Vol. 298: 189-204, 2005

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published August 15

Benefits of closed area protection for a population

of scallops

Bryce D. Beukers-Stewart*, Belinda J. Vause, Matthew W. J. Mosley,
Helen L. Rossetti, Andrew R. Brand

Port Erin Marine Laboratory, University of Liverpool, Port Erin, Isle of Man IM9 6JA, British Isles

ABSTRACT: Despite the current interest in using closed areas for fisheries management, few studies
have actually examined the benefits for invertebrate fisheries such as scallops. This study details the
dynamics of a population of great scallops Pecten maximus (L.), within a closed area and an adjacent
fished area off the Isle of Man, over a 14 yr period (1989 to 2003). Scallop densities were very low in
both areas when the closed area was set up, but increased at an accelerated rate over time within the
closed area. Scallop densities also increased on the adjacent fishing ground, but not to the same
extent. Consequently, the density of scallops above the minimum legal landing size (110 mm SL) was
more than 7 times higher in the closed area than in the fished area by 2003. There was also a shift
towards much older and larger scallops in the closed area and, correspondingly, lower estimates of
total mortality. Experimental dredging of 2 plots within the closed area confirmed that fishing drove
these differences in population dynamics and structure. These patterns of scallop density, age and
size structure resulted in the exploitable biomass (adductor muscle and gonad) of scallops being
nearly 11 times higher in the closed area than in the fished area by 2003, and the reproductive bio-
mass was 12.5 times higher. This is significant for fisheries management because the build up of high
densities of large P. maximus individuals enhanced local reproductive potential and therefore the
likelihood of export of larvae to the surrounding fishing grounds. Along with these direct benefits of
closed area protection, juvenile scallops had higher survival and individual growth rates in the closed
area, apparently in response to reduced fishing disturbance. Although juvenile scallops are not sub-
ject to direct removal by fishing, protection during this critical phase therefore appeared to assist the
recovery of the closed area population. In summary, this study joins a growing number indicating that
the use of closed areas offers a range of benefits over more traditional methods of managing fisheries.
Fisheries for relatively sedentary and long-lived species such as P. maximus appear to be particularly
suitable for this type of management.
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INTRODUCTION

Research into the use of closed areas for fisheries
management has increased at an almost exponential
rate over the last decade as traditional management
methods continue to fail (Mosquera et al. 2000, Pauly
et al. 2002). This interest is due to a range of perceived
benefits offered by closed area management for
both target species and the environment. Perhaps not
surprisingly, numerous studies have now shown that
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closed area protection can increase the abundance and
mean size of target species (Mosquera et al. 2000,
Halpern & Warner 2002, Halpern 2003). This is thought
to enhance local reproductive output and therefore
lead to export of larvae to surrounding areas that are
open to fishing (Roberts et al. 2001, Gaines et al. 2003,
Gell & Roberts 2003, Grantham et al. 2003). For mobile
species, there can also be spillover of juveniles/adults
to adjacent areas through emigration or density-
dependent dispersal (Lizaso et al. 2000, McClanahan &
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Mangi 2000, Gell & Roberts 2003). Even in fisheries
with minimum size limits, protection of juveniles from
fishing disturbance may improve both survival and
growth during this critical life-history phase (Myers et
al. 2000).

Closed area protection of marine habitats and non-
target species has also been shown to help maintain or
increase biodiversity, particularly in areas subject to
bottom-disturbing fishing practices such as trawling or
dredging (Allison et al. 1998, Dayton et al. 2000, Brad-
shaw et al. 2001, Thrush & Dayton 2002, Halpern 2003).
Maintaining more complete ecosystems in closed areas
may also provide benefits that flow back to the species
targeted by fisheries (Jennings & Kaiser 1998). For ex-
ample, hydroids and bryozoans are key settlement
habitats for scallop larvae but are among the first spe-
cies removed by fishing disturbance (Bradshaw et al.
2001, 2003). Lowering fishing disturbance may also
reduce turbidity and improve water quality, which for
filter-feeding invertebrates such as many shellfish spe-
cies may have implications for survival and growth
(Brand 1991). Finally, maintaining large enough pock-
ets of the marine environment in a relatively un-
disturbed condition not only provides a safeguard for
the future, but also a reference point for examining
the effect of fishing on exploited populations and
communities (Murray et al. 1999, Dayton et al. 2000).

Fisheries for scallops (Pectinidae) would appear to
be ideal candidates for closed area management. Most
scallop species are relatively sedentary and have pre-
dictable patterns of distribution (Brand 1991). This
means that the entire post-settlement life cycle of indi-
viduals can generally be protected in the same area—
as long as it is large enough to encompass normal
movements. Scallops also rely on external fertilisation
for reproduction and therefore fertilisation success
would benefit greatly from the build up of high adult
densities (Peterson & Summerson 1992, Claereboudt
1999, Marelli et al. 1999). In addition, scallops are
broadcast spawners, often with long-lived larvae (20 to
40 d) (Brand 1991) and there would be a high potential
for export of larvae from closed areas (Grantham et al.
2003). Finally, scallop fisheries are often characterised
by widely fluctuating recruitment levels (up to 60-fold;
Wolff 1987) and have consequently proved difficult
to manage using traditional methods (Orensanz et
al. 1991).

Despite this apparent suitability, there are relatively
few published studies on the benefits of closed areas
for scallop populations. The best documented example
of this is from the Georges Bank fishing grounds off the
NE coast of the USA (Murawski et al. 2000, Myers et al.
2000, Stokesbury 2002, Hart 2003, Stokesbury et al.
2004). Three large areas on these grounds were closed
to fishing in 1994 and after 4 yr of protection the sea

scallop Placopecten magellanicus biomass (total and
harvestable) was 9 and 14 times higher, respectively,
in the closed than in the open areas (Murawski et al.
2000). Undersize scallops (<82 mm shell height) were
also approximately twice as abundant in the closed
areas, possibly due to a reduction in indirect fishing
mortality. Effective enforcement of the closed areas,
based on satellite tracking of fishing boats, was seen as
a key factor in the rapid recovery of scallop popula-
tions in these protected areas (Murawski et al. 2000).

Modelling studies of this population (Myers et al.
2000, Hart 2003) have examined the fisheries' benefits
of opening and closing areas of the Georges Bank on a
rotational basis. Both studies predicted higher yield-
per-recruit and spawning stock biomass under a rota-
tional scheme than could be achieved using traditional
methods aimed at directly controlling fishing mortality.
Myers et al. (2000), in particular, advocated the bene-
fits of using closed area management to reduce the
effects of indirect fishing mortality on fishery yields.
Hart (2003) also suggested that increased egg produc-
tion and fertilisation from scallops within the areas
closed to fishing would lead to higher larval production
and hence recruitment to the fished areas. This raises
the possibility that keeping some areas permanently
closed to fishing may also be an effective management
strategy.

In contrast to the studies on Georges Bank, surveys
in the San Juan Islands, USA, revealed no difference
between marine reserves and unprotected areas for
3 species of scallops (Chlamys rubida, Chlamys beh-
ringiana and Hinnites giganteus), even after 8 yr of
protection (Tuya et al. 2000). They proposed a number
of possible explanations, including poor larval supply
to the marine reserves, inadequate sampling methods
and a lack of effective enforcement of the closed areas.

