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Abstract 

Flamanville marine protected area (MPA) located in Normandy, France, was created in 20 0 0 to sustain the local crustacean fishery. In 

1985, an annual survey targeting crustacean populations (e.g. European lobster Homarus gammarus , edible crab Cancer pagurus , and 

European spider crab Maja brachydactyla ) that include the future MPA started. The MPA implementation effects were in vestig ated in 

this study. The sampling design allowed the integration of spatial and temporal covariances to estimate the MPA effects. With respect 
to the initial objective, the MPA significantly improves the most economically valuable species, H. gammarus , abundance. Lobster catch 

per unit ef for t increased by 597% in the MPA, whereas outside it only increased by 156%. The MPA creation also led to an increase in 

lobster size inside the protected area. Furthermore, a few years after the MPA implementation, lobster catches showed a significant 
non-linear decline with distance from the centre of the reserve, suggesting a spillover effect. However, the edible crab catches were 
halved following the MPA implementation suggesting an opposite effect. Spider crab abundance seemed unaffected. Finally, the MPA 

implementation had no effect on edible crab and spider crab sizes. These differential responses appear to result from these species’ 
variable movement and competitive abilities. 
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Introduction 

Marine protected areas (MPAs) are areas where extraction ac- 
tivities are banished or at least limited (OECD 2017 ). MPAs 
are expected to have benefits within their protection ranges: 
protected populations growing in abundance, and within 

these populations individuals living longer and growing larger 
(Hiddink et al. 2006 , Leenhardt et al. 2015 , Claudet et al.
2020 ). Consequently, the protected population’s reproductive 
potential should increase, and juveniles may export to settle 
outside the boundaries of the MPA (the ‘recruitment effect’).
As the stocks inside the protected area get closer to the local 
carrying capacity, adult individuals should also migrate in the 
surrounding areas (the ‘spillover effect’) ( Russ et al. 2004 ).
Creation of MPA is thus expected to potentially promote the 
biodiversity inside, and sustain local populations outside of 
their protection range. However, performances of no-take ma- 
rine reserves as fisheries management tools strongly depends 
on the local context and the targeted species (Hilborn et al.
2004 ). The spatial extent of the MPA, the time which has 
elapsed since the MPA creation and the complexity of the 
surrounding habitats (Dugan and Davis 1993 , Abesamis and 

Russ 2005 , Vandeperre et al. 2011 ) might impact its perfor- 
mances. Furthermore, mobile species can move out the reserve 
boundaries and be caught (Gell and Roberts 2003 ), so the 
protection that one MPA offers depends on the migratory be- 
haviours of the species they have been designed for (Hastings 
and Botsford 1999 , White 2015 ). Moreover, beyond species 
© The Author(s) 2024. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
pecific trajectories, MPAs impacts should also be considered 

t the community level. Indeed, predation and competition 

nteractions might shift following the reduction of anthropic 
ressure, leading to an increase of the competitive pressure 
or the least competitive species (Baskett et al. ). An increase
n species abundances will lead to the local environment car-
ying capacity and increased the competition for resources be- 
ween individuals (Steneck 2006 ). As such, the positive effects
xpected from the MPA will be reduced (Bachet et al. 1997 ). 

Lobsters represent an important source of income for the 
rench artisanal fishery in the Channel. The French MPA of
lamanville was implemented in 2000 along the Normandy 
oast of the western channel, on the initiative of the regional
sheries committee, to preserve this species through all fish- 
ng activity ban (Delayat and Legrand 2011 ). The use of 
eserves for fishery management has already been proven suc- 
essful for crustaceans in other areas (Goñi et al. 2006 , Høy-
alsvik 2017 ). MPA have been shown to promote crustacean
iomass enhancement (Davidson et al. 2002 , Follesa et al.
008 , Follesa et al. 2011 , Moland et al. 2013 , 2021 ) as well as
pill-over phenomenon (Nillos Kleiven et al. 2019 ), which in
urn supplies benefits for adjacent fisheries (Harmelin-Vivien 

t al. 2008 ). The Flamanville MPA hosts three commercially
aluable crustaceans species that are also targeted by fish- 
rmen: the European lobster ( Homarus gammarus ), the ed-
ble crab ( Cancer pagurus ), and the European spider crab
 Maja brachydactyla ). These species share common ecological 
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
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Figure 1. Map of the sampling plan. 

