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and biomass were unchanged. In the inclusion cages, a 
size-frequency analysis revealed that predators mainly tar-
geted large A. spinicornis and Apherusa chiereghinii indi-
viduals. Our results suggest that predation by fish may be 
an important factor in controlling amphipod abundances 
and biomasses in P.  oceanica meadows. Overall, amphi-
pod community composition was not affected by exclusion 
or inclusion of fish predators. However, some significant 
effects at the species level point to more complex interac-
tions between some amphipods and fish.

Introduction

The role of predation in regulating community structure 
has been an important topic in ecology for many years 
(Hairston et  al. 1960; Duffy and Hay 2001) because of 
its relevance in terms of basic ecological knowledge and 
in the management and conservation of natural systems 
(Valentine and Duffy 2006). Predation is one of the main 
factors that affect invertebrate assemblages in aquatic habi-
tats (Shurin et al. 2002; Morin 2011) in a variety of ways. 
These include the direct removal of prey, which results in 
reductions in prey populations (Murdoch et al. 2003). How-
ever, predation can affect the morphology, physiology, and 
behaviour of prey populations (Sih et  al. 1985; Preisser 
et al. 2005).

Predator–prey relationships have been well documented 
in a range of marine ecosystems such as soft-bottom areas, 
kelp forests, temperate rocky reefs, coral reefs and seagrass 
meadows (Pinnegar et al. 2000; Duffy and Hay 2001; Heck 
and Orth 2006). In seagrass ecosystems, although the role 
of fish predation has received considerable attention (Orth 
et  al. 1984; Heck and Orth 2006), the frequency, impor-
tance and consequences of predation on benthic invertebrate 
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assemblages are still debated. It has been demonstrated 
that communities associated with Zostera marina seagrass 
meadows can be affected by strong predation pressure that 
controls the biomass of mesograzers, and down the food 
web, of macroalgae (Moksnes et  al. 2008). The available 
evidence is insufficient to draw any general conclusion, but 
the potential functional role of consumers in seagrass eco-
systems may have implications for management and conser-
vation. In meadows protected from heavy fishing (particu-
larly in meadows within marine protected areas (MPAs), a 
greater abundance of some fish species may be accompa-
nied by greater predation intensity on small fish and inverte-
brates (Boudouresque et al. 1992; Francour 1994, 2000). A 
lower abundance and species number of macroinvertebrates 
that are associated with rocky and seagrass ecosystems have 
been observed in the Scandola MPA in France (Mediterra-
nean Sea) (Boudouresque et  al. 1992), where abundance, 
biomass and diversity of predatory fish were greater than in 
adjacent, fished areas (Francour 1994, 2000).

Posidonia oceanica seagrass meadows are one of the 
most common and productive ecosystems in the Mediter-
ranean coastal zone (Pergent et  al. 1997; Boudouresque 
et  al. 2006). In recent decades, P.  oceanica meadows 
have received increasing attention in terms of conserva-
tion, which justifies their recent inclusion in MPAs and/or 
Sites of Community Importance (SCIs) as defined in the 
European Commission Habitats Directive (92/43/EEC) 
(Boudouresque et al. 2006; Gobert et al. 2006). P. ocean-
ica meadows form a unique three-dimensional, spatially 
complex habitat, which provides a wide variety of micro-
habitats for benthic communities. More than 80 species of 
amphipod crustaceans are found in P. oceanica meadows 
(Bellan-Santini 1998) and are an important group of vag-
ile fauna (Mazzella et al. 1989; Gambi et al. 1992; Sturaro 
et al. 2015). They are one of the most functionally diverse 
groups of crustaceans and are used for monitoring envi-
ronmental effects on P. oceanica meadows (Sánchez-Jerez 
and Ramos-Esplá 1996; Sánchez-Jerez et  al. 2000). From 
an ecological perspective, they are an important trophic 
resource for fish (Bell and Harmelin-Vivien 1983; Pinnegar 
and Polunin 2000) and play an essential role within com-
munities associated with P. oceanica in terms of energy 
transfer from low to higher trophic levels within the food 
web (Scipione et  al. 1996; Michel et  al. 2015). Because 
amphipods play such an important trophic role, the pos-
sibility that the structure of amphipod assemblages could 
be influenced by the local level of fish predation should be 
investigated, particularly in the context of MPAs.

