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ABSTRACT: The establishment of marine protected areas (MPAs) worldwide has shown that
closure of areas to fishing results in major changes in the structure of marine ecosystems. The
removal of high-order consumers by fishing has both direct and indirect effects that can lead to
important changes in the strength of trophic interactions. Although the effects of marine protec-
tion on biological interactions are beginning to be understood, our knowledge is largely restricted
to shallow-water assemblages. However, depth gradients are also characterised by significant
differences in the intensity of trophic linkages, and these may be interacting with any effects
derived from protection. In this study, the individual and combined effects of depth and marine
reserve protection on predation and herbivory were determined across 3 regions in the NW
Mediterranean (Catalunya, Mallorca and Menorca) using juvenile urchins and palatable algae as
bioassays. Marine protection did not strongly influence fish herbivory, which generally decreased
with depth. We found no evidence of depth-related changes in predation rates or the size of
predatory fishes, but there was a strong effect of protection on predation rates that was only
consistently observed across regions in shallow water (6 m depth), but not at greater depths
(15 and 30 m). This increase in predation of sea urchins within MPAs in shallow waters can have
important community-wide consequences, as herbivorous sea urchins are commonly most abun-
dant in these shallow habitats and predator—urchin interactions have important cascading effects
on algal communities.
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INTRODUCTION

Biological interactions are among the most impor-
tant forces structuring ecological communities, and
depend not only on specific characteristics of the
interacting species, but also on environmental condi-
tions. Indeed, it has long been recognised that com-
munity structure and the distribution of species
strongly depend on the interplay of biotic processes
and abiotic environmental conditions, whereby the
intensity and relative importance of species interac-
tions is often mediated by the environment (Connell
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1975, Menge & Sutherland 1987, Menge & Olson
1990). For example, the physical stress of water
turbulence is known to determine the relative im-
portance of predation and competition in rocky inter-
tidal regions (Menge & Sutherland 1987, Menge &
Farrell 1989).

In marine communities, the establishment of marine
protected areas (MPAs) where fishing and other ex-
tractive activities are not permitted commonly in-
creases the density, biomass and average size of the
species targeted by fishing (Bell 1983, Garcia-Rubies
& Zabala 1990, Francour 1994, Harmelin et al. 1995,
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Edgar & Barrett 1997, Willis et al. 2003). Since most
targeted species are predators, recovery of these pop-
ulations often leads to increased predation within the
borders of the reserve (McClanahan et al. 1999,
Shears & Babcock 2002, Guidetti 2006, Clemente et
al. 2010). In turn, increased predation can decrease
the abundance of herbivorous prey such as sea
urchins, and thus indirectly increase algal abundance
via trophic cascades (Pinnegar et al. 2000, Shears &
Babcock 2003, Guidetti & Sala 2007). Although both
the direct and indirect effects of marine protection on
biological interactions are starting to be understood
thanks to long-term time series of ecological data
(Babcock et al. 2010), our knowledge is largely re-
stricted to shallow waters (<15 m). However, depth
gradients are also characterised by significant differ-
ences in the intensity of trophic linkages (Hay et al.
1983, Witman 1987, Witman & Dayton 2001), and we
know little about how these may be interacting with
any effects derived from protection.