Finally, Bradshaw et al. (2001) found substantial
increases in the density of the great scallop Pecten
maximus after 11 yr of protection in a closed area off
the Isle of Man. In addition, they found the mean age of
scallops above the minimum legal landing size (MLLS
110 mm shell length) to be higher inside the closed
area (6.5 yr) compared to outside (5.3 yr). These
intriguing patterns stimulated us to undertake a new,
more comprehensive study at this site, to determine
with confidence whether these and other effects of the
closed area were repeatable and real.

Our new study extends the work of Bradshaw et al.
(2001) by continuing their data collection programme
as well as taking a number of new approaches. The
key differences have been the modification of their
dive survey technique and the collection of scallops
during these surveys, both inside and outside the
closed area. The new survey method at least partly
compensates for the spatial variability of the system
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and shows statistically significant differences between
the 2 scallop populations for the first time. Collection
of scallops allows comparisons of age and size struc-
ture between the 2 populations as well as biomass
(exploitable and reproductive). It also allows com-
mercially undersized and legal-sized scallops to be
analysed separately, providing comparisons of the
mortality and growth rate of undersized scallops in the
2 areas. The results of this new study are discussed in
the context of the benefits that closing areas may offer
the scallop populations around the Isle of Man and in
general. These include the potential for larval export
from closed areas, reduced indirect fishing effects (i.e.
mortality and damage to undersized scallops caused
by fishing disturbance) and the merits of permanent
versus rotational closed area management.

MATERIALS AND METHODS

Study area and species. We studied the Bradda
Inshore fishing ground, located off the SW coast of the
Isle of Man in the Irish Sea (Fig. 1). Within this fishing
ground, an exclusion zone of nearly 2 km? was estab-
lished by an Isle of Man government bye-law in March
1989. Fishing with mobile gear such as dredges or
trawls was banned within this zone, but fishing with
static gear such as lobster or crab pots (which do not
capture scallops) was allowed to continue. Maximum
water depth within the area is approximately 40 m and
the substrate is a mixture of fine gravel, sand and mud.
The closed area was originally intended for research
into scallop cultivation and stock enhancement. This
was done on a very small experimental scale but was
largely unsuccessful and did not contribute signifi-
cantly to scallop populations in the area (Wilson 1994,
Wilson & Brand 1994). Subsequently, the existence of
the closed area has enabled monitoring of the benthic
community and scallop population under reduced
fishing pressure (Bradshaw et al. 2001).

We focused on the great scallop, Pecten maximus,
which supports the most important commercial fishery
around the Isle of Man (first sale value of £1.5 million
in 2002) (Brand et al. 2004). P. maximus grows rela-
tively quickly in Manx waters, attaining the MLLS of
110 mm SL in 3 to 5 yr (Beukers-Stewart et al. 2003).
In undisturbed populations, individuals may exceed
150 mm shell length and live for over 20 yr (Tang
1941). There are 2 main spawning peaks in local
populations each year, a partial spring spawning in
April or May, and a more complete autumn spawning
in August or September (Ansell et al. 1991). However,
the spring spawning period is responsible for the vast
majority of spat settlement, which occurs from June to
August (Brand et al. 1980). Spat settlement and sub-

sequent indices of recruitment (the density of 2 yr olds)
are highly variable between years (up to more than
35-fold; Beukers-Stewart et al. 2003). P. maximus is
one of the most sedentary scallop species (Brand 1991);
in a tagging study by (Howell & Fraser 1984), 60 % of
individuals moved less than 30 m after 18 mo. The
combination of fast growth, moderate longevity and
sedentary nature suggested that P. maximus would be
an ideal candidate for closed area management around
the Isle of Man.

Dive surveys. To gain a long-term perspective on the
effects of closed area protection on Pecten maximus
populations, we combined our new study with the pre-
vious work done by Bradshaw et al. (2001). On this
basis, dive surveys were conducted in the closed area
most of the years between 1989 and 1998, and there-
after every year until 2003. Comparable surveys were
done in the fished area off Bradda Head in 1989 once
every 2 yr between 1996 and 2002 and again in 2003.
All surveys were done during the closed season for P.
maximus in the north Irish Sea (June to October inclu-
sive). Between 1989 and 2000 (Bradshaw et al. 2001),
surveys normally consisted of a varying number of
haphazardly placed transects (50 m long by 4 m wide),
swum by a pair of divers, with each diver surveying a
parallel strip 2 m wide. From 2001 to 2003, a modified
survey technique was used (our new study). During
these surveys, divers counted and collected all P. max-
imus observed within transects and counted a range of
other benthic species considered to be potential preda-
tors of P. maximus. These included edible crabs (Can-
cer pagurus) and starfish (Asterias rubens, Crossaster
papposus, Luidia ciliaris, Marthasterias glacialis and
Porania pulvillus). Transect width was reduced to 3 m
(with each diver surveying a strip 1.5 m wide) but tran-
sect length varied from 30 to 200 m (the mean over the
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Fig. 1. Map of the closed and fished areas sampled during the
study. Inset shows the location of the Isle of Man within the
British Isles
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3 yr was 90.19 + 8.69 m SE). The longer, but variable
nature of these transects resulted from divers swim-
ming as far as air and decompression requirements
allowed. Six surveys were done in the closed area in
2001 (total area 1188 m?), compared to 9 in 2002 and 8
in 2003 (total areas of 2562 and 1375 m?, respectively)
and 8 in the fished area in both 2002 and 2003 (total
areas of 3057 and 2632 m?, respectively). It was envis-
aged that this survey method would be more suitable
for censusing populations of P. maximus, which are
known to have a very patchy distribution on the
seabed around the Isle of Man (Beukers-Stewart et al.
2001, Bradshaw et al. 2001). If successful, this method
would therefore increase our ability to detect differ-
ences between the closed and fished areas on the
Bradda Inshore fishing ground.

The length of diver survey transects was measured
in 2 different ways between 2001 and 2003. In all
years, the start of the surveys was marked with a
buoyed shot line, the position of which was determined
using a differential global positioning system (DGPS).
Divers swam out from this position on a straight-line
compass course in the direction of any existing current.
At the end of each survey, the divers released a surface
marker buoy (SMB) and its position was also deter-
mined using DGPS. The distance between these 2 rea-
dings therefore gave an estimate of transect length.
The accuracy of DGPS measurement was assessed in
2002 and 2003 using a different method. During these
surveys, divers also carried a 200 m reel of rope that
was clipped to the shot line at the start of each survey
and released as the divers swam along. Subsequent
measurement of this rope gave an independent esti-
mate of the distance travelled on each transect. There
was a significant linear relationship between the dis-
tances measured by the 2 methods (DGPS = 1.03 X rope
+6.23; df = 1.26; R = 0.87, p < 0.01). A slope of 1 and
an intercept of 0 fell within the 95% confidence inter-
vals of the equation (slope 0.87 to 1.20, intercept —-13.40
to 25.86). In light of these results, we used DGPS mea-
surements in 2001, and in 2002 and 2003 when rope-
based measurements were not available. For all other
calculations, we used rope-based measurements.

