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Abstract
Marine protected areas (MPAs) were acknowledged globally as effective tools to m itigate the threats to  oceans caused by 
fishing. Several studies assessed the effectiveness o f individual MPAs In protecting fish assemblages, but regional 
assessments o f m ultiple MPAs are scarce. Moreover, empirical evidence on the role o f MPAs in contrasting the propagation 
o f non-lndlgenous-specles (NIS) and therm ophilic species (ThS) Is missing. We simultaneously investigated here the role o f 
MPAs In reversing the effects o f overfishing and In lim iting the spread o f NIS and ThS. The Mediterranean Sea was selected 
as study area as It Is a region where 1) MPAs are numerous, 2) fishing has affected species and ecosystems, and 3) the arrival 
o f NIS and the northward expansion o f ThS took place. Fish surveys were done in well-enforced no-take MPAs (HP), partially- 
protected MPAs (IP) and fished areas (F) at 30 locations across the Mediterranean. Significantly higher fish biomass was 
found in HP compared to IP MPAs and F. Along a recovery trajectory from F to  HP MPAs, IP were similar to  F, showing that 
just well enforced MPAs triggers an effective recovery. W ithin HP MPAs, trophic structure o f fish assemblages resembled a 
top-heavy biomass pyramid. A lthough the functional structure o ffish  assemblages was consistent among HP MPAs, species 
driving the recovery In HP MPAs differed among locations: this suggests that the recovery trajectories In HP MPAs are likely 
to be functionally similar (i.e., represented by predictable changes in trophic groups, especially fish predators), but the 
specific composition o f the resulting assemblages may depend on local conditions. Our study did not show any effect o f 
MPAs on NIS and ThS. These results may help provide more robust expectations, at proper regional scale, about the effects 
o f new MPAs that may be established in the Mediterranean Sea and other ecoreglons worldwide.
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Introduction

O ceans worldwide are th reatened  by a com bination  o f local 
direct im pacts (e.g. fishing, pollution, sedim entation, coastal 
developm ent) and  diffuse global im pacts (i.e. clim ate change) [1], 
T hese stressors affect no t only species an d  ecological com m unities 
[2], bu t also ecosystem functioning and  the capacity o f ecosystems 
to provide essential goods and  services to society [3], In  particular, 
fishing significantly reduces density and  biomass o f  target species; 
it selectively removes large-sized individuals (locally reducing 
reproductive potential o f stocks), it causes dram atic  changes in the 
structures and  functioning o f food webs [4,5], and  in the physical 
properties o f  seafloor [6], an d  it m ay decrease the resilience o f 
populations and  ecosystems in the face o f clim atic im pacts and  
o ther disturbances [5,7].

Possible solutions to m itigate the im pact o f fishing and  o ther 
hu m an  activities on  m arine ecosystems include the use o f spatial 
m anagem ent tools such as m arine pro tected  areas (MPAs). MPAs

can be defined as ‘discrete geographic areas o f the sea established 
by international, national, territorial, tribal o r local laws designat­
ed to enhance the long-term  conservation o f na tura l resources 
there in ’ [8], MPAs, therefore, are areas w here hu m an  activities, 
especially fishing, are restricted or b an n ed  [9]. A special case o f 
MPAs is represented  by  no-take m arine reserves w here fishing is 
prohibited. N o-take m arine reserves have been  shown to 
significantly increase population  density, size and  biomass o f 
target fishes inside their boundaries [10], T h e  m ost effective 
m arine reserves have large fish biomass w ith a  dom inance of apex 
predators, w hich testifies th a t they are capable o f restoring 
assemblages to a  state close to pristine (see [11] and  references 
therein). In  some regions o f the world, such as the M editerranean  
Sea, M PAs usually include one or m ore no-take m arine  reserves 
surrounded by ‘buffer zones’, w here fishing is restricted com pared 
with adjacent fished areas [12]. I f  effective m arine reserves in the 
M ed iterranean  have been  shown to increase fish biomass
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[4,19,20], the effects o f partially-protected M PAs depend on  the 
type o f pro tection  and  the level o f enforcem ent [14,21,22].

In  the M edite rranean  Sea, fishing has been historically the 
greatest ecological stressor, depleting target species [13] and  
altering entire ecosystems [14], In  addition  to that, M editerranean  
m arine ecosystems, especially in coastal areas, have been  im pacted 
by the arrival o f non-indigenous species an d  the northw ard  
expansion o f southern M ed iterranean  species [15-18]. An open 
question, therefore, concerns to w hat level M PAs are vulnerable to 
o r m ay contrast the propagation  o f N on-Indigenous-Species (NIS) 
a n d /o r  southern therm ophilic species (ThS), whose spread is 
thought to be  favored by anthropogenic degradation  o f m arine 
environm ents (e.g. from  pollution, [23-24]) o r by the direct effects 
o f  a  suite o f hum an  activities (e.g. navigation and  discharge of 
ballast waters, aquaculture; [25]). Ecological theory  (e.g. niche 
theory; [26]) says th a t the health ier ecosystems w ithin MPAs could 
be less favorable to biological invasions by  bo th  N IS and  ThS. 
How ever, the pu rp o rted  function o f M PAs in contrasting the 
spread o f N IS and  T h S  relies ju s t on theoretical ecological bases 
ra th e r th an  em pirical evidence. In  particular, the role o f 
M ed iterranean  M PAs in lim iting the spread o f N IS a n d /o r  T hS  
has never been  investigated. T h e  potential role o f  M PAs in 
lim iting or enhancing  the spread o f N IS  and  T h S  is thus a  m atter 
o f  debate and  the available scientific evidence is scarce, unclear 
and  sometimes contradicts the theory. Som e study, in fact, showed 
th a t invasivability can be positively correlated  w ith biodiversity 
[26-27], while recendy Burfeind et al. [28] provided the evidence 
th a t the few available studies suggest th a t m arine reserves do not 
have any lim iting effect on  o r even enhance NIS.

