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INTRODUCTION

In recent years, a plethora of studies have been con-
cerned with assessing the benefits of marine protected
areas (MPAs) on exploited species, many of them doc-
umenting increases in abundance, biomass, individual
size and egg production inside MPAs following the
reduction or cessation of fishing (e.g. Sánchez-Lizaso
et al. 2000, Russ 2002, Claudet et al. 2010). While there
is general agreement about their conservation bene-
fits, attention to the effects of MPAs on fisheries has
grown particularly controversial (Hilborn et al. 2004),
primarily due to the scarcity of evidence documenting
their efficacy (Willis et al. 2003, Hilborn 2006) and con-

cern about loss of fishing grounds (Jones 2008). Contri-
butions to this question may come from empirical or
theoretical studies. Empirical studies generally eva-
luate the potential MPA benefits of spillover (net
export of juveniles/adults: Russ 2002) to adjacent fish-
eries based on field data, typically obtained from on-
board sampling or landings, experimental fishing, tag-
recapture or underwater censuses (e.g. McClanahan &
Mangi 2000, Goñi et al. 2006, Tupper 2007, Forcada et
al. 2009). Alternatively, theoretical modeling studies
simulate fishery impacts of MPAs under different MPA
configurations, recruitment or connectivity scenarios,
or adult mobility and exploitation rates (e.g. Polacheck
1990, Acosta 2002, Walters et al. 2007, to name some
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that account for movement dynamics). Many difficul-
ties plague empirical studies; in particular, most MPAs
are too small to affect fisheries in ways that are
detectable at the fisheries management scale (Russ
2002). Hence, empirical studies are generally re-
stricted to small scale effects on local fisheries. Model-
ing studies do not have such constraints, but rely on
many assumptions and have been criticized as unreal-
istic and offering conflicting conclusions (e.g. Willis et
al. 2003).

Empirical studies on the effects of MPAs on fisheries
have shown that: (1) after protection over a range of
years, catch per unit effort (CPUE) of many exploited
species are often higher in the fished areas closest to
MPA boundaries (e.g. Murawski et al. 2005, Abesamis
et al. 2006a, Goñi et al. 2006, 2008) or have increased
after MPA creation (e.g. McClanahan & Mangi 2000,
Russ et al. 2003, 2004, Stobart et al. 2009); (2) spatial
redistribution of fishing effort around MPAs often
results in effort concentration near MPA boundaries
(e.g. McClanahan & Kaunda-Arara 1996, McClanahan
& Mangi 2000, Kelly et al. 2002, Murawski et al. 2005,
Goñi et al. 2008); (3) CPUE may be locally depleted
when fishing effort concentrates near MPA boundaries
(McClanahan & Kaunda-Arara 1996, McClanahan &
Mangi 2000, Goñi et al. 2006, Stobart et al. 2009); (4)
the spatial extent of detectable spillover effects is lim-
ited to a few hundred to a few thousand meters from
MPA boundaries, depending on species mobility and
habitat characteristics (e.g. Russ et al. 2004, Abesamis
& Russ 2005, Murawski et al. 2005, Abesamis et al.
2006b, Goñi et al. 2006, Forcada et al. 2009), although
this extent is strongly affected by fishing effort dynam-
ics near boundaries and gear efficiency (McClanahan
& Mangi 2000, Goñi et al. 2008).

MPA benefits for fisheries are expected to result more
from increased egg production and export of eggs and
larvae than from spillover of adults (Jennings 2000,
Russ 2002). However, because of the temporal variabil-
ity of larval survival and settlement as well as the large
area over which it is expected to occur, the recruitment
effect is hard to detect. Thus, spillover is presently the
only tangible index of potential fishery benefit of MPAs.
However, despite all the available evidence, and be-
cause such studies are technically and logistically
difficult (Russ 2002), no empirical study has yet quanti-
fied spillover or determined its contribution to local
catches. A first step was made by Abesamis et al.
(2006a), who estimated the potential maximum contri-
bution of spillover from the Apo marine reserve (occu-
pying ~10% of the fishing area) at less than 10% of the
overall yield of the Apo Island fisheries.

Knowledge of animal movements is key in develop-
ing spatial management tools such as MPAs, and has
been studied to investigate spillover from MPAs to

adjacent fisheries (e.g. Zeller et al. 2003, Goñi et al.
2006, Tupper 2007). However, to our knowledge, only
Rowe (2001) for lobster Homarus gammarus and Tup-
per (2007) for surgeonfish Naso lituratus have demon-
strated discernible net outward movement from an
MPA. Nevertheless, Tupper found little outward move-
ment for other exploited fishes studied, and concluded
that spillover was species-specific and influenced by
reef topography.