f  

h  

t  

e  

t  

b  

m  

(  

(  

m  

m  

j  

2  

h  

t
 

r  

(  

p  

i  

i  

(  

s  

fi
 

d  

m  

M  

c

M

S

S
H  

c  

2  

w  

S  

a  

s  

a  

t  

t  

a  

r  

t
 

t  

2  

a  

i

B
A  

w  

i  

w  

r  

t  

(  

c  

l  

s  

p  

a

D

T  

a  

d  

e  

t  

r  

i
e  

e  

m  

s  

S  

d  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/doi/10.1093/icesjm
s/fsae128/7761312 by Ifrem

er, Bibliothèque La Pérouse user on 23 Septem
ber 2024
eatures. Their life history includes pelagic larval stage, they
ave the same feeding regime, and habitat preferences. All
hese common characteristics imply that they compete with
ach other for space and food. Conversely, the characteris-
ics of these three species regarding migratory, or sedentary,
ehaviour, are very different. The European spider crab is a
igratory species that return year after year on the coastline

Le Foll 1993 , Corgos et al. 2006 ), the lobster is sedentary
Smith et al. 2001 ) but can do short-distance seasonal move-
ent (Campbell and Stasko 1986 ), whereas in edible crab, fe-
ale individuals were found to carry out shorter migratory

ourneys than European spider crab to spawn (Hunter et al.
013 ). Consequently, the implementation of an MPA might
ave had impacts not only on lobster, but on the entire crus-
acean complex. 

Before-After-Control-Impact (BACI) is a recommended, yet
arely used, methodology to assess the performances of MPAs
Ojeda-Martinez et al. 2011 , Moland et al. 2021 ). This ex-
erimental design is data-demanding, including sample points
nside and outside of the MPA as well as a time series start-
ng before and ending after the implementation of the MPA
Smith 2002 ). Flamanville’s MPA benefits from a long-term
urvey since 1985 (15 years before the implementation) ful-
lling these requirements. 
Based on the Flamanville’s MPA survey data, this paper ad-

resses the following questions: How did the crustacean com-
unity develop, across time and space, after the creation of an
PA? Did the effect of the MPA differ between species due to

ompetitive interactions ? 

aterial and method 

urvey design 

ampling scheme definition 

istorical time-series of crustacean abundances and sizes were
ollected during the 68 surveys conducted between 1985 and
017 (Schlaich and Miossec 2003 ). Every year, two surveys
ere conducted during the neap tides occurring in June and

eptember. The data collection continued after the MPA cre-
tion in 2000. In June, catch probability was optimal for lob-
ters and spider crabs, which provided good estimators of
bundance for those species. In September, surveys allowed
he integration of lobster summer growth and coincided with
he period of optimal edible crab catch probability. However,
t this period spider crabs have already started their migratory
oute. Consequently, the autumnal catches were not expected
o be representative of spider crab abundances. 

Sampling points were located along the coastline, at a dis-
ance not greater than 5 kilometres ( Fig. 1 ). From 1985 to
005, data were collected on 15 sampling locations overall
nd from 2006 onwards, a 16th point has been added which
s located inside the reserve. 

iometric data collection 

t each sampling location, one trap-line including 17–30 traps
as soaked for 24 h during four consecutive days ( Fig. 2 ). Dur-

ng the hauling of traps lobsters, edible crab and spider crab
ere counted to estimate a catch per unit effort (CPUE), cor-

esponding to the number of individuals caught per species,
raps and day. The length was measured for each individual
carapace length measured between the posterior end of the
ephalothorax and the orbital cavity for lobster, transversal
ength of carapace for edible crab and carapace length mea-
ured between the posterior end of the cephalothorax and the
oint where the anterior spines meet for spider crab) (Schlaich
nd Miossec 2003 ). 