M ost o f  the previous studies conducted  worldwide, including in 
the M ed iterranean  region, have assessed the responses to 
p rotection  in one or a  few M PAs [10,19,22,29], or across a 
lim ited geographical range [30,31] b u t see [14], while synthetic 
studies (e.g., m eta-analyses) analyzed published da ta  th a t are not 
always consistent in tim e and  m ethodologies [4,32,33]. No study 
to date has sim ultaneously exam ined the role o f M PAs in reversing 
the effects o f overfishing and  in possibly lim iting the spread o f NIS 
a n d /o r  T h S  over large spatial scale in the M editerranean. Sala et 
al. [14] exam ined variation  in whole rocky reef com m unity 
structure across the M ed iterranean  basin, b u t the specific question 
abou t how M PAs m ay p rom ote  recovery of fish assemblages from 
fishing rem ains. M oreover, Sala et al. [14] did no t exam ine the 
possible role o f M PAs in lim iting the spread of N IS and  ThS. 
Finally, m ost studies on M PAs’ effects to date have contrasted 
M PAs with adjacent fished areas. This approach  canno t be  used 
over large scales because o f logistical an d  technical constraints. 
Thus, em pirical evidences o f the general effects o f  M PAs in 
recovering fish com m unities and  m aintain ing  native diversity 
across large scales are still lacking, and  this is the case o f the 
M ed iterranean  Sea.

In  this study, we investigate the responses to p rotection  o f fish 
assemblages associated with shallow rocky reefs from  M PAs and  
areas open to fishing, across a  wide geographical gradient across 
the M ed iterranean  Sea (from Spain to Turkey). Because controlled 
experim ents testing the large-scale effects o f hu m an  im pacts or 
m ultiple stressors (e.g. fishing and  clim ate change) a re  im practical, 
we com pared com m unities a t sites distributed along gradients o f 
hu m an  disturbance to exam ine com m unity change across these 
gradients using a  “ space-for-tim e” approach  [2,34],

Specifically, we addressed the questions: (1) do fish com m unities 
respond coherendy to p rotection  over a  regional scale 
(1000 s km)? (2) do the same species drive the trajectory of 
functional recovery in no-take zones a t regional scale? (3) have

MPAs any effect on  the spread o f N IS and  T h S  fishes in the 
M ed iterranean  Sea?

Materials and M ethods

Sampling area and  m e thods
Fish assemblages were surveyed a t 13 m arine  pro tected  areas 

and  17 unpro tected  areas located across the n o rthern  M editerra­
nean  Sea in M ay-June  2007 and  2008 (Fig. 1, Table SI).

T h e  following institutions provided research perm its: M edes 
Islands M arine  Reserve, C ap de Creus N atural Park, M arine 
Resources Service and  Biodiversity D epartm en t o f  the Balearic 
Islands G overnm ent, Archipelago o f C abrera  N ational Park, AÍ 
H oceim a N ational Park, Portofino N ational M arine Reserve, 
T o rre  G uace to M arine  Protected  A rea, T avolara-Punta  C oda 
Cavallo M arine  Protected  A rea, Porto Cesáreo M arine Protected 
A rea, T rem iti M arine  Reserve, C apo Caccia M arine Protected 
A rea, N ational M arine Park o f Alonissos, N orthern  Sporades, and  
the M inistry o f  Foreign Affairs o f Turkey.

W e surveyed rocky reefs a t 8 -12  m  depth, a t 4 -6  replicate 
stations w ithin each area, depending on their extension. Sam pling 
stations within areas were separated a t least 1 km  ap art from  the 
next, except in very small m arine reserves (e.g., Portofino, Piperi) 
w here stations were sam pled hundreds o f m eters aw ay from  each 
o ther in o rder to have enough replicate surveys.

Fish assemblages were sam pled underw ater using visual census 
along 3 replicate instantaneous strip transects o f 25 x5  m  [35] at 
each station. Visual censuses were perform ed on  rocky substrates 
w here o ther substrate types, like sand or seagrasses, represented  
less th an  5% in cover (both w ithin and  a round  transects). A long 
each transect, the diver swam one way a t constant speed 
(approxim ately 4 m eters/m in .), identifying and  recording the 
num ber an d  size o f each fish encountered. Fish size (total length: 
TL) was recorded w ithin 2-cm size classes for m ost o f the species, 
and  w ithin 5-cm size classes for large-sized species such as 
Epinephelus marginatus. Fish w et mass was estim ated from  size data  
by m eans of length-w eight relationships from  the available 
literature [36,37].