In subtidal marine communities, herbivory and
predation pressure are usually lowest at shallow
wave-exposed sites because turbulence associated
with wave impact and water movement limits the
feeding ability of most mobile consumers (Witman &
Dayton 2001). Herbivory is often greatest a few
meters below the surface and decreases thereafter
with depth, as algal resources become scarcer due to
light limitation (Hay et al. 1983, Brokovich et al.
2010). Predation by invertebrates is often also high-
est in the first meters of water, as subtidal predators
track the abundance of prey such as mussels (Sloan &
Aldridge 1981, Witman & Grange 1998). In contrast,
predation by fishes is often considered to increase in
deeper waters. For example, tethering experiments
have repeatedly shown an increase in predation with
depth in estuaries (Mclvor & Odum 1988, Ruiz et al.
1993, but see Baker & Sheaves 2007). These studies
provide support for the shallow-water refuge hypo-
thesis (SWRH), which predicts that shallow-water
nursery habitats in estuarine waters provide vulne-
rable juvenile fish and other prey with a refuge from
predation. SWRH studies are mostly restricted to
depths <5 m and propose that shallow water acts as a
refuge for smaller fish by excluding larger fish that
prey on them or by reducing the efficiency of preda-
tors (Ruiz et al. 1993). However, tests of the SWRH at
greater depths in non-estuarine conditions have also
found an increase in predation from 1-5 m to ca.
20 m depth (Linehan et al. 2001, Ryer et al. 2010).
This increase in predation with depth has been asso-
ciated with a general increase in the mean size of
predatory fishes in deeper waters, a phenomenon

generally applicable to demersal fishes (Macpherson
& Duarte 1991).

In this study, we quantified the individual and com-
bined effects of protection from fishing and depth on
herbivory and predation across 3 regions in the NW
Mediterranean using bioassays. We predicted a
decrease in fish herbivory with depth irrespective of
protection, as herbivorous fish are not a target of
fishing activities in the NW Mediterranean. Because
recreational and artisanal fishing effort generally
decreases with depth in the NW Mediterranean
(Morales-Nin et al. 2005, Stelzenmuller et al. 2007)
and shallow areas have been recently shown to be
more sensitive to protection (Claudet et al. 2011), we
predicted an interactive effect of protection and
depth on relative predation rates, with higher preda-
tion in shallower water inside MPAs and equal levels
of predation in deeper waters irrespective of protec-
tion. Further, we performed underwater visual cen-
suses and recorded the size and total biomass of her-
bivorous and predatory fish assemblages at all sites
and depths, inside and outside MPAs, and tested
whether fish size increases with depth (down to 30 m)
within coastal benthic communities in the NW
Mediterranean.

MATERIALS AND METHODS
Study sites

This study was conducted in 3 regions of the NW
Mediterranean Sea: Mallorca, Menorca and Cata-
lunya (Fig. 1). One MPA and one nearby unprotected
area (UA) of similar environmental characteristics
were selected within each region (Fig. 1). The 3
MPAs differ in how long they have been protected —
Medes Islands in Catalunya has been protected since
1983, Cabrera National Park in Mallorca since 1991
and north of Menorca since 1999 —but fish recovery
has been observed in all MPAs (Garcia-Rubies &
Zabala 1990, Garcia-Charton et al. 2004, Cardona et
al. 2007), although none are likely to have reached
full recovery (Guidetti & Sala 2007). Within each
region, 3 sites were sampled at 3 depths (5, 15 and
30 m) on algal-dominated rocky habitats in the sum-
mer, when fish abundance and activity tend to be
highest (Sala & Zabala 1996, Tomas et al. 2005, Prado
et al. 2007). Site selection was based on a good work-
ing knowledge of the area and taking into considera-
tion wave exposure (all sites were in relatively wave-
exposed points) and slope (gentle regular slope; i.e.
we avoided sites with ‘vertical walls').
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Fig. 1. Location of the marine protected areas (stars) and unprotected sites (squares) in the 3 regions studied (Mallorca,
Menorca and Catalunya). Site positions are indicated by numbers (1 to 18)