ata analysis and representation 

he survey sampling design was a variant of the Before/After
nd Control/Impact design (BACI) (Green 1979 ). Usual BACI
esign might not be able to account for various types of
nvironmental variability (Underwood 1992 ). In this study,
his limitation was overcome by the use of time and space
eplicates. Unlike Green’s design, those replicates allowed the
ntegration of the inter-annual variability. Furthermore, it 
xplicitly modelled the evolution of the community after the
stablishment of the reserve, meeting the Underwood require-
ents. Spatial replication enabled to take in consideration the

patial variability, and the distance from the reserve (Ellis and
chneider 1997 ). The change of the crustacean community in-
uced by reserve creation was assessed based on two estima-
ors: (1) change in species abundances, (2) change in species
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Figure 2. Predictions of fixed effects with combined confidence intervals from fixed and random parameters for CPUE. 
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sizes. CPUE was used as a proxy for abundance while length 

was used as a proxy for size. 
With regard to the BACI methodology, the statistical mod- 

elling of the evolution of abundance and size across time has 
been first summarized into a discrete ‘Period’ effect, that takes 
only 2 levels ‘Before’ and ‘After’ the creation of the MPA. As 
a result, a significant ‘Period’ effect that affects the estimators 
inside and outside the MPA to the same extent may be due 
to an evolution of the parameter across time, but unrelated 

to the creation of the reserve. Conversely, the detection of a 
statistically significant interaction between Period effect and 

Area effect (inside or outside the MPA), combined with the 
increase of abundance or size inside the MPA, is considered as 
evidence for protective effect. 

Thus, the hypothesis of an Area (Control/Reserve) × Period 

(Before/After) interaction was tested on abundance and size 
for lobster, edible crab, and spider crab. June and September 
surveys were considered separately, to avoid a ‘seasonal bias’ 
of the estimators. Spatial and temporal variability were con- 
sidered as a source of unexplained, however structured, varia- 
tion. Consequently, Area and Period variables were modelled 

as fixed effects, whereas Year and Location were declared as 
random effects to take into account a potential inter-annual 
or spatial covariance. When one fixed effect was not found 

significant, the model was reduced in order to improve the es- 
timation of the effects associated with the remaining variables.
In those situations, only the results of the reduced model were 
presented in the following sections. The unreduced mixed 

models equation was Y = Area + Period + Area × Period + 

(1 | Y ear) + (1 | Location). T ype II Chi 2 was used to test for fixed 

effects in accordance with the principle of marginality. Likeli- 
ood ratio-test was used for nested models to test for random
ffects. For length, mixed linear models were employed. For 
PUE generalized mixed models were used, with a log-link.
ecause of overdispersion while modelling count data with a
oisson distribution, catches were modelled using generalized 

ixed models with a Negative-binomial family and a log-link 

unction. Catch numbers were standardized as CPUEs using 
he fishing effort (logarithm of the number of trap), as an off-
et. 

For model validation, we used the ‘DHARMa’ package that 
llows to create interpretable scaled residuals for fitted linear 
ixed models (Ellis and Schneider 1997). We paid special at-

ention to distribution dispersion, due to the fact that we de-
ected some overdispersion in the datasets as soon as we be-
an the mixed-model selection process. The choice of models 
s therefore the result of a compromise between on one hand,
he necessity to fit the data as close as possible for all the vari-
bles and the species and, on the other hand, the need to keep
nly one model to facilitate inter-species comparison of the 
utputs. 
To investigate further the spatial distribution of catches 

round the MPA, and their putative gradual evolution over 
he years, the CPUE was modelled as a function of time and
emoteness from the MPA, considering time and distance as
ontinuous factors. 

First, we were interested in modelling the evolution of 
PUE over time, outside, and inside the MPA. We thus split

he entire dataset in two distinct datasets, the first one contain-
ng the observations collected outside the MPA and the sec-
nd one containing the observations collected inside the MPA.
or each dataset, and each species, we adjusted a generalized 
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dditive mixed model (GAMM) with a categorical predictor
or month (as a fixed effect), a non-parametric smoother for
ime and a random location effect. The model equation was
hus Y = month + s(Year) + (1 | Location). 