T h e  assessment o f protection  effects on  fish assemblages can be 
influenced by hab ita t com plexity [38]. Substrate rugosity was 
m easured in situ for each replicate transect, a t all stations (both 
pro tected  and  unprotected), to account for variability in fish 
assemblages due to rugosity as a  covariate. T o  m easure rugosity, a 
10-m long small-link chain (1.3 cm  per link) was d rap ed  along the 
length o f the centerline o f each transect. C are  was taken to ensure 
th a t the chain  followed the contour o f all natural fixed surfaces 
directly below  the transect centerline. A ratio o f 10 to linear 
horizontal distance betw een the beginning o f the transect and  the 
end o f the d raped  chain  gave an  index o f rugosity (see [14]).

W e focused on variability in h ab ita t com plexity (i.e. rugosity) at 
a  spatial scale that, from  literature available, was shown to be 
relevant in structuring M ed iterranean  fish assemblages (see [38] 
for detailed discussion) an d  th a t m atches the spatial scale o f the 
sam pling un it adop ted  in the p resent study (i.e. 25*5 m  transect).

T o  m easure the level o f protection, da ta  from  each area  were 
pooled into the following three  categories, in decreasing o rder o f 
protection: (a) well-enforced no-take M PAs (HP: H ighly Protected) 
(Form entera-Espardell, M edes, Portofino, T o rre  G uaceto, Tavo- 
lara), (b) M PAs w here some fishing is allowed or some illegal 
fishing m ay occur due to weak enforcem ent (IP: In term ediate 
Protection) (C abrera, C ap de Creus, C apo Caccia, Porto Cesáreo, 
Cavalleria, Alonissos), (c) non-enforced M PAs (Piperi, Trem iti) 
plus 17 open access areas (F: Fished). M PAs were categorized 
using inform ation from  the scientific literature, personal experi­
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ence, and  interviews w ith M PA s’ staff reporting  on the overall 
m anagem ent effectiveness (see [14]).

U npro tected  areas are typically open-access w ith little enforce­
m ent o f fishing regulations. T o  m inim ize differences possibly 
deriving from  o ther hu m an  threats com bined to fishing, sites were 
selected w ithin areas no t directly affected by evident sources of 
im pact (e.g. harbors, defense structures, sewage outfalls, extensive 
urbanization).

Species were classified into three com m ercial categories: 
com m ercial species (C), species w ith low com m ercial value (LG), 
and  species w ith null com m ercial value (NC), according to [33] 
and  to [37] (see T able  S2). Species were also classified in trophic 
groups according to [14], (Table S2). N on-indigenous species

(NIS) were identified according to [17], while therm ophilic species 
(ThS) were identified according to [39],

Data analyses
T h e  effects o f different p rotection  regim es on overall fish 

assemblage structure (i.e. taxonom ic com position and  relative 
contributions o f  fish taxa in term s of density or biomass) were 
analyzed using m ultivariate statistical techniques. Specifically, 
taxon X sample m atrices (n = 82 taxa, n  = 514 samples) were 
analyzed using unbalanced  three-w ay perm utational m ultivariate 
analysis o f variance (PER M A N O V A , A nderson 2001). ‘P rotec­
tion ’ (Pr) was considered as a fixed factor (3 levels, as classified

Table 1 .  PERMANOVA summaries for factor Protection on square root transformed univariate data.

Univariate analyses Spp Richness Density Biomass

pseudo-F p pseudo-F P pseudo-F P

All Species 6.1535 0.006 0.94722 0.3989 40.567 0.0001

Apex Predators NA 25.045 0.0001 37.331 0.0001

Carnivores NA 5.3281 0.0111 18.692 0.0001

Planktivores NA 0.24833 0.7885 2.5751 0.097

Herbivores NA 9.627E-2 0.9091 0.16482 0.8503

Detritivores NA 4.8952 0.018 6.0062 0.0062

NC NA 0.17406 0.8443 0.93531 0.4069

LC NA 1.0548 0.3608 5.5419 0.0097

C NA 13.319 0.0001 77.166 0.0001

NC = species with null commercial value, LC = 
doi:10.1371/journal.pone.0091841 ,t001

species with low commercial value, C = species with high commercial value (see material and methods section for details).
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above), ‘Site’ (Si) was a random  factor (up to 19 levels) nested in Pr, 
and  ‘S tation’ (St) was a random  factor (up to 6 levels) nested in Si.

T h e  effects o f different pro tection  regimes on relevant fish 
com m unity variables (i.e. taxon richness; total fish density and 
biomass; density and  biomass o f each com m ercial and  trophic 
group) were analyzed using univariate techniques. Specifically, 
univariate PE R M A N O V A  based on Euclidean distance m easure 
[40] was used in o rder to avoid any assum ption about the 
distribution o f the variables [41], In  this analysis P-values 
associated w ith F statistics are obtained by perm utation . Rugosity 
was a covariate in all analyses. For NIS and  T hS , latitude and 
longitude were also included as covariates. Pairwise tests were run  
w henever appropriate . Potential difference in rugosity am ong

different protection  levels was tested using an  univariate 
PE R M A N O V A  based on Euclidean distance m easure following 
the experim ental design described above.

D ensity and  biomass of different trophic levels were plo tted  in 
trophic pyram ids considering, for the sake of clarity, only two 
levels o f protection, H P  and F+IP, w ith these latter pooled 
together due to the general absence o f significant differences (see 
Results).