All scallops Pecten maximus collected by the divers
between 2001 and 2003 were aged using validated
annual growth rings (Allison et al. 1994), and mea-
sured to the nearest millimetre (shell length: SL). Each
scallop was then dissected and the wet adductor
muscle weight and wet gonad weight was measured
separately to 0.01 g.

Dredge surveys. Dredge surveys of the abundance,
size and age of Pecten maximus on the Bradda Inshore
fishing ground (the fished area) were done every June
and October between 1991 and 2003, using the RV
‘Roagan’, a 24 m converted beam trawler (Beukers-

Stewart et al. 2003). This dataset was used to provide
additional density data in 2001 and size-at-age data
from 2000 to 2003 (see below). On one side of the
research vessel, a gang of 4 standard commercial
scallop dredges was fished, while on the other side,
4 queen scallop Aequipecten opercularis dredges were
used. All dredges were 0.76 m in width. The queen
dredges differ from the scallop dredges in having
10 teeth of 60 mm length (compared to 9 teeth of
110 mm) and belly rings of 55 mm internal diameter
(compared to 80 mm). These queen dredges were used
to increase the sample size of small scallops below the
minimum legal landing size (110 mm SL) (Beukers-
Stewart et al. 2001, 2003).

The efficiency of the queen dredges for catching
scallops as a function of size was determined by com-
paring the results of dredge surveys in June 2000
(Beukers-Stewart et al. 2003) with dive surveys in July
2000 (Beukers-Stewart et al. 2001). The queen dredges
were found to be 21.6 % efficient for scallops in the 70
to 89 mm SL size range and 43.0 % efficient for scallops
in the 90 to 109 mm SL size range. These values were
used to calculate the absolute density of 2 yr old
scallops in the fished area in October 2001, for use in
the estimation of mortality (see below). The scallop
dredges are known to be 33.33% efficient for older
(=3 yr) and larger (=110 mm) scallops (Beukers-
Stewart et al. 2001). This value was used to calculate
the absolute density of these scallops in the fished area
in October 2001.

Experimental dredging of the closed area. Two
plots within the closed area (each approximately 500 x
100 m) were experimentally dredged once every 2 mo
between January 1995 and June 2000 (Bradshaw et al.
2001). Two gangs of 4 scallop dredges were towed
along the length of each plot 10 times on each date.
Consecutive tows were done in parallel so that (on
average) the whole plot was covered at least once dur-
ing each dredging exercise. Any scallops captured
during this process were transferred to another area
several kilometres away from the study sites. This
dredging exercise was designed to simulate commer-
cial exploitation, although the Bradda Inshore ground
commonly experiences higher levels of fishing effort
(Veale et al. 2000). It should be noted, however,
that experimental dredging continued throughout the
closed season for Pecten maximus (June to October).
The effect of this disturbance on the population struc-
ture of P. maximus was investigated by comparing the
size and age structure of scallops (=110 mm SL) taken
by scallop dredges in 3 different areas (experimental
area, fished area and closed area) in April and June
2000. Experimental area samples were collected dur-
ing the final experimental dredging exercise, while
fished-area data came from the dredge survey dataset
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(see above). The closed area samples came from the
catch of a commercial boat fishing illegally in the
closed area. On a single morning in April 2000, this
boat spent approximately 3 h towing up and down the
previously undisturbed section of the closed area.
Effort was concentrated in the offshore half of the
closed area although the boat occasionally ventured
closer inshore. The dredges were hauled and the catch
sorted twice during this period. This entire catch was
later obtained for biometric analysis.

Data analysis. Population dynamics and structure of
Pecten maximus: Densities of P. maximus in the closed
and fished areas were compared each year from 2001
to 2003. In 2001, analysis was restricted to legal-sized
scallops (2110 mm) taken by the dive survey in the
closed area (August) and by the dredge survey in the
fished area (October). In 2002 and 2003, analysis was
based solely on the dive surveys in the 2 areas (August
to October), with 2-way ANOVA comparing the den-
sity of all scallops and scallops 2110 mm only. The 2
fixed factors were year and area of survey. Data
for scallops 2110 mm were log (x+1) transformed
to meet assumptions of normality and heterogeneity
(Cochran's C-test, p > 0.05; Underwood 1981). Density
of all scallops within the inshore (<28 m water depth)
and offshore portions of the closed area was also com-
pared in 2002 and 2003 (analysis as above). This inves-
tigated the hypothesis that scallop densities would be
higher inshore than offshore, due to the possibility that
illegal fishing would occasionally occur close to the
boundary. For the fished area, we also examined the
relationship between distance from the closed area
boundary and the density of all scallops (analysis as
above). This investigated the hypothesis that scallop
densities in the fished area would be higher close to
the fished area boundary (within 1 km north) than
further away (1 to 2 km north), due to spillover (or
movement) of scallops from the closed to fished areas.

Size and age structures of scallops collected from the
closed and fished areas were also compared (Kolmo-
gorov-Smirnov analysis) using the same samples as
above. The relationships between scallop length and
both exploitable biomass (adductor muscle and gonad
weight combined) and reproductive biomass (gonad
weight only) were then determined from biometric
measurements. A number of scallops spawned between
collection and subsequent measurement, presumably
due to disturbance (e.g. aerial exposure). However,
Pecten maximus in the Irish Sea normally have full
gonads during August and September (Ansell et al.
1991), the months during which the majority of surveys
were conducted. Therefore, scallops that had clearly
spawned (37.5% of individuals over the 3 yr) were
removed from the analysis in order to standardise bio-
metric relationships. These relationships were then

used to calculate estimates of exploitable biomass (ad-
ductor and gonad weights combined) and reproductive
potential (gonad weights only) from the length of scal-
lops (2110 mm only) collected in the 2 areas each year.

Estimates of total mortality for the scallop popula-
tions in the closed and fished areas were calculated
using catch curve analysis (Beverton & Holt 1957).
Using the above data sets, the mean density-at-age in
the 2 areas was calculated using the years from 2001
to 2003 as replicates. One year old scallops were
excluded from this analysis, as they were not ade-
quately sampled (see discussion). The oldest year-class
in each sample (14 and 7 yr, respectively) was also
excluded from catch curve analysis as they were iden-
tified as outliers (see Cortes & Parsons 1996). Regres-
sions were then fitted to natural log-transformed den-
sities to generate mortality estimates. The change in
density of 2 yr old scallops over two, 1 yr periods (2001
to 2002 and 2002 to 2003) was also calculated for both
the closed and fished areas. These scallops would have
remained below the legal size throughout each ensu-
ing fishing season, therefore, any difference between
losses in the 2 areas could potentially be due to indirect
fishing mortality. For the period between 2001 and
2002, density estimates of this cohort of scallops in the
closed area were restricted to those survey dives in
2002 that were most similar in location to the ones
done in 2001 (as the survey was more widespread in
2002). Density estimates for the fished area in 2001
were obtained from the queen dredge survey in
October (after efficiency adjustments for the relevant
size-classes) and the dive survey in September 2002.
For the period between 2002 and 2003, all dive sur-
veys were used to calculate density estimates. When
methodology and sample size allowed (see results),
these density estimates were compared by 1-way
ANOVA. The density of potential scallop predators
(other than Asterias rubens) in the 2 areas in 2002 and
2003 was also compared by 2-way ANOVA to assess
any influence this may have had on results. The 2 fixed
factors were year and area of survey. The density of A.
rubens in the 2 areas was compared only in 2003 using
1-way ANOVA (see results for explanation). These
data were transformed (log x + 1) to meet assumptions
of normality and heterogeneity (as above).