In this study, we investigated movement of the spiny
lobster Palinurus elephas and spillover to the adjacent
fishery from the Columbretes Islands Marine Reserve
(CIMR; hereafter also called MPA). The CIMR was cre-
ated in 1990, and the study initiated in 1997 showed
that lobster abundance in the reserve was 5 to 20 times
greater than in comparable fished areas (Goñi et al.
2001) and also demonstrated lobster spillover to the
fishery (Goñi et al. 2006). In that study, individuals
tagged inside the CIMR and recaptured in the sur-
rounding fishery were used to track the CIMR origin of
lobster harvested within 1500 m from the boundary. In
the present study we used a decade (1997 to 2007) of
tag-recapture data, and set out to: (1) estimate lobster
emigration rates from the CIMR to the adjacent fished
grounds, (2) quantify lobster spillover from the CIMR,
(3) assess the spillover contribution to the commercial
catch, and (4) compare spillover contribution with lost
fishing grounds by the creation of the CIMR. We used
a model developed by Hilborn (1990) to estimate
movement rates based on tag-recapture data; spillover
was quantified by combining estimates of emigration
and of tagged lobster abundance in the MPA.

MATERIALS AND METHODS

The species. Palinurus elephas is a spiny lobster from
temperate waters, widely distributed in the Northeast
Atlantic and the Mediterranean. It inhabits rocky and
coraligenous habitats from nearshore to depths of
200 m (Goñi & Latrouite 2005). It is a long-lived (maxi-
mum estimated age of 20+ yr), slow-growing species
that matures at 3 to 4 yr of age (~80 mm carapace length
[CL] in the Mediterranean) and reproduces once a year.
The egg-bearing period extends from September to
February (Goñi et al. 2003a). Tagging studies con-
ducted in the Atlantic and Mediterranean (reviewed in
Goñi & Latrouite 2005) indicate that adult movement is
restricted, with most individuals moving <5 km. In-
shore–offshore migrations have been reported for both
Atlantic and Mediterranean populations, and have
been inferred in the CIMR from seasonal bathymetric
changes in abundance (Goñi et al. 2001).

Study site and fishery. The study was carried out in
the CIMR and surrounding fishing grounds (Fig. 1).
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Situated 50 km from the coast at the edge of the conti-
nental shelf, the CIMR protects 44 km2 of volcanic rock
and coraligenous habitats (maërl beds), with patches of
gravel, sand, and mud extending down to 80 m depth.
Fishing grounds near the CIMR consist of areas with
patches of rock and maërl over expanses of gravel,
sand, and mud at depths of 50 to 90 m. The CIMR har-
bors traditional fishing grounds of Palinurus elephas;
legislation prohibits all commercial fisheries (including
lobster fishing), and this regulation is well enforced.
Commercially, P. elephas is the most important spiny
lobster in the Mediterranean and North-eastern
Atlantic. Northwestern Mediterranean fisheries are
managed by a 6 mo closed season during the egg bear-
ing period (September to February), a minimum land-
ing size of 90 mm CL, and the prohibition of landing
ovigerous females. Excess fishing has depleted P. ele-
phas populations and, although Mediterranean popu-
lations are considered overfished, they are still tar-
geted by small artisanal boats in many areas,

especially around archipelagos and islands (Goñi &
Latrouite 2005). Due to the offshore location of the fish-
ing grounds where the CIMR was implemented, few
boats were prepared to venture to the area, and after
its creation the number even declined (D. Kersting,
pers. comm.). During the study period, 3 boats fished
consistently through the season from 1997 to 2003, and
only 2 boats operated in later years. Spatially, lobster
fishing effort was distributed near the MPA (<1 km
from the boundary), in contiguous grounds up to 5 km
from the MPA (1 to 5 km from the boundary), and in
patchily distributed grounds farther away (10 to 30 km
from the boundary) (Fig. 1). For the purpose of this
study, we define ‘regional fishing grounds’ (or regional
fishery) as the lobster grounds within 30 km of the
CIMR boundary; ‘local fishing grounds’ (or local fish-
ery) are defined as those within 5 km (Fig. 1). The
extension of the regional lobster grounds (including
those in the MPA) is around 189 km2; the extension of
the local lobster fishing grounds (including those in the
MPA) is around 107 km2. The area of traditional lobster
grounds closed to fishing by the CIMR amounts to
~34 km2 (18 and 32% of the available regional and
local grounds, respectively).