In  o rder to assess potential patterns o f taxon richness along both  
latitudinal and  longitudinal gradients, we used polynom ial 
regressions w ith a parabolic shaped relation [42].

T o  explore w hether the same taxa contributed  to the response 
to protection  over the regional scale, across different MPAs,
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doi:10.1371 /journal, pone.0091841 .g002

PLOS ONE I www.plosone.org 4 April 2014 I Volume 9 | Issue 4 | e91841

http://www.plosone.org


Regional Effects of Mediterranean Marine Protected Areas

PE R M A N O V A  was also carried  out on  the 5 H P  MPAs 
considering ‘Site’ (Si; 5 levels) and  ‘Station’ (St; up to 6 levels) as 
random  factors (up to 6 levels) nested in Si. T o  visualize 
m ultivariate patterns, non-m etric  m ultidim ensional scaling 
(nMDS) ordinations w ere obtained from  B ray-Curtis dissimilarity 
m atrices w here only the 5 centroids for the factor Site were 
visualized. Stress values w ere shown for each M D S plot to indicate 
the goodness o f representation.

T h e  P R IM E R  6 and  Perm anova+B 20 package (Plymouth 
M arine  Laboratory) was used to perform  the analyses [43]. 
Polynom ial regression was perform ed using the open source 
software ‘R ’ (see w w w.r-project.org).

Results

No difference in rugosity was highlighted am ong different levels 
o f  p ro tection  (pseudo-f=  0.21, p  = 0.80, Fig. SI), while significant 
variability was recorded bo th  a t the scale o f sites (pseudo-f = 6.40, 
pCO.OOl) and  stations (pseudo-f=  1.66, p  pCO.OOl).

T h e  level o f p ro tection  h ad  clear effects on the com position and  
structure o f  rocky reef fish assemblages across the M editerranean  
Sea.

T otal density o f fish (all taxa pooled) did no t differ am ong 
protection  levels (Table 1, Table S3a, m ean ± S E : 163.71 ±4 .82  
ind.*125 m  ~), a lthough it varied significantly am ong stations and  
sites (Fig. 2A). Density increased significantly with increasing 
rugosity following a  linear relationship (D ISTLM , n  = 513, 
pseudo-f=  12.97, p < 0 .01).

T otal biom ass o f fish was greatest a t H P , followed by IP  and  
then  F (Table 1, Table S3b, m ean: 8 3 .4 ± 6 .9 , 29 .8 ± 2 .0 , 
1 0 .0± 0 .8  g*m - 2 ; Fig. 2B, pairw ise tests: H P > IP > F ;  p < 0 .01). 
Like density, biom ass was significantly variable at the scale o f 
station an d  site, an d  was positively linearly-related with rugosity 
(D ISTLM , n  = 513, pseudo-f = 7.96, pCO.Ol).

Species richness was significantly greater at H P  com pared to F, 
while no significant differences were observed betw een IP  an d  the 
o ther p rotection  levels (Table 1, T able  S3c, m ean: 14 .2±0 .3 , 
11.9± 0.4, 9 .8 ± 0 .2  taxa*125 m _ 2 at H P , IP  an d  F, respectively; 
Fig. 2C, paitw ise tests: H P > F , H P  = IP, IP  = F; p< 0 .0 1 ). Species 
richness was significantly variable at spatial scales o f station and  
site bu t did no t vary w ith rugosity. Species richness increased with 
increasing latitude following a  parabolic-shaped curve (Fig. 3A; 
p < 0 .0 1  for 2nd o rder polynom ial regression test). T he relationship 
betw een richness and  longitude was hum p-shaped (p<0.001 for 
2nd order polynom ial regression test), w ith highest species richness 
recorded betw een 10-20"E  of longitude (Fig. 3B).

T h e  different trophic groups varied in their responses to 
protection, w ith significant positive effects on apex  predators, 
carnivores and  detritivores, bu t not on planktivores an d  herbivores 
(Table 1, Table S3d-S3m ). T otal density and  biomass o f apex 
predators were significantly greater at H P  (1 .4± 0 .3  ind.* 125 m -2  
and  25.1 ± 5 .6  g*m -2 ), followed by IP  (0 .5±0.1  ind*125 m -2  
and  3.1 ± 0 .8  g*m-2 ) and  F (0.2±0.1 ind.*125 m -2  and
0 .7±0 .1  g*m 2; Fig. 4, 5). T he same pa tte rn  was observed for 
carnivores: H P  (65 .7± 3 .3  ind.*125 m “ 2 and  4 3 .4 ± 3 .0  g*m“ 2)> IP  
(52 .3±3 .0  ind.* 125 m -2  an d  17.2 ± 1 .6  g*m _2)> F  (37.5±  1.3 
ind.*125 m -2  and  9 .8 ± 0 .6  g*m- 2 ; H P > IP > F ;  Fig. 4, 5). T otal 
density and  biomass o f  detritivorous fishes were significantly greater 
at H P  than  at F (for total density m ean ± S .E .: 0 .19± 0.11, 
0 .05±0 .04 , 0 .0 3 ± 0 .0 3  ind.*125 m _ 2 at H P , IP  and  F, respectively; 
for total biomass 1.80±  1.30, 0 .26± 0 .21 , 0 .18± 0.17 g*m -2  at H P, 
IP  and  F, respectively; in b o th  cases paitwise tests: H P > F , H P  = IP, 
IP  = F; p < 0 .0 1 ) (Table 1; Fig. 4, 5). Density and biomass of

planktivorous and herbivorous fishes did not show any difference 
am ong protection levels (Table 1; Fig. 4, 5).

