual decline in fisheries
catches over the same period (Fig. 2). There were de-
clines in both the numerical abundance and biomass of

Figure 2. Skate and ray catches: (a) combined for the 
United Kingdom fleet in the Irish Sea and Bristol 
Channel (1952–1993), (b) catch per unit fishing effort 
(1952–1989), and (c) monetary value of catches in 
the Irish Sea and Bristol Channel (1965–1993).
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the three largest species: blonde, thornback, and painted
rays (Fig. 5a & 5b). The most marked change was in the
relative abundance of thornback ray, which declined
from 64.4% at the beginning of the survey to 44.7% at the
end (Table 3). In contrast, both smaller species exhibited
increasing trends in numerical abundance and biomass
throughout the time period (Fig. 5a & 5b). This pattern
was particularly marked in the spotted ray, which in-
creased in numerical abundance from 13.5 % to 28.4%.

The cuckoo ray exhibited a dome-shaped pattern of nu-
merical abundance and biomass, suggesting an initial in-
crease followed by a decline. Such a fluctuating pattern of
abundance and biomass is apparent to a lesser extent in
all species trends. The rank order of species in the com-
munity in terms of a mean of both numerical abundance
and biomass was as follows: thornback ray . spotted
ray . cuckoo ray . painted ray . blonde ray (Table 3).

The only additional species encountered were the com-
mon skate (D. batis, 6 individuals) and shagreen ray (L.
fullonica, 10 individuals). No white skates (Rostroraja
alba) or long-nose skates (Dipturus oxyrhinchus) were
recorded in either of these data sets. Both species are doc-
umented as having been targeted by long-line fisheries op-
erating from the Isle of Man, in the center of the Irish Sea
during the late 1880s (Bruce et al. 1963). This suggests
they are now locally extinct in the Irish Sea and Bristol
Channel areas.

Life-History Correlates of Response to Exploitation

Larger species (.85 cm, based on either body size mea-
sure) declined, whereas smaller species increased during
the 9-year study period, 1989–1997, independently of dif-
ferences in fishing mortality (Fig 6a & 6b). A significant
relationship was found between Lmax and response to ex-
ploitation, but this was not significant when L` was used
as a measure of body size (Table 4), probably because
there are no L` data for the painted ray. We found no sig-
nificant relationship between either measure of popula-
tion trend and other life-history traits (Table 4), but cau-
tion is warranted due to the paucity and variable quality
of trait estimates other than body size, such as painted ray
growth rate (K ) and spotted ray length at 50% maturity
(L50%). The hypothesis that larger species are more vul-
nerable to exploitation is supported by a phylogenetic
analysis. Of the two pairs of taxa, the larger of each pair
declined, whereas the smaller related species increased in
abundance and biomass. The use of the first alternative
method for scaling between 15- and 30-minute tows re-
sulted in significant relationships between L` and both
measures of abundance. The use of the second scaling
method did not affect the results.

Discussion

Aggregated Abundance Trends and Conservation Issues

Our data suggest that the stability exhibited by this multi-
species skate community masks serious conservation is-
sues, notably the local disappearance of three species—
common, long-nosed, and white skates—and declines in
three of the remaining five species. This kind of aggre-
gated stability may explain why large species such as the

Figure 3. Relative abundance of skates (Rajidae) be-
tween 1959–1965 and 1988–1997. Species are ranked 
according to body size with the largest species on the 
left.

Figure 4. Trends in (a) numerical abundance (log10 
11 numbers per tow) and (b) biomass (log10 11 kg 
per tow) of five skate species (Rajidae) combined be-
tween 1988 and 1997, as determined by the autumn 
groundfish survey conducted by the Centre for Envi-
ronment, Fisheries and Food of the United Kingdom.
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common and barndoor skates disappeared unnoticed
(Brander 1981; Casey & Myers 1998). In most cases there
are either too few data to allow accurate assessments or
such data are aggregated among different species, poten-
tially masking important trends and crypto-extinctions
(Carlton et al. 1991; Bonfil 1994; Rose 1996; Roberts &
Hawkins 1999).