Growth rates of Pecten maximus: Mean size-at-age
of scallops in the closed and fished areas was calcu-
lated from the samples collected in 2002 and 2003. The
data from 2001 were not included because samples
were taken at different times of the year during the
peak period of scallop growth (closed area: August,
fished area: October). The closed area data were based
entirely on samples collected by divers, while the
fished area data included scallops from both divers and
the October dredge surveys (in order to boost sample
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sizes). Analysis was restricted to scallops up to 10 yr
old (as only small numbers of older individuals were
collected). Von Bertalanffy growth curves were fitted
to each sample and the closed and fished areas were
compared in each year using the likelihood ratio test
(Kimura 1980). This tested the null hypothesis that the
separate growth curves were not significantly different
from a co-incident curve based on combining the sam-
ples. The mean size of scallops at ages 1 to 3 was also
compared between areas in each year using 1l-way
ANOVA.

Eifect of dredging on Peclten maximus population
structure: The size and age structures of scallops from
the 3 areas (closed, experimentally dredged and open
to fishing) were compared by Kolmogorov-Smirnov
analysis. Catch curve analysis was also performed on
the age structure data to provide estimates of total
mortality in the 3 areas. Three year old scallops
were excluded from this analysis, as they were not
adequately sampled.

RESULTS

Population dynamics and structure of
Pecten maximus

When the closed area was set up in 1989, scallop
density was very low (approx. 0.5/100 m?) in both the
closed and fished areas, which at the time were parts
of the same fishing ground (Fig. 2). Between 1989 and
1998 there was a slow but gradual increase in scallop
density in the closed area (up to 3.5/100 m?), but over
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Fig. 2. Pecten maximus. Density (mean no./100 m? + SE) esti-
mated by dive surveys in the closed and fished areas between
1989 and 2003. The exception is the estimate for scallops
2110 mm in the fished area in 2001 that was taken from the

dredge survey dataset after correction for dredge efficiency
(see text for details)

the next 3 yr density increased at a rapid rate, reaching
a peak of over 20/100 m? in 2001, before dropping in
2002 and then rising again in 2003. Scallop densities in
the area open to fishing have consistently remained
below those in the closed area. These densities also
increased in the late 1990s, but not to the extent seen
in the closed area, and they dropped, rather than rose,
between 2002 and 2003. In 2001, the density of legal-
sized scallops (=110 mm SL) was 4.5 times higher in the
closed area than that estimated by dredge surveys
in the fished area (12.93/100 m? compared to 2.87/
100 m?) (Fig. 2). However, due to differences in sam-
pling methodology this difference could not be tested
statistically.

In 2002 and 2003, when divers surveyed both areas,
the densities of all scallops and legal-sized scallops
were highly significantly different in the 2 areas
(Table 1, Fig. 2). In 2002, the density of all scallops was
2.11 times higher in the closed area than in the fished
area (7.91/100 m? compared to 3.75/100 m?), and in
2003 this increased to 4.85 times higher (14.05/100 m?
in the closed area compared to 2.90/100 m? in the
fished area). Differences for legal-sized scallops were
even more dramatic (Table 1, Fig. 2). In 2002 the
density of legal-sized scallops in the closed area was
6.55/100 m? compared to 2.27 in the fished area
(2.89 times higher), while in 2003 the density of legal-
sized scallops was 11.45/100 m? in the closed area
compared to 1.47/100 m? in the fished area (7.76 times
higher). Despite a trend for scallop densities to be
higher in the inshore section of the closed area (<28 m
water depth) than further offshore (9.99/100 m? com-
pared to 6.24/100 m? in 2002 and 15.15/100 m? com-
pared to 12.94/100 m? in 2003), these differences were
not significant (Table 2a). There was also a trend for
the density of scallops within 1 km north of the closed
area boundary to be lower than that further away (1 to
2 km north), (1.95/100 m? compared to 5.54/100 m?
in 2002 and 0.94/100 m? compared to 4.87/100 m? in

Table 1. Pecten maximus. Two-way ANOVA comparing den-

sity in the closed and fished areas in 2002 and 2003. (a) All

scallops; (b) scallops 2110 mm SL only (log x + 1 transformed).
*Significant difference

Source SS df MS F P
@)

Year 57.55 1 57.55 1.66 0.21
Area 482.03 1 482.03 13.93 <0.01*
Year x Area 100.28 1 100.28 2.90 0.10
Residual 1003.34 29 34.60

(b)

Year 3.12E-02 1 3.12E-02 0.33 0.57
Area 2.83 1 2.83 30.14 <0.01*
Year x Area 0.12 1 0.12 1.31 0.26
Residual 2.72 29 9.39E-02
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Table 2. Pecten maximus. Two-way ANOVA comparing

density (a) in the inshore and offshore sections of the closed

area in 2002 and 2003; and (b) in the areas from 0-1 and

1-2 km outside the closed area boundary in 2002 and 2003
log x+ 1 transformed)

Source SS df MS F P
(a)

Year 147.99 1 147.99 3.01 0.11
Section 37.56 1 37.56 0.77 0.40
Year x Section 2.50 1 2.50 0.05 0.83
Residual 638.28 13 49.10

(b)

Year 0.01 1 0.01 0.07 0.79
Area 0.34 1 0.34 2.42 0.15
Year x Area 0.03 1 0.03 0.18 0.68
Residual 1.68 12 0.14

2003), but the data were highly variable and the differ-
ences were not significant (Table 2b).

The age and size structures of scallops collected from
the closed area during the dive surveys from 2001 to
2003 were compared to those collected in the fished
area during dredge surveys in 2001 and by divers in

2001
a) B Closed area
O Fished area

50 1
40 1

2002
507

40 1
30 1
20 |
10 |

Composition (%)

2003
507

40
30
20 |
10 |

12 3 4 5 6 7 8 9 101112 13 14

Age (years)

Fig. 3. Pecten maximus. Age composition within the closed
and fished areas. All scallops collected by divers except for
the fished area in 2001 (collected by dredges). (a) 2001 (scal-
lops 2110 mm only): closed area n = 156, fished area n = 323;
(b) 2002 (all scallops): closed area n = 215, fished area n = 56;
(c) 2003 (all scallops): closed area n = 189, fished area n = 59
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Fig. 4. Pecten maximus. Length composition within the closed
and fished areas. All scallops collected by divers except for
the fished area in 2001 (collected by dredges). (a) 2001 (scal-
lops 2110 mm only): closed area n = 156, fished area n = 323;
(b) 2002 (all scallops): closed area n = 215, fished area n = 56;
(c) 2003 (all scallops): closed area n = 189, fished area n = 59

2002 and 2003 (Figs. 3 & 4). In all years, a shift towards
older and larger scallops in the closed area was appar-
ent. By 2003, 41.3 % of scallops in the closed area were
older than 5 yr, compared to only 5.1 % of scallops from
the fished area (Fig. 3). Likewise, in the same year,
52.4% of the scallops in the closed area were larger
than 130 mm compared to only 11.9 % of those from the
fished area (Fig. 4). All comparisons revealed highly
significant differences (Table 3).