W hen  density and  biomass o f different trophic levels in trophic 
pyram ids was exam ined (Fig. 6), significant differences em erged 
betw een H P  an d  F+IP  in term s o f biomass (p< 0 .01 , chi squared 
test), while differences w ere not significant in term s o f density 
(p< 0 .05 , chi squared test). Planktivores num erically dom inated  
fish assemblages, w hatever the p rotection  level. In  term s of density, 
all trophic groups were equivalent betw een H P  and  F+IP 
conditions, except for carnivores and  apex predators that tended 
to be m ore abu n d an t in H P  conditions, although differences were 
not significant (Fig. 6A). Differences betw een H P  and  IP+F in 
term s of biomass were m ore p ronounced  and  statistically 
significant: all trophic groups showed greater biom ass in H P  than  
IP+F, particularly  the apex  predators and  carnivores (Fig. 6B).

C onsidering density data, assem blage structure o f com m ercial 
fishes did no t differ am ong protection  levels (Table 2, T able  S4a). 
T o tal density o f com m ercial species (all species pooled) was 
significantly greater at H P  and  IP  th an  in F (Table 1; T able  S3n; 
pair-wise tests: H P  = IP > F ; p< 0 .05). C onsidering biomass data, 
the assem blage structure o f com m ercial fishes was significantly 
different betw een H P  and  F (Table 2; T able  S4b; paitw ise tests; 
p< 0 .0 5 ). T o tal biomass o f com m ercial species (all species pooled) 
was greater at H P  th an  a t IP  and  F (Table 1; T ab le  S3o; m ean: 
57.1 ± 6.5, 13 .3±1 and  5 .6 ± 0 .4  g*m -2  in H P , IP  and  F 
respectively; pairw ise tests: H > I P > F ;  p < 0 .01).
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Figure 3. Patterns of average species richness per site versus a) 
latitude and b) longitude. Lines indicate 2nd order polynomial 
regression fitting.
doi:10.1371/journal.pone.0091841 ,g003
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Figure 4. Mean values (±  SE) of density per transect per each trophic group at each sampling site (see Figure 1 for com plete site 
names). Black bars indicate fished areas (F), light gray bars indicate in term ediate pro tected  MPAs (IP) and dark gray bars indicate highly pro tected  
MPAs (HP).
doi:10.1371/journal.pone.0091841 ,g004

Assemblage structures (both considering density and  biomass 
data) and  pooled densities o f low-value fishes did no t differ am ong 
protection  levels (Table 1, 2, T able  S3p, S4c,d), while significant 
differences w ere recorded a t the scales o f station and  site. T otal 
biomass o f low-value species (all species biomasses pooled) was 
greatest a t H P , interm ediate a t IP  and  lowest a t F (mean: 
8 3 .4 ± 6 .8 , 29 .7±2 .1  and  18 .9±0 .7  g*m “ 2 in H P , F and  IP, 
respectively; pairwise tests: H P > IP > F ;  p < 0 .0 5 , T able  1, Table 
S3q).

Assemblage structures o f fish o f  null com m ercial value (based on 
density data) significandy differed am ong protection  levels 
(Table 2, Table S4e) only betw een H P  and  F (pairwise tests: 
H P > F , H P  = IP, IP  = F), while no significant difference was 
detected in term s of total density (all species density da ta  pooled; 
T able  1, T ab le  S3r).

Assemblage structures based on biomass da ta  o f fish o f null 
com m ercial value significantly differed am ong protection  levels 
(Table 2, T ab le  S4f) with significant difference only betw een H P  
and  F (pairwise tests: H P > F , H P  = IP, IP  = F), while total 
biomasses (all species biomasses pooled) did no t display any 
p a tte rn  related  with p rotection  levels (Table 1, T able  S3s).

T o  explore the generality in com m ercially valuable fish 
responses to p rotection  a t large scales, biomass o f these species 
were analyzed using m ultivariate analysis. A significant variability 
was detected am ong the five H P  M PAs (pseudo-f = 3.70, 
p< 0 .0001). T h e  dusky grouper Epinephelus marginatus showed the 
highest biom ass a t M edes Islands followed by  Portofino and  to a 
lesser extent Tavolara. T he tw o-banded sea b ream  Diplodus vulgaris 
displayed the highest biomass a t T avolara  M PA  followed by T orre  
G uaceto M PA, while w hite seabream  Diplodus sargus showed 
similar values a t all four M PAs except Form entera. Finally, the 
highest biom ass o f b row n m eagre Sciaena umbra was found at 
M edes, followed by F orm entera  an d  to a  lesser extent T avolara. 
Dusky grouper an d  brow n m eagre w ere absent from  T orre  
G uaceto (Fig. 7).