The evolution of CPUE was modelled as a function of re-
oteness from the MPA before and after the implementation
f the MPA, only for the sampling locations standing outside
he perimeter of the reserve. Then, the dataset was split in
wo distinct datasets, the first one containing the observations
ollected before the MPA creation and the second one con-
aining the observations collected after the MPA creation. For
ach dataset, and each species, a GAMM was adjusted, with
 categorical predictor for month (as a fixed effect), a non-
arametric smoother for space and a random year effect. The
odel equation was thus Y = month + s(Distance) + (1 | Year).
All analyses were made using the 3.5.1 version of the R soft-

are (R Core Team R 2023 ), using the following libraries:
gplot2 (Wickham 2016 ), lme4 (Bates et al. 2014 ), MASS
Venables and Ripley 1999 ), mgcv (Wood 2004 ), ggeffects
Lüdecke 2018 ), DHARMa (Hartig 2018 ). 

esults 

PUE before/after per species 

emporal changes in CPUE were evidenced for lobsters. The
PUE varied significantly between MPA and control ( Fig. 2 ).
ased on the GLMM results, the Area × Period was statisti-
ally significant. It meant that Period effect (before/after the re-
erve creation) on CPUE depended on the Area (outside/inside
he reserve) for the two annual surveys (June: Chi 2 = 75.21;
 < 2.2e −16 and September: Chi 2 = 69.94; P < 2.2e −16 )
 Supplementary Material , Tables S1 and S 2 ). Before the imple-
entation of the MPA, lobster abundance appeared to be ap-
roximately equally distributed inside and outside the perime-
er of the future MPA, with a mean estimated CPUE value
lose to 0.175 (0.19 inside, 0.19 outside in June and 0.14 in-
ide, 0.13 outside in September). After the MPA implementa-
ion, the mean estimated CPUE reached 1.08 in June and 1.18
n September within the MPA perimeter. During the same time
eriod, the mean estimated CPUE was 0.45 in June and 0.37
n September outside the MPA. The estimated CPUE increase
as estimated to be 597% within the MPA, whereas it only

ncreased by 156% outside the MPA. 
Mixed models also detected a significant Area × Period

nteraction for edible crab surveys in June (Chi 2 = 101.18;
 < 2.2e −16 ) and September (Chi 2 = 48.44; P = 3.4e −12 ) ( Fig.
 , Supplementary Material , Tables S3 and S 4 ). However, the
istribution of the edible crab population followed a distinct
attern from the one of the lobster population. Before the im-
lementation of the MPA, distribution appeared to be homo-
eneous in the whole study area. The mean estimated CPUE
as 0.522 outside the perimeter of the future MPA and 0.478

nside (mean number of CPUE for June and September). Af-
er the MPA implementation, the mean estimated CPUE de-
reased to 0.253 in June and 0.232 in September inside the

PA, meaning that edible crab abundance has been halved.
ontrariwise, during the same time period the mean estimated
PUE increased by 20% outside the MPA. 
Results from the GLMM suggested that MPA creation af-

ected at best marginally the spider crab population. The Area
Period interaction was significant neither in June nor in

eptember. In June, Area and Period effects were each sig-
ificant (Area: Chi 2 = 0.2028; P = 0.009 and Period: Chi 2 =
.2116; P = 4.289e-9) ( Fig. 2 , Supplementary Material , Tables
5 and S6 ). Spider crab abundance appeared higher inside the
erimeter of the MPA. The mean estimated CPUE increased
y the same proportion inside and outside the MPA after its
mplementation, from 0.245 to 0.533 spider crab per trap per
ay inside the perimeter and from 0.161 to 0.298 outside. In
eptember, the model only detected a marginally significant
rea effect. For those surveys, estimated CPUE was higher
utside than inside the MPA (0.238 vs. 0.089). 

ength before/after per species 

odel selection supported an interaction effect between
rea and Period for lobster length (June: Chi 2 = 235.33;
 < 2.2e −16 and September: Chi 2 = 178.58; P < 2.2e −16 ) ( Fig.
 , Supplementary Material , Tables S7 and S 8 ). It indicated that
ody size evolved differently inside and outside the MPA. In-
ide this perimeter, estimated lengths increased from 83.12 to
2.40 mm in June and from 83.65 to 94.74 mm in September
ince the MPA implementation ( Fig. 3 ). Size outside the MPA
ardly changed, from 86.49 to 85.09 mm (estimated lengths)
n June and from 86.01 to 85.44 mm (estimated lengths) in
eptember. 