Consumption bioassays

Relative differences in herbivory and predation
between different depths and between protected and
unprotected areas were measured using bioassay
experiments. Relative rates of herbivory were quanti-
fied using 2 ecologically equivalent and vicariant
species of the genus Cystoseira: C. mediterranea in
Catalunya and C. amentacea var. stricta (hereafter C.
stricta) in Menorca and Mallorca. Both species are
highly preferred by the sparid fish Sarpa salpa
(Vergés et al. 2009, A.Vergés pers. obs.), the only
strictly herbivorous fish in the NW Mediterranean
(Verlaque 1990, Sala & Boudouresque 1997, Pinne-
gar & Polunin 2000, Ruitton et al. 2000). Five groups
of 5 individual thalli of similar size and biomass (~3 g
wet mass) were tethered to the benthos at each site
and depth using cable ties, and the percentage of
thalli consumed per group in 24 h was measured. To
ensure that all herbivory was due to fish consump-
tion, we manually removed any sea urchins found
close to experimental specimens (within at least a
5 m radius). Thalli were only considered consumed
when obvious signs of herbivory were observed, i.e.
over half of the thallus was eaten. Predation bioas-
says were conducted using juvenile individuals
(between 4 and 10 mm in test diameter) of the com-
mon sea urchin Paracentrotus lividus. To ensure pre-

dation trials were comparable across depths and
sites, we placed juvenile urchins on a 20 x 20 cm?
patch that was cleared of all erect algae and devoid
of any refuges, and any mobile invertebrates found
in the vicinity (within a 2 m radius) that could poten-
tially predate on the urchins were manually
removed. Four sea urchins were placed in the centre
of the cleared benthos in each trial and the percent-
age of individuals eaten after 10 min was counted.
Four predation trials per depth and site combination
were conducted.

The distribution of the Cystoseira spp. used in
our bioassays is restricted to the upper sublittoral
(0 m) in wave-exposed shores, where they are out
of reach from the herbivorous fish Sarpa salpa
(Vergés et al. 2009, A.Vergés pers. obs.). Similarly,
juvenile sea urchins are usually cryptic, sheltered
within crevices or beneath boulders and out of
reach of carnivorous fishes (Hereu et al. 2004,
Farina et al. 2009). In our bioassays, we made the
algae and the urchins more vulnerable by placing
them within the reach of their predators. Conse-
quently, both alga and juvenile urchin bioassays
measured relative potential herbivory/predation
pressure rates rather than absolute rates because of
the artefact of altered vulnerability of both prey
items, as happens with tethering assays (Aronson &
Heck 1995). This effect of increased vulnerability is
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assumed to be constant across all treatments (re-
gion, protection and depth), and we therefore con-
sider that the relative potential herbivory/predation
pressure measured in this study reflects patterns in
actual herbivory/predation pressure.

Fish censuses

Underwater visual censuses were performed to
quantify fish community composition and fish bio-
mass. Fishes were counted and their size (total
length) was estimated along three 50 x 5 m? transects
for each site and depth (Harmelin-Vivien et al. 1985).
All fish counts were performed by the same experi-
enced diver (E. Ballesteros) and small-sized cryptic
species (belonging to families Gobiidae, Callyonimi-
dae, Bleniidae, Gobioesocidae and Tripterygidae)
were not included in the censuses to avoid biases
(Garcia-Charton & Pérez-Ruzafa 2001). We identified
31 species from the families Labridae, Moronidae,
Mugilidae, Sciaenidae, Serranidae and Sparidae.
Fish abundance was transformed to biomass
(g 250 m~2) using length-mass allometries (Morato et
al. 2001, Froese & Pauly 2005). When there was no
information for the species of interest, allometric val-
ues from a congeneric sympatric species with similar
morphology and size range were used (this hap-
pened with Labrus viridis, where we used allometric
values from L. merula, and for Symphodus doder-
leini, where we used allometric values from Sympho-
dus rostratus). Total herbivorous fish biomass was
considered as the biomass of Sarpa salpa, the only
strictly herbivorous fish in the Western Mediterra-
nean, where it has a key role in structuring seagrass
and algal communities (Tomas et al. 2005, Vergés et
al. 2009, Tomas et al. 2011). Total urchin predator
biomass was calculated by combining the biomass
values of the main consumers of the urchin Para-
centrotus lividus in the NW Mediterranean, which
include the following 10 species: Coris julis, Diplodus
sargus, D. vulgaris, L. merula, L. viridis, Sparus aura-
ta, Symphodus mediterraneaus, Symphodus roissali,
Symphodus tinca and Thalassoma pavo (Boudou-
resque & Verlaque 2001). Analyses of size structure
of fishes were performed on the 3 most important
predators of the urchin P. lividus combined: D. sar-
gus, D. vulgaris and C. julis (together responsible for
99 % of predation in our study regions; Sala 1997).
Abundance of fishes was recorded for small, medium
and large individuals of each species. Each size class
was defined as one-third of the maximum and mini-
mum total length range.