Eleven T hS  were censused, some o f them  being also NIS: 
Fistularia commersoni, Pteragogus pelycus, Sargocentron rubrum, Siganus 
luridus, Siganus rivulatus, Pomatomus saltatrix, Thalassoma paao, Sparisoma 
cretense, Epinephelus caninus, Epinephalus costae and  Sphyraena viridensis. 
Assemblages o f T h S  (in term s o f m ultivariate densities and  total 
density i.e. all species density pooled), did no t respond to 
p rotection  (for m ultivariate densities pseudo-f=  1.21, p > 0 .2 ; for 
total densities pseudo-f = 0.15, p > 0 .9 ). T o tal density o f T hS  
decreased with increasing latitude (Fig. 8; L inear regression 
analyses, D IS T L M , n  = 30, pseudo-f = 51.18, p < 0 .001) and  was 
significandy and  positively related  to rugosity (linear regression 
analyses, D IS T L M , n  = 513, pseudo-f = 4.79, p < 0 .05).

Five N IS were censused in this study: Fistularia commersoni, 
Pteragogus pelycus, Sargocentron rubrum, Siganus luridus and  Siganus 
rivulatus. All N IS  censused were also T h S  (representing in  fact a 
subset o f all T h S  censused). N IS assem blage structures and  their 
total density (i.e. all species density pooled) did no t show any 
response to protection, longitude an d  rugosity. A significant 
relation w ith latitude, on  the contrary, was found (PER M A ­
N O V A , pseudo-f = 18.24, pCO.OOl): total density o f N IS fish 
suddenly decreases with increasing latitude, dropping  to zero 
above a t coordinates approxim ately corresponding to 38°N  and  
25°E (Fig. 8), i.e. a t the line connecting southern Balearic Islands 
to southern T yrrhen ian  Sea, and  a t the A egean Sea.

Discussion

O u r region-wide survey o f M edite rranean  rocky reef fish 
assemblages clearly shows significantly higher fish biom ass in no­
take MPAs relative to partially-protected M PAs and  open access 
fishing areas. Partially-protected M PAs are closer to open access 
fishing areas along the recovery trajectory from  unpro tected  areas 
to H P  M PAs. T hese findings are generally consistent with the 
evidence arising from  previous field studies dealing w ith single 
MPAs [22,44] o r m eta-analyses using da ta  from  multiple MPAs 
[4,21,33]. This is, however, the first field study showing M PA  
effects on  fish a t this large scale and  using consistent m ethods and  
design. T hus these findings obtained in a  field study highlight the 
generality o f the effects o f p rotection  on  reef fish assemblages, over 
spatial scales no t addressed before. Im portandy, we found th a t a 
high degree o f p ro tection  (no or m inim al fishing) always resulted in 
increased fish biom ass and  in the density o f carnivores and  apex 
predators. Previous idiosyncratic results o f studies from  M PAs are 
likely due to variable levels o f  p ro tection  o f the focal locations.

G reater biomass in H P  M PAs is driven by a positive response of 
fishes w ith com m ercial value (either high or low) [4,33,38,44], bu t 
no significant differences were found for fish with null com m ercial 
value. This result further supports our conclusion th a t fishing is a 
m ajor driver o f the density an d  structure o f these assemblages. 
Non-com m ercial species are expected no t to be directly affected by 
protection, and  any response to protection  can be ascribed to 
indirect effects, e.g. via food web interactions [45]. T h e  absence of 
any protection  effect on  fishes w ith null com m ercial value in our 
dataset could be due to the weakness o f trophic interactions 
specifically involving piscivorous fishes and  their fish prey [46-47], 
possibly because large-sized piscivorous predators (e.g. seals, 
sharks, groupers, com m on dentex) are a t low levels, relative to 
historical populations, along m ost M ed iterranean  coastal habitats 
[13,14,48,49],

H igh trophic levels (i.e. apex predators, carnivores) showed bo th  
higher density and  biomass w ithin H P  M PAs than  to in IP  MPAs 
and  fished areas. O n  the contrary, herbivorous and  planktivorous 
fishes did no t display any response related  to p rotection  from 
fishing, as previously highlighted by  G uidetti and  Sala [4], As a 
consequence, w ithin H P  M PAs the trophic structure o f fish 
assemblages resembles a  top-heavy (i.e. inverted) biomass pyram id 
[50], a  p a tte rn  th a t has been reported  from  rem ote unfished sites 
(e.g. [5,51,52]), w ith m ost cascading effects occurring via benthic 
com m unity com ponents (e.g. sea urchins an d  erect algae; [53]). 
From  this perspective, a  recent paper by T rebilco et al. [50] 
indicates th a t biomass pyram ids are usually expected to be 
bottom -heavy for com m unities th a t share a  com m on resource base 
and  the authors state th a t top-heavy biomass pyram ids can arise 
from  visual census artifacts or energetic subsidies. Sam pling 
artifacts can arise from  the adoption o f non-instantaneous 
underw ater visual census (UVC) techniques th a t can  overestim ate 
density and  biomass o f large piscivorous fishes (see [54] for a 
de tañed discussion). This bias can  occur especially in presence of 
p red ato r fishes displaying high sw im m ing speed and  attractive 
behavior tow ards divers. In  our study we can reasonably exclude a 
significant sam pling bias because 1) we adopted  an  instantaneous 
visual census approach  an d  2) predators in the analyzed ecosystem 
are no t particularly  fast-swimming species th a t can  be a ttracted  by 
divers. Sharks were absent in our sam pling sites [14] and  groupers
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Figure 5. Mean values (±  SE) of biomass per transect per each trophic group at each sampling site (see Figure 1 for complete site 
names). Black bars indicate fished areas (F), light gray bars indicate in term ediate pro tected  MPAs (IP) and dark gray bars indicate highly pro tected  
MPAs (HP).
doi:10.1371/journal.pone.0091841 ,g005

were the largest predators along w ith o ther piscivorous fishes (e.g. 
Dentex dentex, Seriola dumerili). F rom  this perspective, we can 
hypothesize that top-heavy biomass pyram ids we found in H P  
M PAs are cases o f subsidized ecosystem com partm ents, where 
large predators have access to m ore p roduction  than  do smaller 
m em bers o f the com m unity (i.e. m obile consum ers access

production  from  m ultiple local biomass pyram ids, hence escaping 
the constraints o f energy availability a t local scales, [50]).