Some fisheries managers might assume that skate fishery
stability is analogous to the stability of teleost fisheries,
which is regarded as a measure of successful management
(Holden 1992; Garcia & Newton 1995). This could ex-
plain why skate fisheries have been overlooked more
readily than fisheries exhibiting more perilous trends (e.g.,
Holden 1973; International Council for Exploration of the

Figure 5. Change in (a) numeri-
cal abundance (log10 1 1 num-
bers per tow) and (b) biomass 
(log10 1 1 kg per tow) of five 
skate species (Rajidae) between 
1988 and 1997. Graphs are 
ranked in order of body size, with 
largest species at the top and 
smallest at the bottom. Trend lines 
were fitted by least squares regres-
sion.
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Seas 1989; Taniuchi 1990; Bonfil 1994; Rose 1996). That
there is stability at all is remarkable because these skates
have been exploited at extremely high rates (43–50% of all
individuals killed per year). This level of mortality is higher
than that faced by the nearly extinct barndoor skate, is
almost as high as that of the IUCN Red-Listed cod, and is
3–20 times higher than the sustainable exploitation rates
of some mammals (van Dyne et al. 1980; Casey & Myers
1998; Jennings et al. 1998). This level of skate exploitation
is also similar to the maximum sustainable hunting rates of
elephant (Loxodon africana), red deer (Cervus elaphus),
and reindeer (Rangifer tarandus) (Beddington & Basson
1994). We suggest that effective conservation of skates,
and possibly other elasmobranch species, requires spe-
cies-specific monitoring of abundance and rates of mortal-
ity caused by exploitation.

Community Shifts under Exploitation

Declines in larger skate species have been accompanied
by increases in smaller species in the community. This is
apparent in both the long-term comparison of relative
abundance (1959–1965 vs. 1988–1997) and especially in
the more detailed short-term comparison of absolute abun-
dance (1988–1997). Neither data set is perfect, given the
differences in sampling equipment in the long-term com-
parison (1959–1965 vs. 1988–1997) and the limited time
series available for the short-term comparison (1988–
1997). Yet both approaches yield consistent results. In-
deed, the three species that have been almost completely
depleted from the Irish Sea since the turn of the century
have all been large. The common skate, long-nose skate,
and white skate are 250, 150, and 200 cm maximum
length, respectively (Stehmann 1990). Of the remaining
species,, those .85 cm declined, whereas smaller species
increased in abundance. Similar shifts in skate community
composition have been observed in the North Sea (Walker
& Hislop 1998). Declines were recorded for the largest
species (common skate, thornback ray, blonde ray, and
shagreen ray), accompanied by increases in the abun-
dance of the smaller species (the cuckoo ray and starry ray
[R. radiata], which is absent from the Irish Sea) (Walker
& Heessen 1996; Rijnsdorp et al. 1997; Walker & Hislop

1998). Furthermore, a small species, the spotted ray, ap-
pears to have invaded the area recently (Walker & Hees-
sen 1996; Walker & Hislop 1998). Although the authors of
the North Sea studies were unable to control for the level
of fishing mortality for each species, their results are simi-
lar to ours.

A key question is why the smaller species of skates in
our study increased in abundance? Because the popula-
tion trends were independent of fishing mortality (F ), we
suggest that these species—cuckoo and spotted rays—
have undergone competitive release. Skates are generalist
benthic predators that feed predominately on crustaceans
and fishes, as well as polychaetes and molluscs (Holden &
Tucker 1974; Ajayi 1982; Ellis et al. 1996). Dietary data

Table 3. Population trends for exploited skates (Rajidae), 1988–1997, in the Western Seas area of the northeastern Atlantic Ocean.

Species*

Abundance trends
regression
coefficient

Biomass trends
regression
coefficient

Mean abundance (%) Mean biomass (%)

1988–1990 1994–1997 1988–1990 1994–1997

Blonde ray 20.009 20.003 5.0 4.0 4.0 6.8
Thornback ray 20.047 20.045 64.4 44.7 76.0 46.0
Painted ray 20.008 20.007 10.0 8.4 6.8 5.1
Cuckoo ray 10.015 10.016 7.1 14.4 6.1 13.3
Spotted ray 10.018 10.006 13.5 28.4 13.9 28.8
All species 20.033 20.034 — — — —

*Species are listed in descending order of body size.