Previous studies conducted at the Tavolara-Punta Coda 
Cavallo Marine Protected Area (TMPA; Italy, NW Medi-
terranean Sea) have revealed that fish assemblages that are 
mainly associated with rocky reefs clearly respond to pro-
tection, with a greater abundance and size of individuals in 

fully protected areas (where fishing is totally banned) than 
in partially protected areas inside the TMPA (where fish-
ing is allowed but regulated) and fished areas outside the 
TMPA (where fishing occurs simply according to national 
laws) (Di Franco et al. 2009; Sahyoun et al. 2013). Several 
amphipod taxa that are associated with P. oceanica mead-
ows exhibit lower densities and/or biomasses in the fully 
protected areas than in the partially protected areas of the 
TMPA (Sturaro et al. 2014).

The aim of this study was to examine the effects of fish 
predation on the abundance, biomass, body size distribution 
and community composition of amphipod assemblages that 
are associated with P. oceanica meadows in the littoral zone 
of the TMPA by conducting experimental manipulations of 
predation intensity using exclusion and inclusion cages. 
We hypothesized that fish predation would (1) reduce the 
overall abundance and biomass of the amphipod assem-
blages; (2) affect the size structure of some populations by 
reducing the abundance of large individuals, facilitating an 
increased abundance of small individuals; and (3) affect the 
community composition of amphipod assemblages.

Materials and methods

Study area

The study was conducted in P. oceanica meadows in the 
TMPA (40°53′N, 09°41′E) off north-east Sardinia (Fig. 1). 
The TMPA covers 15,357  ha, extends along 76  km of 
coastline and was formally established in 1997, but effec-
tive protection only started in 2003. The TMPA includes 
three protection zones: Zone A, integral reserves or fully 
protected areas (no-take/no-access zone, 529  ha); Zone 
B, partial reserves or partially protected areas (3113  ha); 
and Zone C, general reserves or also partially protected 
areas (11,715  ha). Two sites were chosen for this study: 
(1) Molarotto Island in Zone A, where access is restricted 
to scientists, reserve personnel and police authorities; and 
(2) Monte Pedrosu in Zone C, where commercial and 
recreational fishing are allowed under restricted condi-
tions defined by the local Consortium Management of the 
TMPA, with the exception of spearfishing, which is totally 
banned. In the study area, the rocky-reef fish assemblages 
were studied in detail by Di Franco et al. (2009) and Sahy-
oun et al. (2013). Taking these studies as reference points, 
Molarotto Island had the highest fish density and is here-
after referred to as the HFD (high fish density) site, while 
Monte Pedrosu had the lowest fish density and is hereafter 
referred to as the LFD (low fish density) site. Both study 
sites had similar depths (8–13  m) and P.  oceanica mead-
ows’ structure in terms of shoot density, leaf and epiphyte 
biomass, and litter biomass (Sturaro et al. 2014).
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Characterization of HFD and LFD

Fish assemblages

Visual censuses were performed by scuba-diving to 
assess fish densities along eight randomly located 
20-m-long  ×  2-m-wide transects (Harmelin-Vivien et  al. 
1985) at each study site for 7- to 8-min duration. All of the 
censuses were conducted in September 2009 between 10:00 
and 13:00 (local time), in order to avoid the confounding 
effects of temporal variations in fish assemblages and under 
optimum meteorological and hydrological conditions. Fish 
densities were estimated by counting single specimens to 
a maximum of 30 individuals of each species encountered, 
while abundance classes (31–50, 51–100 and 101–200 indi-
viduals; see Harmelin-Vivien et  al. 1985) were used for 
species in large groups (i.e. Chromis chromis). Densities 
are expressed as mean (± SE) per 100 m2.