The edible crab body size appeared to be only marginally
ffected by the MPA implementation. Significant interaction
etween Area and Period was only detected in September
Chi 2 = 5.9572; P = 0.015) ( Fig. 3 , Supplementary Material ,
ables S9 and S 10 ). After the MPA creation, a slight decrease
f the length within the perimeter of the MPA was estimated,
hereas length remained constant outside the area ( Fig. 3 ).

nside the MPA, the mean estimated lengths decreased from
16.03 to 113.31 mm although outside the MPA, estimated
engths remained between 133.98 mm and 133.61 mm. Gener-
lly, length was significantly higher outside than inside the re-
erve (June: Chi 2 = 6.3172; P = 0.012 and September: Chi 2 =
.9572; P = 0.015), with a mean estimated length of 133.34
s. 114.92 mm. 

No Area nor Period effect were found for spider crab
n June ( Fig. 3 ). In September, the interaction term was re-
ained based on model selection (Chi 2 = 5.1564; P = 0.023,
upplementary Material , Tables S11 and S 12 ). Indeed, the es-
imated lengths appeared to decrease within the MPA after
ts implementation, from 88.36 mm to 78.74, however it re-
ained stable outside this area, between 96.20 and 96.61 mm

estimated lengths). 

uration since the MPA creation and distance from 

he MPA effects 

or lobster CPUE, model showed a temporal increase over
ime both inside and outside the MPA ( Fig. 4 ), although,
he rise in CPUE appeared far more important for the sam-
ling points located inside the MPA perimeter (respectively:
 1933% and + 3896% in June and September) than out-

ide ( + 605% and + 920%) ( Table 1 ). Outside the protected
rea, CPUE remained stable until 2003 while increasing af-
er. Inside the protected area, CPUE seems to have increased
ven before the MPA was created. At the end of the survey,
ean CPUE had exceeded one lobster per trap per day in that

rea and virtually no trap were brought aboard empty from 

obster. 
The number of lobster catches showed no spatial trend

rior to the creation of the reserve ( Fig. 5 ). After the MPA
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Figure 3. Predictions of fixed effects with combined confidence intervals from fixed and random parameters for cephalothorax length. 
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creation, the distance effect from the protected area on lob- 
ster CPUE demonstrated a downward trend with significant 
variations at small spatial scale ( Fig. 5 ). The same pattern in 

fluctuations have been observed in both June and September,
strongly supporting non random patterns. 

The edible crab CPUE remained globally stable outside the 
MPA perimeter over time (respectively: + 38% and −2% in 

June and September) ( Table 1 ), occasionally reaching two lo- 
cal peaks in 1998 and 2012 ( Fig. 4 ). The same pattern was ob- 
served both in June and September. Inside the MPA, the max- 
imum number of captures was reached in 1997. Crab CPUE 

steadily decreased after that particular year both in June and 

September ( −80% and −56% since the end of the survey).
GAMM evidenced a slight but clear steady decrease over dis- 
tance from the MPA, both before and after its creation ( Fig. 5 ).
Mean CPUE appeared superior to one individual per trap per 
day for the sampling point the closest to the MPA boundaries,
but dropped over 0.5 individual per trap per day for points 
more than four kilometre away. 

Spider crab CPUE exhibited a clear increase in June at the 
sampling stations located both outside ( + 168%) ( Table 1 ) and 

inside ( + 220%) the MPA ( Fig. 4 ). In September, estimated 

CPUE showed rapid fluctuations outside the MPA, with a 
slight general increasing trend ( + 88%). 

Spider crab CPUE exhibited consistent increase related to 

the distance from the MPA in June and September, both be- 
fore and after the MPA creation ( Fig. 5 ). The minimal catches 
observed were for the points located closest to the MPA, and 

mean CPUE showed a slight increase with distance, reaching 
values superior to 0.5 individual per trap per day for the most 
distant points. 
iscussion 

PA performances estimations 

arine protected areas restrict human activities for species 
onservation and biodiversity purposes, to offer refuge for ani- 
al or plant communities locally (Gaines et al. 2010 ). The cre-

tion of MPAs can lead to drastic decreases in fishing catches
hat results, in many cases, to direct increases of the abundance
nd the lifetime of the species (Halpern 2003 ). Although the
rinciple is well-known, a lot of studies pinpointed the diffi-
ulty in evaluating the effects of the creation of one protected
rea implementations (Schimdt 1997 , Thiault et al. 2019 ). The
ssessment protocols based on ‘BACI’ type methodologies are 
lassically considered as the most suitable methods (Gell and 

obert 2003 , Osenberg et al. 2011 ). 
This study first objective was to study the effect of an MPA