Figure 6. Body-size correlates of response to exploita-
tion measured as (a) numerical abundance trend and 
( b) biomass trend (controlling for fishing mortality) 
( L` , asymptotic length in the von Bertalanffy equa-
tion, Lmax, maximum length documented.)
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collected from the same recent survey series (1988–
1997) show significant dietary overlap between large and
small skates, including blonde and spotted skates, juvenile
thornback and spotted and cuckoo rays, and adult thorn-
back and spotted rays (Ellis et al. 1996). Thus, the removal
of the larger skates may have led to the increase of smaller
species through increased food availability. This competi-
tive release mechanism has also been suggested to ex-
plain the increase in starry ray abundance in the North
Sea (Walker & Heessen 1996). Such competitive release,
mediated by dietary overlap, has been proposed to ex-
plain the phase shift from a teleost-dominated to an elas-
mobranch-dominated community in the Georges Banks
area of the northwest Atlantic (Grosslein et al. 1980; Mu-
rawski & Idoine 1992; Fogarty & Murawski 1998). Al-
though there is evidence of indirect effects of exploita-
tion, such as prey release and trophic cascades, there
appear to be few examples of the type of strong species
interaction or competitive release that we have shown
here ( Jennings & Lock 1996; Jennings & Kaiser 1998).

Predicting Vulnerability to Exploitation

Our results match those of recent studies of temperate
and tropical teleost (bony) fishes, suggesting that larger
species are more vulnerable to exploitation ( Jennings et
al. 1998; Russ & Alcala 1998; Jennings et al. 2000).
These studies showed that the most vulnerable species
have larger maximum sizes, and later maturation, and
lower rates of potential population increase. Large body
size is one of the most cited correlates of extinction vul-
nerability (Brown 1995; Hunter 1996; McKinney 1997;
Meffe & Carroll 1997). This pattern is found in a wide
range of both fossil and extant taxa, from corals to birds
and mammals (Lessa & Farina 1996; Bennett & Owens
1997; Lessa et al. 1997; McKinney 1997). The only taxa
that do not exhibit a relationship of body size to extinc-
tion risk are marine molluscs and freshwater fishes
(Angermeier 1995; Parent & Schriml 1995; Jablonski

1996). A re-analysis of Walker and Hislop’s (1998) sensi-
tivity index shows that replacement rate is related to
body size, suggesting that body size is a surrogate of de-
mography (regression coefficient 5 20.2; r 2 5 0.769;
F1,4 5 10; p 5 0.051). In mammals there is also a nega-
tive relationship between body size and intrinsic rate of
population increase, r (Sinclair 1996). Although body
size appears to be a reasonable predictor of intrinsic rate
of population increase, other traits such as reproductive
lifespan and fecundity are also important in determining
r (Smith et al. 1999). This generalization could be used
in a predictive manner, however, to prioritize skate spe-
cies for assessment of their conservation status, because
larger species in assemblages are likely to be most vul-
nerable to exploitation due to their lower intrinsic rates
of natural increase.

Our results indicate that conservation or management
assessment based on aggregated population trends of
several species may be misleading. Such aggregated
abundance statistics mask local disappearances and de-
clines of individual species. It appears that larger skates
are more vulnerable to exploitation than are smaller spe-
cies. We suggest that future conservation efforts focus
on collection of species-specific abundance statistics
and prioritization of larger species of skates and other
elasmobranchs for conservation assessment.
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Table 4. Relationships between life-history traits and population trends (abundance and biomass) of skates.

Life-history trait
Population

trend
Regression
coefficient r2 n F pa

Bodysizeb

Lmax abundance 20.001 0.863 5 18.83 0.023*
Lmax biomass 20.001 0.778 5 10.51 0.048*
L∞ abundance 20.001 0.723 4 5.22 0.149
L∞ biomass 20.001 0.650 4 3.714 0.194

Growth rate, K abundance 20.007 0.003 4 0.001 0.975
Growth rate, K biomass 20.049 0.033 4 0.102 0.770
Size at first maturity abundance 0.001 0.146 4 0.341 0.619
Size at first maturity biomass 0.001 0.034 4 0.071 0.815
Size at 50% maturity abundance 0.001 0.078 4 0.085 0.820
Size at 50% maturity biomass 0.001 0.061 4 0.065 0.841
aSignificant results at p , 0.05 are marked with an asterisk.
bLmax, largest individual documented; L∞ , asymptotic length of the Von Bertalanffy growth equation.



292 Skate Declines and Community Shifts Dulvy et al.

Conservation Biology
Volume 14, No. 1, February 2000

Literature Cited

Ajayi, T. O. 1982. Food and feeding habits of Raja species (Batoidei) in
Carmarthen Bay, Bristol Channel. Journal of Marine Biological Asso-
ciation U.K. 62:215–223.

Anderson, E. D. 1990. Fishery models as applied to elasmobranch fish-
eries. Pages 473–484 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 Oceanic and Atmospheric Administra-
tion, Washington, D.C.