For each fish species, we attributed an amphipod index 
of relative importance (IRI), in order to evaluate the impor-
tance of amphipods as a food type in the diets of each fish 

species, according to: IRI = F (N + W). This index incor-
porates the percentage frequency of occurrence (F), per-
centage number (N) and percentage weight (W) of amphi-
pods to the total of all food types ingested. Values of IRI 
were taken from Bell and Harmelin-Vivien (1983) and 
Kabasakal (2001). Finally, a fish predation index (FPI) was 
calculated for each site: FPI = ∑(Ni ×  IRIi)/1000, where 
N is the mean number of individuals per 100  m2 and IRI 
the amphipod index of relative importance for the ith fish 
species. The larger the index value, the greater the fish 
predation was on amphipods. Note that some species (e.g. 
C.  chromis and Diplodus annularis) had a low IRI value 
(i.e. low importance of amphipods in their diet), but were 
present in high densities and greatly influenced the FPI.

Amphipod assemblages

Amphipod samples were collected by scuba-diving using 
an airlift (Bussers et al. 1983; Michel et al. 2010). This was 
conducted at the HFD and LFD sites (n = 5 per site) from 
28 August to 3 September 2009 between 10:00 and 18:00 
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N
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Fig. 1   Study area and location of sampling sites (HFD and LFD) 
at the Tavolara-Punta Coda Cavallo Marine Protected Area (Italy, 
Mediterranean Sea). Zone A (fully protected area), zone B and zone 

C (partially protected areas) are shown. HFD high fish density site, 
LFD low fish density site
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(local time) to avoid day–night variability. Sampling areas 
were delimited using a polyvinyl chloride cylinder (height, 
48 cm; diameter, 48.5 cm) to prevent the escape of mobile 
species during suctioning. A surface area of 0.185 m2 was 
suctioned continuously for 2  min under constant airflow, 
and amphipods and other invertebrates were collected in 
a 0.5-mm-mesh bag. The samples were sieved through the 
0.5-mm mesh and fixed in a 4 % formalin-seawater solu-
tion and then transferred to 70 % ethanol. Amphipod densi-
ties are expressed as mean (±SE) per m2.

Caging experiments

Exclusion experiment

To test the effects of fish predation on amphipod assem-
blage structure, predation was experimentally inhibited 
using cages from 30 June to 1 September 2009. This time 
period was chosen because of significant caging effects 
in most species after 8  weeks (Kennelly 1991), and it 
allowed enough time for several generations of amphipods 
to develop inside the cages (Bellan-Santini 1999; Anders-
son et  al. 2009). Because exclusion experiments are only 
successful if there are significant levels of predation in the 
uncaged treatment for comparison (Connell 1997), only 
the HFD site was used. The experimental design consisted 
of three different treatments (uncaged areas, partially con-
trolled cages and predator exclusion cages), which were 
different levels of the same factor. Five replicates of each of 
the three experimental treatments were included, totalling 
15 experimental plots. The treatment plots were randomly 
distributed and 3–8  m apart in the P. oceanica meadows. 
The exclusion cages measured 75 cm × 75 cm × 120 cm 
and consisted of steel covered by dark green plastic mesh. 
A 13-mm mesh size was chosen to prevent the passage of 
predatory fish and to avoid major caging artefacts (i.e. light 
and water attenuation). Partially controlled cages were con-
structed from the same materials and of the same dimen-
sions as the exclusion cages, except that only half of each 
wall of the cage was covered by plastic mesh. Each par-
tially controlled cage had the structure of an exclusion cage 
but allowed access to predators and was used to assess the 
role of cage structure in altering fish assemblages. Uncaged 
areas were unmanipulated plots of P.  oceanica seagrass 
meadow.