Statistical analyses

Spatial variations in herbivore and predator pres-
sure (bioassays) and abundances (in terms of biomass;
g fresh mass [FM] x 250 m2) were assessed using 4-
way nested ANOVAs with region as a random factor,
protection and depth as fixed orthogonal factors, and
site as a random factor nested in the interaction be-
tween region and protection (see Table 2). Data in all
analyses were balanced and, prior to statistical analy-
ses, normality and homogeneity of variance were
checked, and data were transformed when necessary
to meet assumptions (all transformations performed
prior to analysis are reported in the statistical tables
of results). When overall significant differences were
detected, a posteriori pair-wise comparisons of means
were performed using the Student-Newman-Keuls
(SNK) test. ANOVAs were performed using the sta-
tistical package GMAYV (coded by A. J. Underwood &
M. G. Chapman, University of Sydney, Australia).

Multivariate differences in fish assemblages (in
terms of biomass per species) were calculated using a
4-way nested permutational multivariate ANOVA
(PERMANOVA) with the same design described
above and Bray-Curtis as our distance metric. Per-
mutational tests of multivariate dispersion (PERM-
DISP; Anderson et al. 2008) were used to check the
homogeneity in the average dissimilarities of sam-
ples of all groups (region, protection, site and depth;
54 groups). Although homogeneity of multivariate
dispersion is an assumption of PERMANOVA, this
test is considered to be robust to some heterogeneity
in dispersion (Anderson et al. 2008).

Finally, PERMANOVA was also used to analyse
multivariate differences in the size—frequency distri-
butions of each of the 3 main sea urchin predators
(Diplodus sargus, D. vulgaris and Coris julis) across
regions, protections, depths and sites. We used the
same design described above, with the number of
individuals of the 3 size classes as our variables and
Euclidean distance as the metric. All multivariate sta-
tistical analyses were performed using Primer-E v6
software (Clarke & Gorley 2006) with the PERMA-
NOVA+ add-on package (version 1.0.1; Anderson et
al. 2008).

RESULTS
Patterns in relative herbivory and predation
Herbivory tended to be higher in shallow (5 m)

waters in all regions (Fig. 2A), but this effect was not
consistent across all sites (significant interaction term
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Fig. 2. Depth (5, 15 and 30 m) patterns of (A) herbivory and (B) predation pressure (mean + SE) in marine protected areas
(black bars) and unprotected areas (grey bars) areas in the 3 regions studied (ordered from south to north; Mallorca, Menorca
and Catalunya)

depth x site, Table 1). We detected a near-significant
effect of protection on patterns of herbivory (p =
0.055; Table 1), with UAs tending to have slightly
higher rates of herbivory than MPAs (Fig. 2A). Preda-
tion rates were strongly influenced by an interaction
between region, protection and depth (Table 1). To
explore this interaction, we compared levels of pro-
tection (MPA and UA) and depth (5, 15 and 30 m)
within each region (Mallorca, Menorca and Cata-
lunya) using SNK tests. We found that in shallow
waters (6 m), predation rates were greater in MPAs

than in UAs in all the 3 regions (SNK, p < 0.05 for all
3 comparisons; Fig. 2B), whereas at greater depths
(15 and 30 m) protection did not have a consistent
effect across regions (Fig. 2B).