Patterns of density, size and age structure of the scal-
lops in the 2 areas had dramatic implications for differ-
ences in scallop biomass and reproductive potential
(Table 4). In 2001, the exploitable biomass (adductor
muscle and gonad weight) of scallops in the closed
area was over 8 times higher than in the fished area,
and the reproductive potential (gonad weight) was
over 10 times higher. Differences between the 2 areas
were reduced in 2002, but were still substantial.
Exploitable biomass was nearly 5 times higher in the
closed area and gonad biomass was nearly 6 times
higher. In 2003, differences reached their most ex-
treme level, with exploitable biomass nearly 11 times
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Table 3. Pecten maximus. Kolmogorov-Smirnov (K-S) 2 sam-

ple tests comparing population structure in the closed and

fished area from 2001 to 2003. All comparisons were
significant. (a) Age structure; (b) size structure

Year Closed area Fished area K-S P
(n) () VA

@)

2001 156 323 6.86 <0.01
2002 215 56 2.34 <0.01
2003 189 59 2.75 <0.01
(b)

2001 156 323 7.84 <0.01
2002 215 56 3.00 <0.01
2003 189 59 2.86 <0.01

higher in the closed area than in the fished area and
reproductive biomass 12.5 times higher.

The mean density-at-age data for the period 2001 to
2003 (Fig. 5a) also revealed distinct differences
between the dynamics of scallop populations in the
2 areas. Catch curve analysis of these data (natural log
transformed) produced strong linear regressions that
estimated total mortality of scallops in the fished area
(Z = 0.76) to be almost 3.5 times higher than in the
closed area (Z = 0.22) (Fig. 5b). There were also con-
siderable differences between the 2 areas when loss
rates of scallops between 2 and 3 yr old were examined
(Table 5). In both the closed and the fished areas, the
density of 2 yr olds (the 1999 year-class) was particu-
larly high, but very similar; in 2001 with mean densi-

ties of approximately 5.3/100 m? Between the surveys
in 2001 and 2002, the density of this year-class
declined by 56.2% in the closed area compared to
79.9 % in the fished area (a difference of 23.7%). As a
result, 3 yr old scallops were more than twice as abun-
dant in the closed area than in the fished area in 2002
(Table 5). Unfortunately, differences in sampling meth-
ods and replication precluded statistical analysis of
these results. In 2002 the density of the 2 yr old cohort
(the 2000 year-class) was much lower (approximately
1/100 m?) but was again very similar in the 2 areas
(1-way ANOVA, F, 15 = 0.70, p = 0.79, not significant).
By 2003 the density of this year-class had declined
by 35.8% in the fished area, but had increased by
110.4 % in the closed area (Table 5). These densities
were significantly different (1-way ANOVA, F, 5 =
5.25, p =0.04).

The mean density of potential scallop predators
(other than Asterias rubens) was not significantly dif-
ferent between the 2 areas in 2002 or 2003 (Table 6).
Overall, predator numbers were significantly higher in
2003 than 2002 (Table 6). In 2002, 95 % of the A. rubens
counted were less than 5 cm in diameter (i.e. they
would have recruited during the summer of 2002) and
therefore were not considered as predators of 2 to 3 yr
old scallops (Whittington 1993). In 2003, when most of
the A. rubens had reached a diameter of 10 to 15 cm
(i.e. a size at which they could consume scallops;
Whittington 1993), density estimates were significantly
higher in the fished area (8.97/100 m? compared to
0.67/100 m?) (1-way ANOVA, F; 1, = 7.916, p = 0.014).

Table 4. Pecten maximus. Comparison of density and exploitable and reproductive biomass estimates in the closed and fished
area from 2001 to 2003 (scallops 2110 mm SL only)

Year/area Mean scallop density Mean exploitable biomass (g) Mean reproductive biomass (g)
(adductor muscle & gonad weight) (gonad weight only)
Per 100 m? Per scallop Per 100 m? Per scallop Per 100 m?
(a) Estimates
2001
Closed area 12.93 60.34 780.21 8.42 108.81
Fished area 2.87 33.72 96.79 3.61 10.35
Ratio x 4.51 x 1.79 % 8.06 x 2.33 % 10.51
2002
Closed area 6.55 72.89 477.29 21.43 140.34
Fished area 2.27 44.77 101.82 10.41 23.67
Ratio % 2.89 x 1.63 % 4.69 % 2.06 % 5.93
2003
Closed area 11.45 59.45 608.6 18.30 209.55
Fished area 1.47 42.03 61.97 11.35 16.73
Ratio x 7.76 x 1.41 % 10.98 x 1.61 % 12.52
(b) Biometric relationships used in the above calculations
Exploitable biomass: Reproductive biomass:
2001 = (Shell length)33%7 x 0.000004 R?=10.98 2001 = (Shell length)*7** x 0.00000000004 R?=0.90
2002 = (Shell length)35!2 x 0.000002 R?=0.97 2002 = (Shell length)>22 x 0.0000000002 R%?=10.89
2003 = (Shell length)*777 x 0.0000005 R%?=10.99 2003 = (Shell length)>'2! x 0.0000000002 R%=0.97
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Growth rates of Pecten maximus

The likelihood ratio test results indicated that the
von Bertalanffy growth curves fitted to the mean size-
at-age data from the closed and fished areas were sig-
nificantly different in both 2002 and 2003 (Table 7,
Fig. 6). The general pattern was for mean size-at-age
to be similar in the 2 areas at age 1, but to diverge at 2
or 3 yr old. This resulted in mean size-at-age of scal-
lops from the closed area being greater than in the
fished area for scallops 3 yr and older in 2002, and scal-
lops 2 yr and older in 2003 (Table 7, Fig. 6). However,
in 2003, 1 yr old scallops were slightly, but significantly
larger in the fished area than the closed area (Table 7),
indicating that the pattern reversed between 1 and 2 yr
old. It should be noted that mean size at age is the end
product of patterns of both growth and survival. For
example, for scallops of 4 yr and older, the observed
differences between the 2 areas may have resulted
from the selective removal of faster growing individu-
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Fig. 5. Pecten maximus. (a) Density (mean no./100 m? + SE)

per age-class in the closed and fished areas (2001 to 2003).