Data collection. Tag-release and recapture pro-
gram: We conducted annual experimental fishing sur-
veys inside the CIMR from 1997 to 2006 following a
random sampling design over lobster habitats (Goñi et
al. 2003b). All surveys were conducted during a 5 to
10 d period in June prior to reproduction (except in
1998 and 1999 when surveys were conducted in
August and September), when the probability of cap-
ture of females and males should be similar (Goñi et
al. 2003b). Fishing was done with the same type of
fishing gear used in the local commercial fishery:
wide mesh (160 mm stretched-mesh inner panel)
trammel-nets of standard (600 m) length. This gear
typically selects individuals over 70 to 80 mm CL.
Fishing effort was of 18 fishing sets of standard length
by survey, and remained constant during the study
period.

Annually (except in 2003 when no tagging was con-
ducted), all lobsters captured in the surveys were
tagged with Hallprint T-bar tags inserted dorso-
laterally between the first and second abdominal seg-
ments. Tagged lobsters were released inside the CIMR
as close as possible to the capture location. Care was
exercised during the catching and tagging process to
minimize injuries. Injured lobsters were returned to
the water without tagging. The tag number, CL (mm),
and sex were all recorded for each lobster tagged, as
well as the date and position of release. Tag and re-
lease of lobsters outside the CIMR was attempted in
1997 with little success: low catch rates in fished areas
yielded very few lobsters for tagging.
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Fig. 1. Spatial distribution of commercial fishing effort in
local (<5 km from boundary, dotted line) and regional fishing
grounds during the study period (1997–2007). Internal solid
lines: boundary of Columbretes Islands Marine Reserve 

(CMR). (s) fishing set
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Lobsters tagged during 1997 to 2006 were recap-
tured inside the CIMR during subsequent experimen-
tal fishing surveys from 1998 to 2007. For each recap-
ture, the tag number, CL, and date and position of
recapture were recorded. Recaptures outside the
CIMR were obtained in the adjacent fishery during
the 6 mo fishing season each year from 1998 to 2007.
The small number of boats operating in the fishery
allowed a good collaboration with the fishers and en-
sured a high rate of notification of the recaptures
obtained outside the MPA; tags and information on
lobster size, as well as date and position of capture
were also supplied by fishers. A 12 Euro reward was
advertised and given in return for every recapture
reported. Time at liberty of recaptured lobsters
ranged from 1 to 10 yr. Only first time recaptures and
lobsters recaptured after >1 yr at liberty were consid-
ered in this study.

Commercial catch and effort data: Commercial
catch and effort data from the fishery were collected
from an onboard observer program (totaling 477 fish-
ing sets) conducted from 1998 to 2007 (except 2004).
Sampling was done for 1 to 5 wk per season. To ensure
that the fishing effort data were representative of the
true spatial distribution in the fishery, observers sam-
pled all fishing sets undertaken during the sampling
week. The lobster catch (number, size, tagged/
untagged condition) and fishing location were re-
corded for each fishing set.

Lobster effort in the regional fishery by year was
estimated as the product of the number of boats in the
fishery, the mean number of fishing sets per days per
boat, and the mean number of fishing day per year. We
calculated the annual lobster catch from the local and
regional fishing grounds as the product of the mean
annual CPUE within each of these areas (from the ob-
server data) and the mean annual fishing effort
deployed in each area.

Estimation of movement. Lobster movement from
the CIMR to the adjacent fishing grounds was investi-
gated using the model developed by Hilborn (1990).
We considered 2 areas in the model: Area 1 was the
CIMR; Area 2 was the regional fishing grounds. All
lobsters tagged were caught and released in Area 1.
Because no lobsters were tagged outside the MPA, it
was not possible to estimate movement rates from out-
side to inside the MPA; thus, for tagged individuals,
the estimated movement rate represents net emigra-
tion. The model follows the number of tagged and
released individuals. We treated tags released in a
year as a cohort of individuals and tracked the abun-
dance of thjis cohort by area and time. Movement rates
of males and females were expected to be different, so
we considered them as separate groups of tags. The
model is based on the following equations:

(1)

where the data are the tags released and recovered and:

Tj,g is the time period tagged lobsters of sex j in
group g were released

Gj,g,t is the number of tagged lobsters released of
sex j and group g at time t

Rj,g,a,t is the observed number of tagged lobsters re-
turned of sex j and group g, in area a, at time t

Rj,a,t is the observed number of tagged lobsters re-
turned of sex j for all groups, in area a, at time t