Fish distribution patterns
Total herbivorous fish biomass was influenced by

an interaction between region, protection and depth
(Table 2, Fig. 3A). SNK tests of the effect of protec-

Table 1. Nested ANOVA comparing rates of herbivory and urchin predation among regions (R), depth (D), protection (P), site
(S) and their interactions. All data were log-transformed prior to analyses. Bold text indicates a significant effect at p < 0.05

Source Herbivory Urchin predation Denominator
of variation df MS F P df MS F P F-test
Region 2 34487 4.29 0.039 2 20867 5.92 0.016 S(RxP)
Protection 1 2739 16.82 0.055 1 47704 17.65 0.052 RxP

Site (R x P) 12 8039 13.12 <0.001 12 3523 3.83 <0.001 Residual
Depth 2 36915 16.29 0.012 2 3834 1.03 0.435 RxD

RxP 2 163 0.02 0.980 2 2702 0.77 0.486 S(RxP)
RxD 4 2266 0.38 0.822 4 3712 4 0.013 D x S(RxP)
PxD 2 2391 1.57 0.314 2 2718 0.44 0.672 RxPxD
DxSRxP) 24 5995 9.78 <0.001 24 928 1.01 0.459 Residual
RxPxD 4 1522 0.25 0.904 4 6190 6.67 <0.001 D x S(RxP)
Residual 216 613 162 921
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Table 2. Nested univariate ANOVAs comparing total biomass of herbivorous fish (Sarpa salpa), total biomass of urchin preda-
tory fish, and results of nested multivariate PERMANOVA comparing the fish community composition among regions (R),
depth (D), protection (P), site (S) and their interactions. Prior to analyses, total biomass data were log-transformed and multi-
variate fish community composition data were square-root transformed. Denominator terms for F-tests in the analysis are

given in Table 1. Bold text indicates a significant effect at p < 0.05

Source of df — Herbivore biomass — — Urchin predator biomass— Fish assemblages ——
variation MS F P MS F P MS  Pseudo-F P
Region 2 18.31 1.16 0.347 10.16 8.76 0.005 24173 16.64 0.001
Protection 1 36.77 0.64 0.509 5.24 0.86 0.452 5811 0.440  0.839
Site (R x P) 12 15.82 1.52 0.129 1.16 2.44 0.008 1452.7 1.58 0.001
Depth 2 119.64 2.63 0.187 1.84 0.54 0.619 10658 1.90 0.127
RxP 2 57.79 3.65 0.058 6.09 5.26 0.022 13216 9.10 0.001
RxD 4 45.54 5.08 0.004 3.40 3.86 0.015 5605.7 4.41 0.001
PxD 2 60.23 2.04 0.245 0.54 0.25 0.792 3796.3 1.52 0.243
D x S(R x P) 24 8.96 0.86 0.655 0.88 1.85 0.018 1272 1.38 0.005
RxPxD 4 29.55 3.30 0.027 2.20 2.5 0.069 2500.9 1.97 0.009
Residual 108 10.43 0.476 920.37

tion within each region and each level of depth
revealed no consistent effects on herbivorous fish
biomass. SNK tests of depth within each region and
protection revealed that in 2 of the UAs (Catalunya
and Menorca), herbivore biomass decreased with
depth (SNK, p < 0.01 for all comparions), whereas
elsewhere depth had no consistent effect. Total bio-
mass of predatory fish was greater inside the MPA
than in the UA in only one of the regions (Catalunya;

Menorca

significant region x protection interaction term, SNK,
p <0.01; Table 2, Fig. 3B). Total biomass of predatory
fish was greater in shallow water (6 m) than at
greater depths (15 or 30 m), but again only in Cata-
lunya (significant region x depth interaction term,
SNK p < 0.05 for both comparisons; Table 2, Fig. 3B).