In  this study we highlighted a  significant effect o f habitat 
rugosity on  some variables possibly related  to M PA  effectiveness 
(i.e. total fish density, total fish biomass). Particularly, transects 
(i.e. 125 m~ areas) with high rugosity supported fish assemblages

A
Density (individuals/m2) of trophic level

Biomass (g/m2) of trophic level

Figure 6. Trophic "pyram ids" expressed in term of densities (A) and biomasses (B) for each trophic level. Only tw o levels of protection 
w ere considered  (high p ro tec tio n  vs w eak pro tection+fished). PL= planktivore, DE = detritivore, CA = carnivorous, AP = apex  p redato r, 
HE= herbivorous.
doi:10.1371/journal.pone.0091841 ,g006
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Table 2. PERMANOVA summaries for factor Protection on 
square root transformed multivariate data.

M ultivaria te
analyses Density Biomass

pseudo-F P pseudo-F P

All Species 2.1458 0.0065 2.8684 0.0003

Apex Predators 11.04 0.0001 12.181 0.0001

NC 2.1154 0.0483 2.272 0.0307

LC 1.6089 0.1303 1.8485 0.0856

C 1.7555 0.0716 2.9418 0.0011

NC = species with null commercial value, LC = species with low commercial 
value, C = species with high commercial value (see material and methods 
section for details).
doi:10.1371 /journal.pone.0091841 .t002

characterized  by higher density and  biomass. A significant positive 
effect o f rugosity was also recorded on the density o f T hS . These 
evidences are in agreem ent with the previously recognized 
im portance o f hab ita t structure in affecting fish assemblages

EPI.MAR2D Stress: 0

TG C

PO R

MED

[38,55]. O n  the o ther hand , we did not highlight any potential 
confounding effect am ong protection  an d  hab ita t complexity 
(as suggested in [38,55]) because o f the absence of significant 
differences in rugosity am ong sites a t different p rotection  levels. In 
our study there was no evidence that M edite rranean  M PAs are 
established in zones ha rbouring  particularly  structurally com plex 
habitats, at least a t the scale investigated.

A lthough the functional structure o f  the fish assemblages was 
consistent am ong H P  MPAs, the species accounting for the 
differences betw een H P  MPAs, and  IP  M PAs and  open access 
areas differed am ong locations. For exam ple, in T orre  G uaceto, 
the sea bream s Diplodus sargus an d  D. vulgaris determ ined the 
response to protection, whereas o ther species th a t are classically 
related w ith the reserve effect, like the dusky grouper Epinephelus 
marginatus, were absent. T h e  dusky grouper, conversely, contrib­
u ted  m ore than  the o ther species to determ ine the response to 
p rotection  at the M edes Islands (along w ith Sciaena umbra), 
Portofino (with D. sargus) and  T avolara  (with all three o ther 
species). Sciaena umbra contributed  considerably to differentiate 
pro tected  assemblages a t Form entera  (together with D. vulgaris) and  
M edes (together w ith E. marginatus). T hese differences are probably 
related to local environm ental conditions (e.g., availability o f 
hab ita t types, hab ita t complexity and  heterogeneity, depth, slope,

DIP. VU L2D Stress: 0

TAV

T G C

2D Stress: 0

FMN

TG C

P0R

MED

DIP.SAR

F0N

TAV

T G C

POR

MED

Figure 7. Fish assemblage structures based on biomass data. Two-dimensional nMDS ordinations of centroids of the  5 MPAs classified as HP 
are show n. Bubble values indicate average biom ass o f a subset o ffish  species responding to  protection. 
doi:10.1371/journal.pone.0091841 ,g007
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Figure 8. Patterns of average density of therm ophilic and NIS species per site versus latitude and longitude.
doi:10.1371/journal.pone.0091841 ,g008

and  tem perature) [56]. This suggests that the recovery trajectories 
in H P  M PAs are likely to be functionally similar (i.e. represented  
by predictable changes in trophic groups), bu t the com position o f 
the resulting assemblages m ay depend  on  local environm ental 
conditions.