We estimated the following parameters or model
outputs:
Nj,g,a,t is the predicted number of tagged lobsters alive

of sex j from group g, in area a, at time t
uj,a,t is the exploitation rate for tagged lobsters of

sex j in area a, at time t. This is assumed to be 0
inside the MPA

mj,1,2,t is the movement rate of lobsters sex j from Area
1 to Area 2, at time t

sj,a,t is the survival of tagged lobsters of sex j from
natural and fishing mortality and losses due to
tag shedding in area a at time t

snatural,j is the survival of lobster of sex j from natural
mortality

sshed,j is the tag retention rate (1-tag shedding) of lob-
ster of sex j

rj, 2 is the proportion of tags of lobsters of sex j
returned when captured in Area 2 (outside the
MPA)

ej,1,t is the proportion of lobsters of sex j sampled in
Area 1 (inside the MPA) at time t

R̂j,g,a,t is the predicted number of tags of lobsters of
sex j and group g returned when captured in
Area 2 (outside the reserve) at time t

In the model, losses of tagged lobster from natural
mortality and from tag shedding cannot be distin-
guished. Thus, to calculate natural mortality we used
an annual probability of tag shedding of 4.1 and 7.5%
for female and male Palinurus elephas, respectively
(González-Vicente et al. 2009).

We made the usual assumptions of tagging analyses:
(1) all tags are recognized, (2) survival from natural
mortality and tag shedding are the same in all areas,
(3) tagged and untagged individuals have the same
probability of movement. 

We made the following additional assumptions
guided by our empirical observations:
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(4) Movement from outside to inside the MPA is close
to zero and can be ignored. To estimate movement
between areas one normally needs to tag individuals in
all areas. In this case tagging outside the MPA was not
feasible, but we know that exploitation rates outside of
the CIMR are very high relative to movement rates.
Thus, we do not expect individuals to be able to move
inside the MPA during the fishing season or to survive
in sufficient numbers to make appreciable immigration
during the closure period.

(5) Exploitation rate is proportional to the effort ob-
served within 5 km of the CIMR boundary. Most of the
recaptures occurred within 5 km from the MPA, and
we made the mean exploitation rate u vary by year as
a function of the percentage (%) of the annual observer
effort deployed within this area relative to Area 2.

(6) Movement rates are the same for all years in the
study except for 2001. The data suggest that an unusu-
ally large portion of the individuals moved outside of
the MPA in 2001.

For each combination of group, sex, area and time,
we had observed Rj,g,a,t and predicted R̂j,g,a,t recover-
ies. We assumed that the recoveries would be Poisson
distributed so the likelihood for the tag analysis is

(2)

where ∏ is the product of all the individual likelihoods
for each sex, tag group, area and time period.

Estimation of lobster abundance inside the reserve.
For any given year t, population abundance of lobster
of sex j in the CIMR (Pj,t) was estimated as:

Pj,t = Cj,t / (Rj,t / Nj,1,t) (3)

where Cj,t is the number of lobster of sex j caught
(tagged+untagged) in the CIMR during the experi-
mental fishing survey in year t, Rj,t is the number of
tags recaptured of sex j in the survey in year t, and Nj,1,t

is the total number of tagged lobster of sex j available
in the CIMR at the beginning of year t as estimated by
the tagged population model (Eq. 1).

Estimation of spillover. We estimated mean annual
spillover (Sj) of lobster sex j, or the mean number of
lobster sex j emigrating per year from the MPA
(Area 1) to the fished area (Area 2), as:

Sj = Pj × Mj,1,2 (4)

Where Pj is the mean abundance of lobster of sex j
(tagged + untagged) in the CIMR over the study
period and Mj,1,2 is the mean annual sex-specific
probability of movement from the MPA (emigration
rate) derived from the tagged population model for
the period 1997 to 2006 (except in 2001 which was
Mj,1,2,2001).

RESULTS

Tag-recapture

A total of 5334 lobsters (53.3% female) were caught,
single-tagged and released in the CIMR during 1997 to
2006. Of these, 566 (52.3% female) were recaptured
inside the MPA during the 1998 to 2007 surveys and
729 (44.7% female) were recaptured during the same
period in the fished area near the MPA. Thus, the sex
ratio of both the newly tagged lobster and the recap-
tures in the MPA was slightly higher for females, while
recaptures in the surrounding fishery were higher for
males.

The percentage of lobsters recaptured annually in-
side the MPA from the number of all those released
was 2.3% for males and 1.8% for females, with oscilla-
tions around these mean values over the study period.
In the fishery, recapture rates were higher for males
(3.4%) and similar for females (1.9%), exhibiting a
marked peak in 2002 (Fig. 2).

During 1997 to 2006, the mean CL of newly tagged
lobsters (inside the MPA) increased from 100 to
111 mm among females and from 109 to 132 mm
among males. At the beginning of the study, the mean
size of lobster recaptured inside and outside the CIMR
was similar but later became larger inside the CIMR
than in the adjoining areas (Fig. 3), suggesting that
large lobsters migrated comparatively less than small
and medium ones.