In our multivariate analysis of fish assemblages, the
PERMDISP test indicated significant differences in
the multivariate dispersion among groups (Fs3 105 =
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Fig. 3. Biomass (mean + SE) of (A) herbivorous fish and (B) urchin predatory fish at different depths (5, 15 and 30 m) in marine
protected areas (black bars) and unprotected areas (grey bars) in the 3 regions studied (ordered from south to north; Mallorca,
Menorca and Catalunya)
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Table 3. Multivariate PERMANOVAs comparing the size—frequency distributions of the main sea urchin consumers Diplodus
sargus, D. vulgaris and Coris julis among regions (R), depth (D), protection (P), site (S) and their interactions. Denominator
terms for pseudo-F tests in the analysis are given in Table 1. Bold text indicates a significant effect at p < 0.05

Source of df Diplodus sargus Diplodus vulgaris Coris julis
variation MS Pseudo-F P MS Pseudo-F p MS Pseudo-F p
Region 2 1011.3 35.794 0.001 1172.9 5.033 0.001 2281.7 8.0895 0.002
Protection 1 47.259 0.097 0.888 1209.1 1.079 0.413 1328.3 0.699 0.557
Site (R x P) 12 28.253 0.974 0.451 233.04 0.769 0.774 282.06 3.2795 0.001
Depth 2 227.14 0.842 0.510 958.13 3.606 0.041 164.94 0.404 0.785
RxP 2 485.24 17.175 0.001 1121 4.810 0.001 1901.4 6.7411 0.001
RxD 4 269.76 6.516 0.002 265.7 0.719 0.667 408.14 3.3127 0.009
PxD 2 42.722 0.811 0.535 499.91 0.695 0.586 524.68 0.115 0.077
D x S(R x P) 24 41.401 1.427 0.060 369.59 1.220 0.142 123.2 1.4325 0.044
RxPxD 4 52.676 1.272 0.304 719.57 1.947 0.078 167.05 1.3559 0.228
Residual 108 29.012 302.91 86.006

3.59, p = 0.02). Th.e PERMANOVA t.est [ ]4-8cm Y 16-20 cm E 28-32 cm

also detected a significant interaction 77 10-14 cm B 22-26cm  [[[] 34-40 cm

between region, protection and depth

(Table 2). Together, the PERMDISP and Mallorca MPA Mallorca UA

PERMANOVA results indicate a clear 3- 40 —

way interaction that may be due to differ- %

ences in location, differences in disper-
sion or a combination of the two
(Anderson et al. 2008). PERMANOVA
pair-wise tests were used to identify the
effects of depth and protection within
each region. Pair-wise tests showed that
shallow (5 m) fish assemblages differed
significantly from deep (30 m) assembla-
ges in all regions irrespective of pro-
tection (PERMANOVA pair-wise tests,
p < 0.05 for all comparisons), except at the
MPA in Catalunya, where fish assem-
blages were similar at all depths. Deep
(30 m) fish assemblages differed between
UAs and MPAs in all regions (PERMA-
NOVA pair-wise tests, p<0.02 for all com-
parisons), whereas at shallower depths
the effects of protection were not consis-
tent across regions.

Analysis of the size—frequency distribu-
tion of each of the 3 main sea urchin con-
sumers (Diplodus sargus, D. vulgaris and
Coris julis) revealed a significant effect of
protection in all species that varied with
region (significant region x protection in-
teraction term; Table 3, Fig. 4). D. vulga-
ris and C. julis generally showed higher
abundances of small and/or medium size
classes inside MPAs (PERMANOVA pair-
wise tests, p < 0.05), with the exception of
C. julis in Menorca and D. vulgaris in

%/A

515 30
Menorca MPA

o 40

£

S 30

(qV]

@ 20

g

© N\ [\
s 10 %
2 = AT

515 30

_

5 15 30

51530 5 1530

Catalunya MPA
40
30

20

10

NN 2N
51530 5153
D. sargus D. vulgaris

Depth (m)

o N\\¥

5 15 30

7

MY

!