In  the present study we did not investigated the effect o f M PAs 
age (i.e. tim e in years since the inception o f protection) on  MPAs 
effectiveness because our sam pling design did no t include tem poral 
replication in each M PA. Simply testing for potential correlation 
am ong years o f pro tection  an d  some relevant variables (e.g. total 
fish biomass, biom ass o f  apex  predator, biomass o f com m ercially 
valuable fishes) we w ould have included a  spatio-tem poral 
confounding in the test for M PA  effectiveness (i.e. different years 
since protection  w ould correspond to M PAs located  in different 
areas). T his poin t is particularly  relevant especially considering the 
variability in recovery patterns we highlighted am ong different 
effective MPAs. In  o rder to properly  evaluate the effect o f  time 
elapsed from  the inception o f p rotection  on fish assemblages, long 
tim e series are needed for each M PA. U nfortunately, ju st in a  few 
cases such long tim e series are available (e.g. [57] for the case o f a 
M ed iterranean  MPA) and  m ajor effort should be done to fill this 
gap.

How ever, it is valuable to acknowledge that all the H P  MPAs 
we considered w ere im plem ented  a t least 9 years before our survey 
(i.e. Form entera, Spain), this tim e exceeding the stint previously 
estim ated for an  M PA  to becom e effective (see [33,44], despite for 
some species m uch  longer period can be  needed to fully recover, 
[57]).

Results o f our large-scale survey also show that the general 
pa tte rn  o f species richness o f coastal fishes does no t follow an 
eastw ard decline, as assum ed by Q uignard  an d  T om asini [58], 
O u r da ta  reveal highest species richness a t 10"-20"E  longitude. 
This pa tte rn  m atches the evidence reported  by [42] concerning a 
pool o f 619 M ed iterranean  fish taxa associated to a  wide array  of 
habitats (e.g. rocks, sand, seagrasses) in coastal waters bu t also in 
the open seas. O u r results suggest th a t coastal fish species richness 
could be used as a  proxy for describing patterns o f fish species 
richness a t regional scale in the M ed iterranean  Sea.

A t the local scale o f individual areas, species richness was 
significantly greater w ithin H P  M ed iterranean  M PAs. C ontrover­
sial evidences are available from  the global literature on  the 
expected effects o f MPAs on diversity, w ith some studies revealing 
an  effect o f p ro tection  on  species richness and  o ther studies failing 
to detect any significant difference (see [8] for a  detailed discussion 
about possible causes). O u r results indicate that p ro tection  has
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general positive effects on  species richness o f reef-associated fish 
assemblages.

W ith  regard  to the possible effects o f M PAs in contrasting the 
spread o f N IS, although at small spatial scales biodiversity m ay 
confers invasion resistance, a t larger scales biodiversity seems to 
have no effects o r even enhance num ber an d  densities o f NIS 
[26,59-61]. A num ber o f  putative m echanism s have been  invoked 
to explain the enhancem ent o f N IS invasions in places characte r­
ized by high species richness, such as a  greater hab ita t 
heterogeneity  th a t could favor the setüem ent an d  propagation  of 
N IS (see e.g. [27]). Additionally, several hum an-m ediated  ecolog­
ical processes can  facilitate the establishm ent o f a  N IS inside a 
m arine reserve, such as the prevention o f their harvest o r lower 
com petition from  native species by  increasing their predators and  
parasites [28]. O n  the o ther hand, there  are also putative 
m echanism s th a t lim it the success o f N IS w ithin M PAs, such as 
an  increased com petition for space and  o ther resources, as well as 
a  stronger top-dow n regulation [23,24,62], b u t until now  this 
rem ains a  theoretical fram ew ork no t yet supported by em pirical 
studies.

O u r study did no t show any effect o f M PAs on N IS  nor 
M ed iterranean  T h S  fishes, w hich showed com parable densities 
betw een M PAs and  unpro tected  areas. T herefore, the greater 
species diversity o f  fish we docum ented  in M PAs does no t appear 
to result in lower invasibility. T h e  lack o f observable effects o f 
M PAs on N IS fish densities suggests th a t the m echanism s of 
invasion a re  no t affected by protection.

Fish N IS  distribution was restricted to the areas located south of 
an  im aginary line connecting the Baleares Islands to the southern 
T yrrhen ian  Sea. This finding, based on field sam pling a t a  basin 
scale, m osdy agrees w ith the patterns obtained on the basis o f 
literature review [63] and  further supports the idea th a t the 
M ed iterranean  Sea is under invasion o f N IS fishes (most species 
being  actually therm ophilic) th a t m osdy entered  the M editerra­
nean  via the Suez C anal [64]. From  this perspective, therm ophilic 
N IS could have benefited from  global w arm ing by expanding their 
ranges northw ards [15]. Dispersal ra te  o f m arine species in 
response to clim ate change is estim ated on  average to be  about 
19 km  yr 1 and  it is generally assum ed th a t N IS are better 
dispersers com pared  to native species [65]. How ever, due to 
specific features o f M ed iterranean  Sea (e.g. its enclosed n a tu re  and  
its oceanography, [66]) the spread o f N IS can  be slower th an  in 
o ther areas [65].

Species range shifts related to clim ate change can affect patte rn  
o f  species richness with general increase in species richness [67] 
due to sea w arm ing an d  w ith T h S  responsible to foster this 
increase [68]. H ow ever this evidence does no t m atch  the one 
arising from  our results, w here the peak o f species richness 
(approx. 40° latitude) is recorded beyond the latitudinal limit 
recorded for N IS (36°) and  approxim ately a t latitude w here T hS  
abundance drops to zero.

M PAs also appeared  to have no effects on the distribution and  
density o f therm ophilic species th a t showed decreasing density 
with increasing latitude regardless o f protection. T h e  M editerra-
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