Commercial effort and catch

At the regional level, estimated lobster fishing effort
remained approximately constant at around 1500 to
1900 fishing sets yr–1 (mean: 1628 fishing sets yr–1) dur-
ing the study period (except in 2005 when fishing ef-
fort was lower: Fig. 4). Effort levels remained relatively
stable, even when the number of vessels that targeted
lobster declined (from 3 during 1998–2003 to 2 there-
after) because fishing effort per boat increased (from
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5.8 sets d–1 during 1998–2005 to 8.5 thereafter). The
number of commercial sets sampled (17 to 99 yr–1) cor-
responded to 1 to 6% of the estimated annual regional
effort. A large portion of sets (45%) occurred <1 km
from the CIMR boundary, 25% in grounds from 1 to
5 km, and 30% at greater distance. The spatial distrib-
ution of effort varied over time in relation to the CIMR,
concentrating towards the boundary during 2000 to
2003 and declining thereafter (Fig. 5).

The estimated mean annual catch for sexes com-
bined was 11461 ± 5039 SD lobster (6016 ± 2808 SD kg)
in the regional fishery, of which 8592 ± 5517 SD lobster
(3927 ± 3292 SD kg) corresponded to the local fishery.

Model estimates: mortality, exploitation and
movement rates

Natural mortality of Palinurus elephas in the CIMR
was 16% yr–1 for females and 20% yr–1 for males
(Table 1). The estimated exploitation rate in the adja-
cent fishery was very high, indicating that virtually all
males emigrating from the MPA and ~80% of the
females were harvested within the following season
(Table 1). The model estimated that sampling rates
inside the MPA were higher among males and that all
tags recaptured outside the MPA were reported. This
reporting rate is consistent with high mean reporting
rates (1.11 ± 1.19 SD) estimated from the observer pro-
gram over the study period. Estimates indicated that
on average 3.7% of the females and 6.7% of males in
the CIMR were likely to emigrate annually from the
MPA. These rates were 3 to 4 times higher in 2001
(Table 1), as expected given the high proportion of
recaptures in 2002 (Fig. 2).

Lobster abundance inside the reserve

Adult lobster abundance in the CIMR at the end of
the study period (~22 000 females and ~5000 males)
was lower than in the earlier years and was consis-
tently higher among females (Fig. 6). Male abundance
was stable and higher from 1998 to 2002 than from
2003 to 2007; female levels were more variable among
years. Mean adult abundance (sexes combined) in the
CIMR during 1997 to 2006 was 31 144 lobsters ±11 448
SD (range: 18 316 to 44 179) (Table 2).

Spillover contribution to the fishery

Mean spillover was 2065 lobsters yr–1 (±2124 SD),
which amounted to 6.6% of the mean annual popula-
tion in the CIMR. Mean anual spillover in weight was
2069 kg yr–1 (±2167 SD). Applying the exploitation rate
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Fig. 3. Palinurus elephas. Mean carapace length (CL) of recap-
tured female (upper panel) and male (lower panel) lobsters in
the CIMR (IN) and in the adjacent fishery (OUT) during the 

study period (7 to 17 yr after the reserve was established)
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of males and females in the fishery, har-
vested spillover amounted to 1828 lob-
sters yr–1 (±1890 SD) or 1861 kg yr–1

(±1938 SD: Table 2). This harvested
spillover represented 16 and 21% of the
annual catches by number of the re-
gional and local fisheries, respectively.
Because the mean size of the tagged
lobsters recaptured in the fishery was
on average 33% larger than those
untagged (females: 26%; males: 40%:

R. Goñi, D. Díaz & S. Mallol unpubl. data) spillover in
weight represented 31 and 43% of the corresponding
annual catches.

Taking into consideration the loss of 18% of the re-
gional fishery grounds and 32% of the local fishing
grounds by the establishment of the CIMR, and
assuming similar productivity of the grounds inside
and outside, we estimate that there has been a mean
net loss to the fishery in terms of the number of lobster
caught of 2 and 11% in the regional and local fisheries,
respectively. In terms of catch in weight, however, we
estimate a net gain of >10% (Table 3). Excluding the
extraordinary spillover event of 2001 and subsequent
high catch of 2002, the mean harvested spillover con-
tribution to the catch would have represented 23 and
35% of the regional and local catch in weight respec-
tively and would have yielded a net gain of 3 to 5% of
the annual catch by weight.
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Parameters Females Males
Mean ± CI Mean ± CI

Natural mortality (1 – snatural) 0.163 0.132–0.193 0.199 0.171–0.226
Exploitation rate in fishing grounds (Area 2) (u) 0.783 0.605–0.976 1.000 0.913–1.000
Proportion of tags that are returned when captured in the fishery 1.000 0.491–1.000 1.000 0.501–1.000
outside the reserve (r)