Amphipod samples were collected with an airlift (see 
“Materials and methods” above) 8 weeks after the deploy-
ment of the exclusion cages and were processed using the 
method described in the previous section. Amphipod den-
sity was quantified as individuals per m2, and amphipod 
biomass as mg dry weight per m2, after drying at 60 °C for 
48  h. Both abundance and biomass were used to account 
for the great variability in body sizes across species.

Amphipod size (length along the dorsal side, from the 
distal end of the rostrum to the base of the telson) was 
recorded for all individuals of each species that represented 
more than 3 % of all specimens. Measurements were taken 
using images obtained with a DeltaPix camera connected 
to a stereomicroscope (Stemi 2000, Zeiss) and the associ-
ated DpxView Pro Image Management Software (100-μm 
precision). The amphipod assemblage was also character-
ized by the total number of species (S) and the Shannon–
Wiener diversity index (H′): H′ = −∑i pi log(pi), where 
pi is the proportion of the total count arising from the ith 
species. One exclusion cage was not included in the analy-
sis because a Symphodus rostratus individual (an effective 
amphipod predator) entered the cage during the experiment.

The cages were scrubbed every 3–5  days to prevent 
algal fouling and to minimize light and water attenuation. 
Cage effects on water flow were tested using 48 uniform 
plaster blocks (method adapted from Gambi et  al. 1989). 
These were placed inside and outside three exclusion cages 
(n = 4 inside and outside each cage), at two different loca-
tions in the canopy: above the leaves and above the base of 
the rhizomes. The blocks were collected 96 h after deploy-
ment for sufficient plaster dissolution, dried and weighed, 
and the percentage mass loss was recorded. Light attenua-
tion was measured during the experiment by recording light 
intensity (lux) inside and outside three exclusion cages. 
Measurements were made, using HOBO Pendant® Temper-
ature/Light Data Loggers every hour for 17 days, in order 
to account for intra- and inter-day variability. At the end of 
the experiment, 10 P. oceanica shoots were collected from 
each treatment plot and the following plant descriptors were 
measured: shoot density (shoots  m−2), leaf surface area 
(cm2  shoot−1), leaf and epiphyte biomass (g dw  shoot−1), 
and coefficient A, which was the percentage of leaves per 
shoot with alteration marks (%). Alteration marks may be 
indicative of either the in  situ consumption of part of the 
plant by grazers (e.g. the fish Sarpa salpa and the sea urchin 
Paracentrotus lividus) or hydrodynamic action, particularly 
in shallow sites (Giraud 1979; Gobert et al. 2003). In each 
plot, leaf litter material and associated macrophyte debris 
(living and dead P. oceanica roots and rhizomes, and drift 
macroalgae) was collected in plastic bags and quantified as 
litter biomass (g dw m−2) after drying at 60 °C for 96 h.

Inclusion experiment

The inclusion experiment started on 29 August 2009 at 
the LFD site where we expected high densities of amphi-
pods, because such an experiment is only successful if 
there are significant amounts of amphipod fauna available. 
The experimental design consisted of five replicates of 
uncaged areas and inclusion cages, located at random in the 
P. oceanica meadow and separated spatially by 3–9 m. The 
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structure and dimensions of the inclusion cages were identi-
cal to those of the exclusion cages (see above). One adult 
Coris julis individual (132–146 mm in length) was placed 
in each cage. C. julis is a small labrid fish that is widespread 
in the Mediterranean littoral zone and is affected by fishing 
pressure (García-Rubies and Zabala 1990). The species also 
lives in seagrass meadows and is a daytime feeder that preys 
upon small invertebrates such as molluscs, echinoderms and 
crustaceans; amphipods are its second main food item (14 % 
of the total number of food types), after molluscs (Bell and 
Harmelin-Vivien 1983). After 4 days of caging, C. julis indi-
viduals were sampled using a net and amphipods were sam-
pled using the airlift sampler (see method above) in each 
uncaged area and inclusion cage. Amphipod processing and 
assemblage characterization were conducted as described in 
the previous section. One inclusion cage was not included 
in the analysis because the C. julis individual was not inside 
the inclusion cage at the end of the experiment.