Angermeier, P. L. 1995. Ecological attributes of extinction-prone spe-
cies: loss of freshwater fishes of Virginia. Conservation Biology 9:
143–158.

Anonymous 1889. Sea fisheries of England and Wales fourth annual re-
port of the inspector. Board of Agriculture and Fisheries, London.

Anonymous 1996. United Kingdom sea fisheries statistics 1996. Her
Majesty’s Stationary Office, London.

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

Beddington, J. R., and M. Basson. 1994. The limits to exploitation on
land and sea. Philosophical Transactions of the Royal Society of
London, B 343:87–92.

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, B 264:401–408.

Beverton, R. J. H., and S. J. Holt. 1957. On the dynamics of exploited fish
populations. Ministry of Agriculture, Fisheries and Food, London.

Blake, B. F. 1972. Electrophoretic studies of the Rajidae. Ph.D. disserta-
tion. University of Wales, Bangor.

Bonfil, R. 1994. Overview of world elasmobranch fisheries. Fisheries
technical paper 341. Food and Agriculture Organization, Rome.

Brander, K. 1981. Disappearance of Common skate Raia batis from
Irish Sea. Nature 290:48–49.

Brander, K., and D. Palmer. 1985. Growth rate of Raia clavata in the
Northeast Irish Sea. Journal du Conseil International pour l’Explora-
tion de la Mer 42:125–128.

Brown, J. H. 1995. Macroecology. University of Chicago Press, London.
Bruce, J. R., J. S. Colman, and N. S. Jones. 1963. Marine fauna of the

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

Casey, J., and R. A. Myers. 1998. Near extinction of a large, widely dis-
tributed fish. Science 281:690–692.

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 Oceanic and Atmospheric Administration, Washing-
ton, D.C.

Dayton, P. 1998. Reversal of the burden of proof in fisheries manage-
ment. Science 279:821–822.

Du Buit, M. H. 1977. Age et croissance de R. batis et de R. naevus en
Mer Celtique. Journal du Conseil International pour l’Exploration
de la Mer 37:261–265.

Earll, R. 1994. The need for conservation of sharks and rays in British
waters. British Wildlife 15–25.

Ellis, J. R., and S. E. Shackley. 1995. Observations on egg-laying in the
Thornback ray. Journal of Fish Biology 46:903–904.

Ellis, J. R., M. G. Pawson, and S. E. Shackley. 1996. The comparative
feeding ecology of six species of shark and four species of ray
(Elasmobranchii) in the North-east Atlantic. Journal of Marine Bio-
logical Association U.K. 76:89–106.

Fahy, E. 1989. Fisheries for Ray (Batoidei) in Western statistical area
VIIa, investigated through the commercial catches. Irish fishery in-

vestigations, series B (marine) 34. Department of the Marine, Dub-
lin, Ireland.

Fahy, E. 1991. The south eastern ray Raja spp. fishery, with observa-
tions on the growth of rays in Irish waters and their commercial
grading. Irish fisheries investigations, series B (marine) 37. Depart-
ment of the Marine, Dublin, Ireland.

Felsenstein, J. 1985. Phylogenies and the comparative method. Ameri-
can Naturalist 125:1–15.

Fitzmaurice, P. 1974. Size distribution and food of thornback rays
(Raja clavata L.) caught on rod and line on the Mayo coast: Clew,
Broadhaven Bay. Irish fisheries investigations, series B (marine) 11.
Department of the Marine, Dublin, Ireland.

Fleming, E. H., and P. A. Papageorgiou. 1996. Shark fisheries and trade
in Europe. Pages 457–604 in D. A. Rose, editors. The world trade in
sharks: a compendium of Traffic’s regional studies. TRAFFIC Inter-
national, Cambridge, United Kingdom.

Fogarty, M. J., and S. A. Murawski. 1998. Large-scale disturbance and
the structure of marine system: fishery impacts on Georges Bank.
Ecological Applications 8:S6–S22.

Garcia, S. M., and C. Newton. 1995. Current situation, trends and pros-
pects in world capture fisheries. Fisheries technical paper. Food
and Agriculture Organization, Rome.

Grosslein, M. D., R. W. Langton, and M. P. Sissenwine. 1980. Recent
fluctuations in pelagic fish stocks of the Northwest Atlantic,
Georges Bank region, in relation to species interactions. Rapports
et Procès-Verbaux des Rèunions du Conseil International pour l’Ex-
ploration de la Mer 177:374–404.