(b) Catch curve analysis (total mortality estimates) for the
closed and fished area populations (2001 to 2003)

Table 5. Pecten maximus. Density estimates and loss rates of

scallops between 2 and 3 yr old in the closed and fished

areas. (a) The 1999 year-class between 2001 and 2002; (b) the
2000 year-class between 2002 and 2003

Area Density SE Density SE Loss
(no./100 m?) (no./100 m?) (%)

(a) 2001 2002

Closed 5.30 0.45 2.33 0.21 56.15

Fished 5.32 0.23 1.07 0.56 79.88

(b) 2002 2003

Closed 0.92 0.15 1.93 0.43 -110.34

Fished 1.07 0.56 0.69 0.33 35.77

als by the fishery. Therefore, it is not possible to
attribute this difference to the growth rate. However,
until October of each year (the end of each survey
period), scallops up to 3 yr old would not have been
subject to direct removal by fishing (as they were
previously below the minimum legal landing size).

Eifect of dredging on population structure of
Pecten maximus

Age and size (of scallops 2110 mm) in the experi-
mentally dredged plots within the closed area were
similar to that in the fished area (Fig. 7). For example,
in the fished and experimental plots, only 19.8 and
7.7 %, respectively, of scallops were greater than 6 yr
old, with less than 5% being greater than 8 yr old.
These age compositions were not significantly differ-
ent (Table 8). Likewise, in the fished and experimental
plots, only 34.0 and 22.8%, respectively, of scallops
were larger than 130 mm SL, with none greater than
150 mm SL. However, these size compositions were
significantly different, probably due to a higher pro-
portion of scallops in 110 to 119 mm size range in the
disturbed area than the fished area (48.8 % compared
to 25.8%). In comparison, scallops from the undis-
turbed region of the closed area were significantly
older and larger than at both other sites (Table 8,

Table 6. Two-way ANOVA comparing the density of scallop

predators (crabs and starfish other than Asterias rubens; see

text for details) in the closed and fished areas in 2002 and
2003. *Significant difference

Source SS df MS F P
Year 37.40 1 37.40 5.19 0.03*
Area 13.03 1 13.03 1.81 0.19
Year x area 1.50 1 1.50 0.21 0.65
Residual 209.07 29 7.21
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Table 7. Pecten maximus. (a) Von Bertalanffy growth curve parameters and likelihood ratio test results for scallops in the closed
and fished areas and combined, in 2002 and 2003. (b) Comparison of mean size (mm SL) at age for scallops aged 1 to 3 yr in the
closed and fished areas in 2002 and 2003. *Significant difference

(@) 2002 2003
Parameters Closed area Fished area Co-incident Closed area Fished area Co-incident
Leo 152.90 138.25 152.39 147.94 138.99 147.47
k 0.48 0.52 0.42 0.52 0.46 0.44
to 0.18 0.08 -0.01 0.12 -0.14 -0.11
Results
RSS,, 332.16 351.85
x? 36.21 40.92
df 3 3
P <0.01* <0.01*
(®) 2002 2003
Age Closed area  Fished area F-ratio p Closed area  Fished area F-ratio p
1 50.67 53.50 1.35; 1 0.27 53.27 57.77 6.031 34 0.02*
2 85.49 85.48 0.01; 53  0.99 94.00 85.75 20.061 353 <0.01°
3 115.5 109.84 35241 37 <0.01° 115.23 107.05 47.21; 33 <0.01*
160 4 Fig. 7). In the closed area, 45.1 % of scallops were older
140 ] than 6 yr, and 71.4 % were greater than 130 mm SL,
— with 11.3% greater than 150 mm SL.
E 120 4 Catch curve analysis also produced different esti-
E 100 mates of total mortality for scallops in the 3 areas
o (Fig. 7). Mortality estimates were highest in the exper-
2 80 imental area (Z = 0.74), intermediate in the fished area
E 60 (Z = 0.47) and lowest in the undisturbed region of the
2 closed area (Z = 0.30). However, it should be noted that
40 ® Closed area catch curve analysis of the closed area data produced a
20 | a) o Fished area relatively weak regression (R? = 0.58).
0 . . . . S
DISCUSSION
160 In common with a growing number of studies (for
140 - recent reviews see Mosquera et al. 2000, Halpern &
g 120 | Warner 2002, Gell & Roberts 2003, Halpern 2003), our
= work demonstrated that closed area protection results
% 100 - in increases in the density and mean age and size of
ic, 80 A exploited species. Experimental dredging within the
3 60 closed area confirmed that these observations were
5 largely in response to decreased fishing activity. This is
40 A significant for fisheries management because the build
20 | up of high densities of large Pecten maximus individu-
b) als enhanced local reproductive potential and there-
0 T T T T ' fore the likelihood of larval export to the surrounding
0 2 4 6 8 10 fishing grounds. Our work also suggested that pro-
Age (yr) tecting juvenile scallops from fishing disturbance in-
. ) ) creased survival and growth rates. Although juvenile
Fig. 6. Pecten maximus. Size-at-age (mean + SE) and von

Bertalanffy growth curves in the closed and fished areas in
2002 and 2003. (a) 2002: closed area n = 203, fished area n =
768; (b) 2003: closed area n = 182, fished area n = 965

scallops are not subject to direct removal by fishing,
protection during this critical phase appeared to assist
the recovery of the closed area population. Our study
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Fig. 7. Pecten maximus. Comparison of population structure
and mortality estimates from the fished, experimental and
closed areas in 2000 (scallops 2110 mm only). All scallops col-
lected by scallop dredges. (a) Age composition: fished area
n = 97, experimental area n = 130, closed area n = 270;
(b) Length composition: fished area n = 97, experimental area
n = 127, closed area n = 270; (c) catch curve analysis (total
mortality estimates) for the fished, experimental and closed
area populations in 2000

was based on a single closed area-fished area compar-
ison, so it could be argued that these results are only
valid for our study site. However, the accumulation of
results from similar studies is increasing our under-
standing of how marine populations and communities
function in the absence of fishing pressure.

One of the most obvious and notable results of this
study was the difference between scallop density in
the closed and fished areas. Examination of the full
time-series (1989 to 2003) of data on scallop densities
in the closed area indicate that recovery of this scallop
population accelerated as the duration of protection
increased. Scallop densities in the fished area also
increased over this time period, but not nearly to the
extent observed in the closed area. This correlation

10 {
: i
04 : =

may be because scallop populations in the 2 areas are
not entirely independent. Given their close proximity,
there is a real possibility of larval export and/or disper-
sal of scallops from the closed area to the fished area
(see below), but this only makes our observations on
the effects of protection more conservative. Several
recent studies (Jennings 2000, Halpern & Warner
2002) have emphasised the importance of examining
recovery time when assessing the success of marine
reserve protection. In contrast to the dramatic and
rapid recovery of protected populations of Placopecten
magellanicus on Georges Bank (Murawski et al. 2000),
P. maximus populations in the Isle of Man closed area
were slow to respond to protection. In the first few
years of the study, illegal fishing may have contributed
to this pattern (authors' pers. obs). The rapid rise in
densities from the mid-1990s onwards, on the other
hand, was probably related to patterns of recruitment.
During this period, the scallop fishing grounds around
the south and west of the Isle of Man received above
average recruitment in several years, and during the
1998/99 fishing season, commercial catch rates in this
area reached a 20 yr high (Beukers-Stewart et al.
2003). Recruitment into the closed area may have been
even more successful due to the presence of high den-
sities of hydroids, an important settlement substrate
for pectinid larvae (Bradshaw et al. 2003). Yield-per-
recruit models developed for P. magellanicus by Hart
(2003) also demonstrate that closed area protection is
most effective when timed to utilise unusually large
year-classes. Long-term (>10 yr) studies of closed area
protection such as ours are rare (Russ 2002), but (Russ
& Alcala 2004) have also recently shown that long-
term protection is required for full recovery of preda-
tory reef fish populations.