mplementation on catches. Therefore, a generalized mixed 

odels framework was used due to non-normal distribution 

f CPUE data and presence of random effects (Bolker et al.
009 ). These models do not account for temporal autocor-
elation, as such model results probably underestimate the 
ncertainty caused by temporal auto-correlation. The same 
odel was used for all BACI analysis, in order to allow re-

ult comparisons to make inferences about MPA effect. The 
linear and generalized linear) model specification that were 
ept were those that best fit the data for all the couples of
pecies and variables. Diagnostic tests (i.e. the Q–Q plot of
caled residuals and the tests for correct distribution) indi- 
ated that models fit the data quite well. Some significant devi-
tions from the expected (quantile) distributions were found 

or spider crab CPUE in September, and more generally for
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Figure 4. Generaliz ed additiv e mix ed model (G AMM) predicted v alues f or CPUE as a function of y ear in J une (continuous curv e) and September (dashed 
curv e) f or lobster (A–B), edible crab (C–D), and spider crab (E–F), f or the sampling points located outside the MPA perimeter (left panel) or inside the 
MPA perimeter (right panel). The vertical black dashed line figures the MPA creation in 20 0 0. 

Table 1. Mean CPUE e v olution estimated b y generaliz ed additiv e mix ed 
model (G AMM) betw een the beginning (1985) and the end of the surv e y 
(2018). 

Species MPA Inside Outside 

Lobster June ↗ + 1933% ↗ + 605% 

Lobster September ↗ + 3896% ↗ + 920% 

Edible crab June −↘ 80% ↗ + 38% 

Edible crab September ↘ −56% ↘ −2% 

Spider crab June ↗ + 220% ↗ + 168% 

Spider crab September ↘ −50% ↗ + 88% 
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ephalothorax length variations analysis. In that section, we
hus tried to carefully interpreted the results by paying partic-
lar attention to model adjustment. 
BACI and mixed-model analysis methods can only be car-

ied out if one has an extensive dataset at hand to characterize
he initial state of the zone, and to account for the expected
patio-temporal covariance of the observations. With respect
o the Flamanville MPA, the surveys began 15 years before
he MPA implementation, and have continued during the 18
ears following its enforcement. This time serie allowed the
valuation of the fine scale effects of the protective measure
pon the crustacean community. 
MPA might be designed for one or several species depend-

ng on its main objectives. In Flamanville, the main driver that
ed to the MPA implementation was the enhancement of the
ocal crustacean fishery. The European lobster, as a high eco-
omical value species, was the object of a consequent fish-
ng effort in the 1990s. In 1987, the � large � crustacean
i.e. Lobster, spider crab, edible crab) casey fleet numbered
round 120 vessels in the Western Channel (Morizur et al.
990 ). Consequently, the Flamanville MPA was designed to
mprove this species ecological status first and foremost, hop-
ng that this MPA would have a cumulative effect with the
ther reserves previously created along the French coasts of
he Western Channel. 

rotective effect of the MPA for lobster 

rench lobster commercial catches between 2010 and 2017 in-
reased all over the western coast of Normandy (ICES 2019 ).
his increase results most probably from a good recruitment
f juveniles over the last 10 years. The analysis carried out
howed a far more important increase of lobster catches in-
ide than outside of the protected area after its creation. From
he beginning of the survey, the mean predicted CPUE has in-
reased by 1933% and 3896% in June and September, respec-
ively. Moland et al. ( 2013 ) evidenced an increase of 245%
nside and 87% outside of a MPA in lobster CPUE 5 years af-
er the implementation of the MPA they studied. These vari-
tions could be compared to increases, of 93% and 97%
nside the MPA and 37.3% and 30% outside the MPA for
une and September, respectively. These changes happened
uring the 5 years following the MPA implementation. This
tudy evidenced an an increase in CPUE in the area. This in-
rease could be related to a significant reduction of the fishing
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Figure 5. Generalized additive mixed model (GAMM) predicted values for CPUE as a function of distance from the MPA in June (continuous curve) and 
September (dashed curve) for lobster (A–B), edible crab (C–D), and spider crab (E–F), for the data collected before (left panel) and after (right panel) the 
MPA creation. 
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mortality caused by the cessation of fishing activity in the area.
The MPA performances in regard to the lobster protection 

might be related to the sedentariness of the lobster (Smith et 
al. 2001 ). Indeed, small reserves are especially effective to pro- 
tect species with limited adult mobility (Grantham et al. 2003 ,
White 2015 ). 