-
[¢)]
w
o

C. julis

Catalunya UA

DN SN
27222

51530 51530 5 1530

D. sargus D. vulgaris

Depth (m)

C. julis

Fig. 4. Size-frequency distribution of the main urchin consumers
(Diplodus sargus, D. vulgaris and Coris julis) at all depths (5, 15 and
30 m) in marine protected areas (MPAs) and unprotected areas (UAs) in
the 3 regions studied (ordered from south to north; Mallorca, Menorca
and Catalunya)



62 Mar Ecol Prog Ser 450: 55-65, 2012

Mallorca, where there were no differences in the size
distribution of fishes between protected and unpro-
tected sites (Fig. 4). D. sargus showed greater abun-
dances of larger fish inside MPAs in Menorca and
Catalunya, whereas the opposite was true in Mal-
lorca (PERMANOVA pair-wise tests, p < 0.05). There
was a significant effect of depth on the size-
frequency distribution of D. sargus that varied with
region (significant depth x region interaction; Table 3,
Fig. 4). Large D. sargus individuals were more abun-
dant in shallow water (6 m) than at greater depths in
both Menorca and Catalunya, whereas this species
had a similar size structure at all depths in Mallorca
PERMANOVA pair-wise tests, p < 0.05). We detected
a significant but weak effect of depth on the size dis-
tribution of D. vulgaris (Table 3), with medium-sized
individuals being more abundant in deep waters
(30 m) than at intermediate depths (15 m; Fig. 4).
Although we also detected a significant effect of
depth in the size distribution of C. julis that varied
with both region and level of protection (significant
region x depth and protection x depth interaction;
Table 3), no clear pattern could be discerned (Fig. 4).

DISCUSSION

Predation rates on juvenile urchins were influ-
enced by protection from fishing in all regions, but
only in shallow water; at greater depths, the effects of
protection varied between regions. Rates of herbi-
vory were not strongly affected by fishing activities,
and generally decreased with depth in both pro-
tected and unprotected areas. We found no evidence
of an increase in urchin predation by fishes with
depth, or of an increase in the size of urchin preda-
tors with depth.

The significant effect of protection on urchin pre-
dation rates in shallow waters observed across all
regions is consistent with the results of other studies
that have directly measured predation rates on
urchins inside and outside MPAs, all of which were
performed at shallow depths (ca. 0.5 to 10 m) and
found a positive effect of protection (McClanahan et
al. 1999, Shears & Babcock 2002, Guidetti 2006). The
greater effects of protection on urchin consumption
rates detected in shallow waters in our study may be
due to the fact that many of the key fish species
involved in sea urchin predation are often targeted
by extractive activities concentrated in these shal-
lower waters, such as spearfishing and recreational
angling from the shore or from small vessels
(Morales-Nin et al. 2005, Lloret et al. 2008). Other

studies have also found that shallow Mediterranean
fish assemblages are the most sensitive to protection,
as fishing efforts concentrate in these first meters of
water (Claudet et al. 2011). Although the effects of
protection on relative predation rates outside shallow
water were not consistent, there was a general trend
towards greater consumption of urchins inside MPAs
across most depth and region combinations, suggest-
ing that the pattern observed at 5 m may extend to all
depths with time as fish populations continue to
recover from fishing in protected areas. Indeed, in
support of this conjecture, this trend was stronger in
the 2 MPAs that have been established for the
longest time, the Medes Islands in Catalunya (since
1983), and Cabrera in Mallorca (since 1991).

Although the effects of protection on predation
rates in shallow water were consistent across all
regions, we only detected a consistent positive effect
of protection on the biomass of fishes that consume
urchins in the Medes Islands MPA in Catalunya.
Context-dependent differences in the response of
predatory fishes to protection are quite common (e.g.
Clemente et al. 2011). A number of management-
related reasons may explain this in our study. Time
since prohibition of fishing is an important determi-
nant of the response of fish assemblages to protection
(Micheli et al. 2004, Guidetti & Sala 2007, Claudet et
al. 2008), and the Catalunya MPA is the oldest one
considered in this study by at least 8 yr. Moreover,
the level of protection of the Catalunya MPA is
greater than in the other 2 regions, because all
extractive activities are prohibited in Catalunya,
whereas some restricted commercial fishing is still
permitted in the Mallorca and Menorca MPAs.