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

Hayward, P. J., and J. S. Ryland. 1990. The marine fauna of the British
Isles and North-west Europe. Oxford University Press, Oxford,
United Kingdom.

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,
systematics, and the status of the fisheries. Technical report
NMFS 90. National Oceanic and Atmospheric Administration,
Washington, D.C.

Holden, M. J. 1972. The growth rates of R. brachyura, R. clavata and
R. montagui as determined by tagging data. Journal du Conseil In-
ternational pour l’Exploration de la Mer 34:161–168.

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. 1977. Elasmobranchs. Pages 117–137 in J. A. Gulland, ed-
itor. Fish population dynamics. Wiley, London.

Holden, M. J. 1992. The common fisheries policy. Fishing News Books,
London.

Holden, M. J., and R. N. Tucker 1974. The food of R. clavata Linneus
1758, R. montagui Fowler 1910, R. naevus Muller and Henle 1841
and R. brachyura Lafont 1873 in British waters. Journal du Conseil
International pour l’Exploration de la Mer 35:189–193.

Hunter, M. L. 1996. Fundamentals of conservation. Blackwell Science,
Cambridge, Massachusetts.

International Council for Exploration of the Seas. 1989. Report of the
study group on elasmobranch fisheries. ICES CM 1989/G:3:99 p.

Irish, K. E., and E. A. Norse. 1996. Scant emphasis on marine biodiver-
sity. Conservation Biology 10:680.

Jablonski, D. 1996. Body size and macroevolution. Geological Society
of America Special Papers 307:256–289.

Jardas, I. 1973. A contribution to our knowledge of the biology and
ecology of thornback ray (Raja clavata L.) and brown ray (Raja
miraletus L.) in the Adriatic. Acta Adriatica 15:1–43.

Jennings, S., and M. J. Kaiser. 1998. The effects of fishing on marine eco-
systems. Advances in Marine Biology 34:201–352.

Jennings, S., and J. M. Lock. 1996. Population and ecosystem effects of



Conservation Biology
Volume 14, No. 1, February 2000

Dulvy et al. Skate Declines and Community Shifts 293

reef fishing. Pages 193–218 in N. V. C. Polunin and C. M. Roberts,
editors. Reef fisheries. Chapman and Hall, London.

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, B 265:333–339.

Jennings, S., J. D. Reynolds, and N. V. C. Polunin. 2000. Predicting the
vulnerability of tropical reef fishes to exploitation using phyloge-
nies and life histories. Conservation Biology 14:in press.

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.

Lessa, E. P., B. Van Valkenburgh, and R. A. Farina. 1997. Testing hy-
potheses of differential mammalian extinctions subsequent to the
great American biotic interchange. Palaeogeography Palaeoclima-
tology Palaeoecology 135:157–162.

Lesser, J. H. R. 1967. Studies on ray stocks of the SE Irish Sea. M.S. dis-
sertation. University College Wales, Bangor.

Mace, G. M., and E. J. Hudson. 1999. Attitudes towards sustainability
and extinction. Conservation Biology 13:242–246.

Malakoff, D. 1997. Extinction on the high seas. Science 277:486–488.
Manire, C. A., and S. Gruber. 1990. Many sharks may be headed toward

extinction. Conservation Biology 4:10–11.
Martins, E. P. 1997. Phylogenies and the comparative method in ani-

mal behavior. Oxford University Press, Oxford, United Kingdom.
McEachran, J. D., and K. A. Dunn. 1998. Phylogenetic analysis of

skates, a morphologically conservative clade of elasmobranchs
(Chrondrichthyes: Rajidae). Copeia 271–290.

McKinney, M. L. 1997. Extinction vulnerability and selectivity: combin-
ing ecological and paleontological views. Annual Review of Ecol-
ogy and Systematics 28:495–516.

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

Meffe, G. K., C. R. Carroll, and Contributors. 1997. Principles of con-
servation biology. 2nd edition. Sinauer Associates, Sunderland, Mas-
sachusetts.

Murawski, S. A., and J. S. Idoine. 1992. Multispecies size composition:
a conservative property of exploited fishery systems? Journal of
Northwest Atlantic Fisheries Science 14:79–85.