The increase in lobster size, to a lesser extent, could also 

be viewed as a positive effect of the MPA implementation.
Indeed, bigger individuals are better breeders that more effi- 
ciently support the population’s reproductive success (Camp- 
bell and Robinson 1983 , Laurans et al. 2009 ). The increased 

abundance of big lobsters may have caused domino effects 
by increasing the intra-specific competition inside the reserve,
chasing the smallest individuals outside the protected area 
(Goñi et al. 2014 ). Differences in lobster catchability-at-size 
by traps may also explain the increase of bigger-sized lob- 
ster’s catches (Watson and Jury 2013 ). In examining videos,
Jury et al. (2001) found that a substantial proportion of lob- 
sters hesitate to enter the trap when another congener was 
already caught. Therefore, increasing the bigger lobsters’ pro- 
portion in the MPA probably leads to the underestimation of 
the smaller-sized individuals’ abundance. 

If well designed and managed, the creation of a MPA may 
result in an increase in the abundance of the targeted species 
inside the no-take zone (Gell and Roberts 2003 , Russ et al.
2004 ). The increase in densities within the MPA could also 

sustain exploited species populations in the surrounding ar- 
eas (Di Lorenzo et al. 2016 ). The implementation of one MPA 

could result in the emergence of a decreasing density gradi- 
ent from the reserve to the more remote areas This so-called 
spillover effect’ have been illustrated by different case studies.
pillover is for instance documented for spiny lobster Palin- 
rus elephas (Goñi et al. 2006 ), in the coral-reef fish Naso
lamingii (Abesamis and Russ 2005 ), in various species of
paridae, Mullidae, Scorpaenidae, and Serranidae (Goñi et 
l. 2010 ). Two different mechanisms may drive this spillover
henomenon: (1) the net emigration of adults and juveniles 
rom the reserve triggered by the increase of the inter and
ntra-specific competition inside the protected zone (Goñi et 
l. 2010 ); (2) the passive exportation of pelagic eggs and lar-
ae that nurture the recruitment in the surroundings (Harrison 

t al. 2012 , Hart et al. 2020 ). 
In this study, only the lobster densities declined with dis-

ance from the MP, suggesting a spillover effect. This trend
as however affected by variations that could reflect the par-

icular affinity of this species for specific habitats occurring at
ery small spatial scale. Furthermore, this decrease along dis- 
ance gradient is concomitant with an increase in CPUE over
ime, which constitutes additional support the hypothesis of 
 spill-over effect. It is also the same order of magnitude as
he reserve effect found by Goñi et al. (2006) , in the closely
elated spiny lobster P alinurus elephas . Moreover , despite the
hort time period since the implementation of a norwegian 

PA, Nillos Kleiven et al. ( 2019 ) evidenced the existence of
 comparable spill-over effect on European lobster . However ,
he alternative hypothesis considering that the trend was also
nfluenced by the overall increase of lobster abundance in the

estern English Channel cannot be excluded. The spatial ex- 
ent of the zone is clearly smaller than the species migration
bility, considering that one adult lobster could cover several
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ilometres in a month (Smith et al. 2001 ). Dispersive poten-
ial of crustaceans pelagic eggs and larvae should also be con-
idered; for lobsters since female carries their eggs until they
atch only larval dispersal will apply. The respective shares of
ontribution of passive and active emigration in this area re-
ains therefore difficult to assess. Capture–recapture studies

ould provide estimates of the migratory flow of lobster from
he reserve to the surroundings (Smith et al. 2001 ). 

However MPA benefits should not be considered only at the
pecies specific level. Flamanville’s MPA through the ban of all
shing activities had effects on other crustaceans species pre-
iously targeted by trap fishery, such as edible crab and spider
rab. Its implementation directly impacted the fishing mortal-
ty of those species, but also might have impacted the interac-
ions within the crustaceans complex in the area (Hoskin et
l. 2011 , Howart et al. 2017 , Stewart et al. 2020 ). 