We did not detect any consistent depth-related pat-
terns in predation at either MPAs or UAs. This con-
trasts with studies that have found predation rates to
be 2 to 3 times higher in deeper waters (14 to 20 m)
than in shallower waters (<5 m) (Linehan et al. 2001,
Ryer et al. 2010). Differences in broad structural com-
plexity may partly explain the disparity between
these results and ours, as the availability of shelter is
a key factor determining predation rates (Hixon &
Beets 1993), and both the study by Linehan et al.
(2011) and Ryer et al. (2010) were performed in soft-
sediment communities with relatively low structural
complexity (from sand and mud to silt-covered occa-
sional boulder outcrops). In contrast, our study was
performed in structurally complex rocky reefs that
generally provide refuges for both prey and preda-
tors at all depths (5 to 30 m).

The size distribution structure of the 3 main urchin
predators did not differ consistently across depths,
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indicating that the general pattern observed in other
systems, where the mean size of individuals of fish
species increases with depth (Macpherson & Duarte
1991, Linehan et al. 2001), does not apply to these
species. Although we did detect an effect of protec-
tion on the size distribution structure of the main
urchin consumers, the lack of consistency across
regions suggests that factors other than fishing are
strongly influencing these patterns. Generally, the
creation of MPAs tends to favour the larger size
classes of target fish species (e.g. Garcia-Rubies &
Zabala 1990, Guidetti 2006), and this is what we
found for Diplodus sargus in Menorca and Cata-
lunya, whereas the opposite was true in Mallorca
(larger D. sargus in UAs). The clearest effect of pro-
tection on the size structure of D. vulgaris and Coris
julis was greater abundance of small and medium
individuals within MPAs.

As expected, rates of herbivory and biomass of
herbivorous fish were largely unaffected by protec-
tion—we only detected a near-significant trend
towards greater herbivory in UAs. This is consistent
with a meta-analysis by Micheli et al. (2004), which
showed that herbivores commonly do not respond or
respond negatively to fishing protection, particularly
if they are not targeted by fisheries, and that top
predators are often the most responsive trophic guild
to protection. We found a general decrease in rela-
tive rates of fish herbivory with depth, confirming the
results of a number of studies that show greater con-
sumption of marine plants in relatively shallow
waters around 5 m depth (Verlaque 1990, Tomas et
al. 2005, Vergés et al. 2009). However, this bathymet-
ric pattern was not consistent at all sites, indicating
that factors other than depth are also influencing the
feeding activity of herbivores. The grazing activity of
herbivorous fish is known to vary greatly over natu-
rally occurring temperature gradients at small scales
(Smith 2008), and this may have also influenced
feeding by Sarpa salpa in our study, as we observed
important changes in the depth of the summer ther-
mocline, which separates warm, shallow water and
cooler, deeper water during the summer months,
both among regions and sites.

In conclusion, our findings show that protection has
pronounced effects on sea urchin predation rates by
fishes in shallow waters. Because predator—urchin
interactions can have important community-wide
effects (e.g. Sala et al. 1998, Guidetti 2006), and her-
bivorous sea urchins are commonly most abundant in
shallow habitats (Chelazzi et al. 1997, Tomas et al.
2004), an increase in sea urchin predation within
shallow waters in MPAs can facilitate the mainte-

nance of diverse and structurally complex algal
communities. In contrast, the intensity of herbivory
by fishes, which is increasingly being recognised as
an important driver of algal community dynamics in
temperate systems (Vergés et al. 2009, Taylor &
Schiel 2010), follows a general decrease with depth,
and shows only weak negative effects with protection.
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