Sampling rate for all lobsters inside the reserve (e) 0.045 0.038–0.054 0.067 0.057–0.078
Movement rate from the reserve (Area 1 to 2) excluding 2001 (m1, 2) 0.037 0.031–0.046 0.067 0.057–0.079
Movement rate from the reserve (Area 1 to 2) in 2001(m1, 2, 2001) 0.152 0.106–0.211 0.240 0.193–0.292

Table 1. Palinurus elephas. Model parameter estimates (means and 95% confidence intervals) for females and males (1997–2006)
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Fig. 6. Palinurus elephas. Estimates of lobster abundance
(no.) in the CIMR by sex as a function of years of protection.
Year 1 corresponds to 1991 when enforcement was effec-

tively in place

Abundance in reserve Spillover Harvested spillover
N lobster N lobs yr–1 kg lobs yr–1 N lobs yr–1 kg lobs yr–1

Females 20645 ± 7328 1094 ± 1175 956 ± 1073 857 ± 920 749 ± 840
Males 10498 ± 4119 971 ± 996 1113 ± 1123 971 ± 996 1113 ± 1123
Total 31143 ± 11448 2065 ± 2124 2069 ± 2167 1828 ± 1890 1861 ± 1938

Table 2. Palinurus elephas.  Mean (±SD) estimates of population abundance in the CIMR (1997–2006) derived from model esti-
mates of the tagged population size and emigration probabilities (% yr–1), spillover (no. lobster yr–1, wt yr–1) and harvested spillover 

(no. lobster yr–1, wt yr–1)

Fishery Loss of fishery Annual gain through Net change 
area by establishment harvested spillover in catch %

of CIMR (%) % of total catch
(No.) (kg) (No.) (kg)

Regional 18 15.9 30.9 –2.1 +12.9
Local 32 21.3 42.6 –10.7 +10.6

Table 3. Palinurus elephas. Gross and net changes in lobster harvest in the re-
gional and local P. elephas fisheries after establishment of the CIMR. Mean over 

8 to 17 yr protection period
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DISCUSSION

For the first time, this study quantifies the species-
specific spillover from an MPA and its net contribution
to local fishery catches. Approximately 7% of the
Palinurus elephas protected in the CIMR, immigrated
annually to the adjacent fished grounds, such that their
spillover contribution to the annual commercial catch
by weight was 31 to 43%. This provided a mean net
gain of >10% by weight of the adjacent fishery catch.
Although the number of lobsters spilling over annually
did not quite make up for the loss of fishing grounds set
aside in the CIMR, it did in weight because the mean
size of the lobsters emigrating from the MPA were
larger than those outside. Our study benefited from a
unique data set made up of 10 yr of tag-recapture data
in the MPA and of recaptures in the fished area. Also
extraordinary was the fishers’ collaboration that re-
sulted in high tag reporting rates, made possible by the
small number of fishing boats involved in the fishery.
This study contributes in filling a gap in the empirical
knowledge of fishery effects from MPAs, as it estimates
spillover and its contribution to catches, while prior
studies had only provided evidence of spillover, mostly
in the form of higher catch rates or yields adjacent to
MPA boundaries (e.g. see Russ et al. 2004, Goñi et al.
2006, 2008 and references therein).

Virtually all migrants leaving the MPA were har-
vested by the end of the following season and 95% of
them were caught within 1 km from the CIMR bound-
ary. High exploitation rates characterize many spiny
lobster fisheries, where few lobster in the legal size
classes escape the fishery every year (e.g. Rowe 2001,
Iacchei et al. 2005); fishing the line along MPA bound-
aries exacerbates exploitation and may produce local
depletion (e.g. McClanahan & Mangi 2000, Stobart et
al. 2009). In our study, exploitation was intensified
along the CIMR boundary by effort concentration at
<1 km, reaching up to 60–70% of the total regional
effort during 2002 to 2003 (Fig. 5).

The emigration rate of male Palinurus elephas was
almost double that of females. This was consistent with
previous reports of greater mobility of males for sev-
eral species of spiny lobsters (e.g. MacDiarmid &
Butler 1999, Frisch 2007), including P. elephas (Follesa
et al. 2009). Higher recapture rates observed in this
study suggest that male P. elephas exhibit a similar be-
havior in the CIMR, although assessing the full extent
of movement behavior is hindered by concentration of
effort around the CIMR that prevents lobster moving
far from the boundary before being captured.