Nelson, J. S. 1994. Fishes of the world. Wiley, New York.
Norse, E. A. 1993. Global marine biodiversity: a strategy for building

conservation into decision making. Island Press, Washington, D.C.
Nottage, A. S., and E. J. Perkins. 1983. Growth and maturation of roker

Raja clavata L. in the Solway Firth. Journal of Fish Biology 23:43–48.
Parent, S., and L. M. Schriml. 1995. A model for the determination of

fish species at risk based upon life-history traits and ecological data.
Canadian Journal of Fisheries and Aquatic Science 52:1768–1781.

Pawson, M., and V. Nichols. 1994. Recapture patterns of rays tagged in
the Bristol Channel and Irish Sea. Pages 10–13 in R. Earll and S.
Fowler, editors. Proceedings of the second European shark and ray
workshop. Natural History Museum, London.

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.

Rijnsdorp, A. D., P. I. van Leewen, N. Daan, and H. J. L. Heesen. 1997.
Changes in abundance of demersal fish species in the North Sea be-
tween 1906–1909 and 1990–1995. International Council for Explo-
ration of the Seas, Journal of Marine Science 53:1054–1062.

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

Rose, D. A. 1996. An overview of world trade in sharks and other carti-
laginous fishes. TRAFFIC International, Cambridge, United Kingdom.

Russ, G. R., and A. C. Alcala. 1998. Natural fishing experiments in ma-
rine reserves 1983–1993: roles of life history and fishing intensity
in family responses. Coral Reefs 17:399–416.

Ryland, J. S., and T. O. Ajayi. 1984. Growth and population dynamics
of three ray species in Carmarthen Bay, British Isles. Journal du
Conseil International pour l’Exploration de la Mer 41:111–120.

Sinclair, A. R. E. 1996. Mammal populations: fluctuation, regulation,
life history theory and their implications in conservation. Pages
127–154 in R. B. Floyd, A. W. Sheppard, and P. J. De Barro, editors.
Frontiers of population ecology. Commonwealth Scientific, Indus-
trial, and Research Organization Publishing, Melbourne.

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. Check list of the fishes
of the eastern tropical Atlantic. Junta Nacional de Investigacao Ci-
entifica e Technologia, Lisbon.

Steven, G. A. 1947. The British raiidae. Science Progress, London 35:
220–236.

Sutherland, W. J., and J. D. Reynolds. 1998. Sustainable and unsustain-
able exploitation. Pages 90–115 in W. J. Sutherland, editor. Con-
servation science in action. Blackwell Science, Oxford, United
Kingdom.

Taniuchi, T. 1990. The role of elasmobranchs in Japanese fisheries.
Pages 415–426 in H. L. Pratt, S. H. Gruber, and T. Taniuchi, editors.
Elasmobranchs as living resources: advances in the biology, ecol-
ogy, systematics, and the status of the fisheries. Technical report
NMFS 90. National Oceanic and Atmospheric Administration,
Washington, D.C.

van Dyne, G. M., N. R. Brockington, Z. Szocs, J. Duek, and C. A.
Ribic. 1980. Large herbivore subsystem. Pages 269–537 in A. I.
Breymeyer and G. M. van Dyne, editors. Grasslands, systems anal-
ysis and man. Cambridge University Press, Cambridge, United
Kingdom.

Vincent, A., and A. Clarke. 1995. Diversity in the marine environment.
Trends In Ecology and Evolution 10:55–56.

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

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

Walker, P. A., and H. J. L. Heessen. 1996. Long-term changes in ray
populations in the North Sea. International Council for Exploration
of the Seas, 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. International Council for Exploration of the Seas, Jour-
nal of Marine Science 55:392–402.

Walker, P. A., G. Howlett, and R. Millner. 1997. Distribution, move-
ment and stock structure of three ray species in the North Sea and
eastern English Channel. International Council for Exploration of
the Seas, Journal of Marine Science 54:797–808.

Wheeler, A. 1969. The fishes of Britain and north-west Europe. Mac-
millan, London.

Whitehead, P. J. P., M.-L. Bauchot, J.-C. Hureau, J. Nielsen, and E. Tor-
tonese. 1984. Fishes of the north-eastern Atlantic and Mediterra-
nean. I. United Nations Educational, Scientific, and Cultural Organi-
zation, Paris.

Williams, B. R. H., E. J. Perkins, and A. Hinde. 1965. The biology of the
Solway Firth in relation to the movement and accumulation of
radioactive materials. III. Fisheries and food chains. Her Majesty’s
Stationary Office, United Kingdom Atomic Energy Authority,
London.

World Conservation Union. 1996. 1996 IUCN Red List of threatened
animals. IUCN, Gland, Switzerland. 