PA effects for edible and spider crabs 

s a matter of fact, the Flamanville’s MPA had impacted spi-
er crab and edible crab populations. The creation of the
eserve coincided with a slight increase of the spider crabs
atches in June, more important in the reserve than outside,
uggesting that the cessation of fishing activity significantly
educed the fishing mortality in the protected area. Contrar-
ly, CPUE of this species appeared unaffected by the reserve
reation in September . However , over this period, spider crabs
ave begun their annual migration to deeper waters (Le Foll
993 , Corgos et al. 2006 ). Consequently, abundance may be
reater offshore, far from the coastline and from the pro-
ected area. This seasonal effect indicates that the protection
ffered by the MPA to spider crab might be only limited to
he spring and summer periods when spider crabs are present
n the nearshore and shallow waters. 

The edible crab population does not appear to have ben-
fited from the implementation of the protective measures.
PUE of edible crab appeared to have, on the contrary,
ropped inside the reserve after its creation. Interspecific com-
etition influences the partitioning of species across space and
ime (Carothers and Jaksic 1984 , Chesson 2000 , Rees and Hill
001 ). Interspecific competition has long been recognized to
e of two types: the use of the resource by one species that
echanically deprives the other (Liu et al. 2019 ), or the inter-

erence between species through aggression that prevents one
rom accessing the resource (Case and Gilpin 1974 ). In this
rustacean community, lobster appears to be a fierce competi-
or. Edible and spider crabs, like lobsters, feed on molluscs bi-
alves, gastropods, polychaetes, and small echinoderms, and
onsequently compete for food. Furthermore, those species
lso share the same habitat. The lobster’s aggressive territorial
ehaviour has been well documented (Karnofsky and Price
989 , Johnson and Atema 2005 ) and appears as a competitive
dvantage within this crustacean community. Furthermore,
obsters occasionally eat smaller crustaceans, among which
oung edible crabs, and can feed on its own congeners when
esource shortfalls occur (Van Der Meerean 2005 , Schmalen-
ach et al. 2009 ). It resulted in conflicting and repulsive be-
aviours between lobsters and edible crabs that have been
bserved in trap fisheries (Hoskin et al. 2011 , Howart et al.
017 , Skerritt et al. 2020 , Stewart et al. 2020 ). According to
kerrit et al. ( 2020 ), the presence of European lobster in traps
ubsequently reduced the CPUE of edible crab by a factor of
2. 
The decrease of edible crab in the protected area, in parallel
ith the increase in size and abundance of lobster, was hypoth-

sized to result from the competitive exclusion of the latter
pecies by the former. The primary mechanism of that exclu-
ion could be the mobilization of the resource, coupled with
he territorial aggressiveness of the lobster. The fact that lob-
ter is a very sedentary species with a long lifespan could have
cted as a secondary cause, by preventing the recolonization of
he protected area by species that are more mobile such as the
dible crab. Although edible crab is not a migratory species,
he females have been proven to undergo long distance move-
ents (Hunter et al. 2013 ). The MPA creation did not seems

o result in the exclusion of spider crab contrariwise to edi-
le crab. This difference between the two species may results
rom the highly migratory nature of the spider crab (Corgos
t al. 2006 ). Migratory movements renewed the population
ach year, making them less sensitive to the competitive pres-
ure exerted by the lobsters. 

However, the local edible crab and spider crab communities
ynamics could not be investigated without considering the
ynamics of the stocks they are part of. From the 2010s to the
020s, the Western English Channel spider crab population
ncreased (ICES 2019 ). This evolution might have supported
he local increase in spider crab abundance. On the contrary,
o external enhancement should have been expected for edible
rab since the surrounding communities are expected to be
ecreasing as well. 

onclusion 

lamanville MPA objective was to enhance the local crus-
acean fishery. With respect to this objective, the implementa-
ion of the MPA was a success. However, it had a contrasting
mpact on the different species of the local crustacean com-
unity. It impacted positively the lobster community, which

imultaneously grew in abundance and in size and seems to
ave the object of spillover effect. The edible crab community
id suffer from the MPA implementation. Unexpected effects
f the MPA impacted edible crab abundance and size as well as
heir spatial distribution, with the highest abundance observed
utside of the MPA. Finally, the spider crabs were almost not

mpacted by the MPA implementation. Those dynamics were
ependent on the ecological specificity of each species as well
s their intra- and inter-specific competitive advantages. 
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