The benefits of spillover from the CIMR to the local
fisheries depend on the mechanism of spillover and
the dynamics of the fishery. Several mechanisms may
facilitate spillover inter alia: (1) nomadic or home

range movements near MPA boundaries, (2) seasonal
migrations, or migrations forced by extraordinary
events; and (3) density-dependent movements. Moder-
ate movements of Palinurus elephas (relative to the
size of the CIMR), continuity of habitats through a
large part of its perimeter and high exploitation rates
that intercept migrants, mean that the protected popu-
lation is exposed to fishing mortality. Thus, movements
near the boundaries exposing lobsters to harvest —
which are not balanced in the other direction because
of lower lobster abundance outside the MPA — may
have negative effects on their abundance that extend
well into the MPA. This phenomenon, called ‘disper-
sion imbalance’ by Walters et al. (2007) is clearly con-
sistent with our observations of high exploitation rates
in the adjacent fishery and of declining abundance in
the CIMR.

Seasonal inshore-offshore migrations could also facil-
itate spillover of Palinurus elephas from the CIMR. These
migrations have been documented in Atlantic and Medi-
terranean populations of P. elephas (Goñi & Latrouite
2005) and inferred in the CIMR from seasonal bathymet-
ric changes in abundance (Goñi et al. 2001). Seasonal
feeding or reproductive migrations of lobster species
have been proposed to explain density changes in
marine reserves and declines due to edge fishery har-
vesting of migrants (e.g. MacDiarmid & Breen 1992).

Greater spillover and emigration rates in 2001 (3 to 4
times higher than average) could have been caused by
movement to greater depths (beyond the CIMR bound-
aries) to lessen the effects of extreme weather condi-
tions caused by a decadal storm that hit the northwest-
ern Mediterranean in November 2001 (J. Pascual &
J. Font unpubl. data). The CIMR has a central line of
small islands and shoals that convey wind energy
downwards. We conjecture that during the storm, en-
ergy levels at the bottom were greater along the cen-
tral line of islands than near the boundaries or outside
the CIMR, and that in search of lower energy sub-
strates, some lobsters may have found refuge in deep
waters of the CIMR, while others may have spilled over
the boundary. Support for this comes from the excep-
tionally high commercial catches near the MPA during
the 2002 fishing season, known through declarations
from fishers documented by the local press; this is con-
sistent with a peak in fishing effort along the CIMR
boundaries observed in that period (Fig. 5). Massive
migrations of lobsters in response to unfavorable mete-
orological events have been documented in shallow
water species (e.g. Panulirus argus, Herrnkind 1980).
In our study, a storm occurred during the winter forc-
ing lobsters to move out of the MPA while the fishery
was closed. Higher yields during the following fishery
season suggest that lobsters had not returned to their
original territories, either having relocated within the
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fishing grounds or having been intercepted on their
way back to shallower water. Design of MPAs requires
careful spatial considerations for species which have
similar bathymetric responses and which are located in
areas where meteorological events could force their
relocation; otherwise the beneficial roles of MPAs may
be jeopardized.

Spillover from the CIMR may also be driven by
density-dependent emigration, mainly among males.
Emigrants were mostly medium or small lobster, while
the largest individuals tended to remain in the MPA
(Fig. 3). Competitive exclusion has been shown to ex-
clude subordinate fish through interference competi-
tion in old Kenyan (McClanahan et al. 2007) and
Philippine MPAs (Abesamis & Russ 2005), indicating
processes of selection for fewer but larger  individuals.
We propose that a density-dependent process may be
limiting lobster abundance in the CIMR, where the
carrying capacity would be defined by the number and
territorial behavior of large males. Group denning is
common in Palinurids, including Palinurus elephas
(Mercer 1973). Den sharing often results in the forma-
tion of size-based dominance hierarchies (Atema &
Cobb 1980), where social groups may be rigid with re-
spect to sex structure: e.g. in P. versicolor 2 males
never occupy the same den simultaneously (Frisch
2008). Furthermore, female palinurids mate once per
reproductive period whilst males (large males in par-
ticular) are capable of fertilizing several females (Mac-
Diarmid & Butler 1999). If the sex ratio of a population
is balanced, females are likely to be in high demand,
since males can mate with more females than are
available (Frisch 2008). Under these circumstances,
sociobiological theory predicts the formation of poly-
gynous groups (harems) in which dominant (usually
large) males defend females or critical resources such
as dens (Atema & Cobb 1980). Therefore, the observed
greater emigration rate of males and higher mean
abundance of females in the CIMR are consistent with
theory and expected when lobster abundance and size
increase in a protected area.