Between 2000 and 2003, differences in scallop den-
sity between the closed and fished areas reached their
most extreme level. This period was also notable for
dramatic fluctuations in scallop density in the closed

Table 8. Pecten maximus. Kolmogorov-Smirnov (K-S) 2 sam-

ple tests comparing population structure in the fished area

(n = 97), experimental area (n = 127) and closed area (n = 270)

in May/June 2000. (a) Age structure; (b) size structure.
*Significant result

Comparison K-S Z P
(@

Fished vs. experimental 1.29 0.07
Fished vs. closed 2.87 <0.01*
Experimental vs. closed 4.78 <0.01*
(b)

Fished vs. experimental 1.75 <0.01*
Fished vs. closed 3.37 <0.01*
Experimental vs. closed 4.74 <0.01*
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area. Scallop densities in the closed area increased
considerably between 2000 and 2001, dropped in 2002
and then increased again in 2003. These observations
may be partly explained by recruitment variation. For
example, in 2001 a high proportion (approximately
35% or 7.22 scallops/100 m?) of the scallops collected
from the closed area were juveniles (1 and 2 yr old). In
comparison, the combined density of 1 and 2 yr olds in
the closed area was much lower in 2002 (1.14/100 m?)
but then increased again (moderately) in 2003 (to
2.30/100 m?).

Another possibility is that the 2001 surveys of the
closed area were biased towards areas where scallops
occurred in high density. Due to logistical constraints,
the 2001 dive survey concentrated on the inshore sec-
tor of the closed area, in water depths between 20 and
28 m. Surveys of this same area in 2002 and 2003
tended to produce higher density estimates than fur-
ther offshore (although this pattern was not statistically
significant). This observation may be related to dis-
tance from the closed area boundary and therefore the
effects of illegal fishing. A small and sporadic amount
of illegal fishing has occurred within the closed area
since it was first set up, but this has generally been
concentrated in the deeper water close to the reserve
boundaries (authors' pers. obs.) Several specific illegal
incursions into the closed area in May 2002 (authors’
pers. obs.) may also have contributed to the drop in
scallop density between 2001 and 2002. In reality,
recruitment levels, spatial coverage of the surveys,
natural mortality and illegal fishing, probably all com-
bined to generate the fluctuations in scallop density
that we observed in the closed area between 2000 and
2003. Therefore, the 2001 estimates of scallop density
in the closed area should be treated with some caution.
In contrast, the 2002 and 2003 dive surveys were
spread over wide areas of both the closed area and the
fished area, and we are confident that our results
represent a real difference between scallop densities
in the fished and closed areas.

Comparison of the age/size structures of scallops in
the closed area with those in the fished area, the resul-
tant mortality estimates, and the results of the dredg-
ing experiment, all further illustrate the effects of fish-
ing on populations of Pecten maximus. This pattern is
not surprising, given the intensity of the scallop fishery
around the Isle of Man. Recent estimates of the sea-
sonal exploitation rate of the P. maximus population on
the Bradda Inshore fishing ground range from approx-
imately 41 to 50% (F = 0.53 to 0.69) (Brand & Murphy
1992, Beukers-Stewart et al. 2003). If our estimate of
total mortality for the closed area (0.22) is taken to rep-
resent natural mortality, and this value is subtracted
from the estimate of total mortality for the fished area
(0.76), a similar estimate for fishing mortality is pro-

duced (F = 0.54). Most P. maximus on the Bradda
Inshore ground do not obtain the minimum legal size
of 110 mm SL until they are between 3 and 4 yr old
(Allison 1994, this study), but we observed few individ-
uals (approximately 5% of the population) more than
5 yr old in the fished area. Fishing mortality therefore
appears to largely remove each recruiting year-class
within 3 yr. In comparison, scallops older than 5 yr
made up more than 40% of the population in the
closed area. However, scallops more than 10 yr old
were still relatively uncommon in the closed area,
making up approximately 10% of the samples. In the
first year of the Isle of Man scallop fishery (1937), scal-
lops of 10 yr or older accounted for over 55 % of catches
on the Bradda Inshore fishing ground (Tang 1941).
This difference is probably because there were very
few scallops in the closed area when it was set up in
1989 (14 yr prior to our last sample), and the population
was initially slow to recover. However, our results do
indicate that long-term protection from fishing is
allowing the P. maximus population in the closed area
to gradually shift back towards its original age/size
structure (see also Bradshaw et al. 2001, Russ & Alcala
2004).

The dramatic differences between the closed and
fished areas in terms of both exploitable and reproduc-
tive biomass of scallops were perhaps the most signifi-
cant results of this study. These patterns suggest that
the closed population has the potential to strongly ben-
efit the local fishery through larval export. For exam-
ple, the reproductive output of Pecten maximus in the
closed area in 2003 was likely to have been at least
equivalent to that from an area of the fishing ground
12 times larger. However, the real difference was
probably much greater. Since fertilization of scallop
eggs is external, success is highly dependent upon the
proximity of spawning individuals (Orensanz et al.
1991). The high density of scallops in the closed area
(relative to the fished area) should therefore have
enhanced fertilization success and reproductive output
even further (Claereboudt 1999). Indeed, the very
low density of scallops recently observed on fishing
grounds around the Isle of Man at the end of each
season (approximately 1/100 m?) has raised concerns
about the possibility of recruitment failure in the
fishery (Beukers-Stewart et. al. 2003). Pockets of high
densities of large, old scallops (such as occurs in the
closed area) may be crucial for ensuring the sustain-
ability of this fishery.

Several trends suggest that the closed area exam-
ined in this study may have actually enhanced the sur-
rounding scallop populations through larval export.
Recruitment indices (the density of 2 yr old scallops)
have increased significantly on 2 of the 3 fishing
grounds surrounding the closed area during the period
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of closure, but not on any of the other 5 fishing grounds
sampled (Beukers-Stewart et al. 2003, 2004). Commer-
cial catch per unit effort (CPUE) has also increased sig-
nificantly on all 6 fishing grounds off the west coast of
the Isle of Man (i.e. nearest to the closed area) during
the same time, but on only 1 of 4 east coast fishing
grounds (and to a lesser extent on that ground)
(Beukers-Stewart et al. 2003, 2004). This may be
because Pecten maximus populations on the east and
west coasts of the Isle of Man are reproductively iso-
lated to a certain extent (Allison 1993, Heipel et al.
1998). Of course these patterns will have been at least
partially driven by other factors such as variation in
environmental conditions (e.g. Wolff 1987) and post-
settlement survival (Beukers-Stewart et. al. 2003), so
these data are only suggestive. It has been stated that
providing definitive evidence for larval export from
marine reserves may be almost impossible (Russ 2002),
but circumstantial evidence, such as from this study, is
continuing to build (Gell & Roberts 2003). Improving
knowledge of behaviour, dispersal and survival of
larvae (i.e. via the use of genetic markers; Gilg &
Hilbish 2003) holds the key to substantiating such
potential benefits of marine reserves.

Another possible explanation for the observed
increases in scallop density in the fished area is that
there was movement of scallops (spillover) from the
closed to fished area. Analysis of the spatial distribu-
tion of scallops in the fished area did not provide any
support for this hypothesis. In fact, scallop densities
tended to be higher further away from the closed area
boundary (but the data were highly variable). The
generally sedentary nature of Pecten maximus (Howell
& Fraser 1984) also suggests that spillover would be
unlikely. However, over the last 3 fishing seasons (2002
to 2004), local fishermen have expended an inordinate
amount of effort fishing along the western boundary of
the closed area (which was too deep for dive surveys),
due to a perceived improvement in catch rates
(authors' pers. obs). This anecdotal data is certainly
suggestive of spillover, the validity of which could be
tested via a suitably designed tagging study (Rowe
2001).

Along with the direct benefits of closed area pro-
tection mentioned above, there was also evidence of
indirect benefits. Firstly, our data suggest that indirect
fishing mortality was at least partly responsible for the
loss of juvenile scallops from the fished area. Indirect
fishing mortality (mortality of scallops discarded or
damaged but not removed by fishing) has been identi-
fied as a major problem in other scallop fisheries
(Naidu 1988, McLoughlin et al. 1991, Myers et al.
2000). Over both periods when the abundance of 2 yr
old scallops was monitored, loss rates were higher in
the fished area than in the closed area. These scallops

would have remained below legal size during each
sampling period, so loss would not have been due
to direct fishing mortality. Between 2001 and 2002,
predator densities were not significantly different in
the 2 areas, so this is unlikely to have been a contribut-
ing factor either. Between 2002 and 2003, the picture
was less clear, however. While the density of 2 yr old
scallops was similar in both areas in 2002, by 2003 the
density of these scallops had doubled in the closed
area but declined by 35 % in the fished area. Due to the
sedentary nature of Pecten maximus (see above), this
increase in the closed area is unlikely to have been
caused by immigration, so it was probably due to the
improved detection of this year-class by divers after
the scallops had grown to a larger size. Therefore our
estimates of the density and mortality of juvenile scal-
lops (ones less than 3 yr old) may only be relative.
Although this still indicates that loss of juvenile scal-
lops was again higher in the fished area, the density
of the starfish Asterias rubens (a major predator of
P. maximus) was significantly higher in the fished area
in 2003. The influence of indirect fishing mortality on
the 2002/2003 results is therefore unknown.

Several previous studies and observations of the Isle
of Man scallop fishery suggest mechanisms by which
indirect fishing mortality may be occurring (Jenkins et
al. 2001, 2004, Jenkins & Brand 2001). Although there
is @ minimum legal size of 110 mm SL, a high number
of scallops below this size are commonly retained by
the dredges to be subsequently discarded (up to 70 %
of the total scallop catch on some grounds; authors’
unpubl. data). Up to 20% of these scallops suffer a
combination of lethal and sub-lethal shell damage
(S. R. Jenkins et al. unpubl. data). Similar damage lev-
els are also found in scallops that encounter the
dredges but are left on the seabed (Jenkins et al. 2001).
Given an overall dredge efficiency of approximately
20 %, these account for 4 times as many scallops as are
landed. In addition, even scallops that encounter
the dredges without damage to their shells suffer an
impaired swimming escape response (Jenkins & Brand
2001). These damaged and/or stressed scallops are
known to be more vulnerable and attractive to preda-
tors than undisturbed individuals (Jenkins et al. 2004).

Differences between the mean size-at-age of juve-
nile scallops in the closed and fished areas could also
have been due to fishing disturbance. In both 2002 and
2003 mean size of 1 yr old scallops was actually slightly
higher in the fished area than the closed area (signifi-
cantly so in 2003), but this pattern reversed between 1
and 3 yr old. One year old scallops are rarely retained
by the scallop dredges used around the Isle of Man,
but dredge efficiency increases substantially for 2 yr
old scallops before reaching full efficiency for 3 yr olds
(B. D. Beukers-Stewart et al. unpubl. data). Dredging is
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therefore likely to have a minimal effect on 1 yr old
scallops, but an increasing effect on older/larger
individuals. The 2 and 3 yr old scallops in the fished
area may therefore have grown more slowly because
they were expending energy recovering from dredge-
induced stress and/or damage. Given the similarity of
growth patterns over the first year, the close proximity
of the 2 sample sites, and their similar water depths
and substrate, environmental conditions do not appear
to explain these differences (see Orensanz et al. 1991).
The reduction in size-at-age of 2 and 3 yr old scallops
in the fished area may have caused the reduced size of
older scallops. This reduction in mean size would, in
turn, have reduced the potential reproductive output
from the fished population (see above). The use of
closed areas to protect scallops during the juvenile
phase may therefore increase their survival and
growth, assisting in the overall recovery of these
populations.

Several authors have advocated the merits of using
rotational closed areas for managing invertebrate
fisheries (Botsford et al. 1993, Myers et al. 2000, Zhang
& Campbell 2002, Hart 2003). However, based on our
results, the Isle of Man fishery for Pecten maximus
would be better served by a network of permanent
(rather than rotational) closed areas. The scallop popu-
lation we studied required more than 10 yr of protec-
tion before significant differences were observed
between densities in the closed and fished areas.
Although this was partly the consequence of illegal
fishing early on (see above), and several years of poor
recruitment (Beukers-Stewart et al. 2003), very long
periods (5 to 10 yr) appear to be needed to build up
stock levels. In addition, if pockets of high spawning
stock biomass are needed to ensure regular recruit-
ment (as our data suggest), then opening up these
areas would quickly remove the largest and most
reproductively active individuals, dramatically reduc-
ing overall reproductive output.

The process of establishing a network of permanent
closed areas would need to be carefully assessed on a
cost/benefit basis. Closing areas of a fishery will ini-
tially reduce the resources available to fishermen.
Fishermen therefore need to be involved in the deci-
sion-making process and may require compensation or
financial assistance in the short-term. Support from
the local fishing community is likely to be crucial for
ensuring that closed area boundaries are effectively
enforced. For example, promoting the potential fishery
benefits of the Isle of Man closed area among local
fishermen has lead to a dramatic drop in illegal fishing
in the area in recent years (authors’ pers. obs.). It has
also been argued that closed area protection may
simply divert fishing effort to other areas or species,
causing irrevocable damage (Horwood et al. 1998,

Horwood 2000). This possibility needs to be considered
and incorporated into management plans. For closed
area management to be judged as successful, the
simple rule of thumb is that the fisheries in question
become more productive than they were under previ-
ous management schemes (Gell & Roberts 2003).

In summary, this study joins a growing number indi-
cating that the use of closed areas offers a range of
benefits over more traditional methods of managing
fisheries. Fisheries for scallops appear to be particu-
larly suitable for this type of management. The chal-
lenge now is to provide stronger empirical evidence for
larval export and spillover from closed areas, and in
the process gain the support of both the industry and
fisheries managers.
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