We lack data on the evolution of lobsters in the CIMR
during the early years of the MPA to fully understand
the response of the lobster population to protection.
However, it seems plausible that Palinurus elephas
density responded swiftly to protection given their
overfished status and moderate mobility relative to the
size of the CIMR (Goñi et al. 2001). It is also likely that
abundance and individual size grew gradually to a
point in which dispersion imbalance and/or competi-
tion processes kicked in. At the time of MPA creation,
it is conceivable that fishing effort relocated homoge-
neously around available grounds or in preferred areas
outside the CIMR, only to coalesce gradually towards
its boundaries as lobster abundance in the MPA grew,

expanding and contracting thereafter as a function of
fishing success on the MPA edge. A similar process
was documented for the lobster Jasus edwardsii in an
MPA in New Zealand (MacDiarmid & Breen 1992).
Lobster density increased with time of protection, but
male density started to decline after 12 to 14 years as a
result of seasonal migrations that exposed them to ex-
ploitation near the seaward boundary. The role of edge
effects on benefits from MPAs have received limited
attention, but effort concentration along MPA edges is
increasingly recognized as a factor affecting MPA
effectiveness (e.g. in small MPAs: Walters 2000, Wal-
ters et al. 2007) or modulating population responses to
protection (e.g. Walters 2000, Barrett et al. 2007, Pande
et al. 2008).

Our study of spillover from the CIMR suffers from
some limitations and relies on several assumptions.
(1) As detailed in the above paragraph, the absence of
data prior to 1998 limits investigation of the spillover
process. (2) Lack of tagging outside the MPA pre-
vented estimation of immigration rates that were as-
sumed negligible; therefore our estimate of spillover
benefits must be considered a maximum. Nonetheless,
this assumption was also made by other authors when
studying spiny lobster fisheries around MPAs (Acosta
2002, McGarvey 2004), and it is supported by very
high exploitation rates (78.3 and 100% in our study for
females and males, respectively) and local depletion in
the CIMR border fishery. We nevertheless attempted
tagging lobsters outside the CIMR in 1997, but low
catch rates in fished areas yielded insufficient lobsters
and made experiments unfeasible; in retrospect, the
large number of tagged individuals required to recap-
ture individuals inside the MPA to estimate immigra-
tion would have been disproportionate, given the
sampling effort allowed within the MPA, the high ex-
ploitation rates in the fishery and the low expected
immigration rate values. (3) The estimate of the contri-
bution of spillover to the catch is affected by the spatial
distribution of effort in relation to the CIMR, which was
calculated from observer data that had with lower cov-
erage after 2002. (4) To determine if spillover offset
losses from reduced fishing grounds, we assumed that
lobster productivity was similar inside and outside the
CIMR. Comparable juvenile abundance in both areas
(R. Goñi, D. Díaz, S. Mallol unpubl. data) suggests that
this is the case.

We conclude that lobster spillover from the CIMR
during the period of 8 to 17 years of protection offset
the loss of fishing grounds closed in the MPA and pro-
duced gains of >10% in mean annual yields. MPAs are
of great contemporary interest as fisheries manage-
ment tools but major concerns remain, in particular the
loss of fishing grounds and yields (Jones 2008). Our
results show that adult spillover provided net benefits
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to the local fishery under the conditions of this study
(i.e. highly exploited species with moderate move-
ments and continuity of habitats across boundaries),
and that these benefits were derived primarily from
the fact that the lobsters were allowed to grow larger in
the MPA before they emigrated. Other benefits of pro-
tection, e.g. from increased reproductive potential and
recruitment, remain to be quantified. As yet however,
adult spillover is the only quantifiable benefit of MPAs
to fisheries and it is important to understand what the
necessary conditions are for this gain to materialize.
An obvious insight from this study is that MPAs and
fished areas must form continuous systems with per-
meable boundaries for spillover to occur. Prolongation
of the current study and a recent 20% expansion of the
CIMR into adjacent lobster grounds may, in a few
years, provide further illustration of the tradeoffs be-
tween biomass recovery, MPA size, and permeability.
In a recent study of Jasus edwardsii, Freeman et al.
(2009) showed that lobsters became increasingly likely
to migrate from an MPA into adjacent fished areas as
the proportion of protected reef and thus lobster den-
sity in each reef correlated positively with the propor-
tion of the reef that was protected. Expansion of the
CIMR would increase the proportion of contiguous lob-
ster habitat closed to fishing and predictably lead to re-
duced spillover. Understanding the complex interplay
between abundance and demography, habitat and
permeability, and effort dynamics and spillover is a top
priority of our future research efforts. Conclusions
drawn from this study and its methodology, although
from a small scale fishery, are valid for evaluating MPA
fishery benefits and in understanding processes
involved in similar and larger fishery-MPA systems.
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