Statistical analyses

An analysis of variance (ANOVA) was conducted to exam-
ine the effects of predation on (1) amphipod community 
metrics (total density and biomass, number of species and 
diversity index); (2) the density and biomass of species 
that each accounted for at least more than three per cent 
of all collected specimens in order to exclude rare spe-
cies from the analysis; and (3) morphological features of 
P. oceanica in the exclusion experiment. Student t tests 
were performed for the inclusion experiment and to test 
cage effects on water flow. Prior to these analyses, normal-
ity and homogeneity of variances were checked using the 
Kolmogorov–Smirnov and Cochran C tests, respectively. 
If these assumptions were not met, data were 

√
(x + 1) 

or log(x + 1) transformed. If the variances remained het-
erogeneous, the untransformed data were analysed, and to 
reduce type I errors, the significance level was set at ≤0.01. 
In these cases, special care was taken in the interpretation 
of the results. To ascertain the relative magnitude of dif-
ferences between the density and biomass means, we cal-
culated effect sizes using the eta-squared value (η2). Mul-
tivariate analyses were also performed in order to test the 
null hypothesis of no difference in assemblage composi-
tion between treatments. We used a one-way permutational 
multivariate analysis of variance (PERMANOVA; Ander-
son et  al. 2008). Similarity matrices were constructed by 
calculating the Bray–Curtis coefficients from square root-
transformed abundance and biomass data; the data were 
transformed in order to account for contributions from rare 
species. The analyses were run with 9999 random permuta-
tions. All of the analyses were performed using STATIS-
TICA v10, PRIMER 6 and PERMANOVA + software, and 
the significance level was set at 0.05.

Results

Characterization of HFD and LFD

We recorded 18 fish species at the two sampling sites. 
The more speciose families were Labridae (8 species) and 

Table 1   Mean (±SE) density (number of individuals 100  m−2) of 
fishes presenting an amphipod index of relative importance (IRI from 
Bell and Harmelin-Vivien 1983; Kabasakal 2001), at the high fish 
density (HFD) site and the low fish density (LFD) site

Density IRI

HFD LFD

Labridae

 Coris julis 16.4 ± 6.5 23.4 ± 7.3 965

 Symphodus doderleini 8.9 ± 4.5 8.4 ± 2.5 4630

 Symphodus mediterraneus 1.1 ± 0.7 0.6 ± 0.4 4871

 Symphodus melanocercus 0.0 ± 0.0 0.6 ± 0.4 1679

 Symphodus rostratus 0.4 ± 0.4 1.3 ± 0.7 8292

 Symphodus tinca 2.1 ± 1.8 0.6 ± 0.4 7480

 Thalassoma pavo 1.8 ± 0.9 0.0 ± 0.0 4078 

Mullidae

 Mullus surmuletus 0.7 ± 0.7 0.0 ± 0.0 10,561

Pomacentridae

 Chromis chromis 170.7 ± 53.4 34.4 ± 9.4 501

Sparidae

 Diplodus annularis 30.7 ± 7.6 5.6 ± 1.5 274

 Diplodus vulgaris 3.2 ± 1.3 1.3 ± 0.8 2992
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Sparidae (5 species). Based on the amphipod IRI values of 
each fish, 11 species were considered to have a predation 
impact on amphipods (10 species in HFD and 9 species in 
LFD, Table  1). The density of these fishes was 3.1 times 
higher at HFD (236.1 ±  62.4 ind.100  m−2) than in LFD 
(76.3 ±  16.4 ind.100  m−2), while the FPI was 1.9 times 
higher at the HFD site than in the LFD site (Fig. 2).

We found 471 amphipod individuals belonging to 24 spe-
cies. The total amphipod density was 6.3 times higher at 
the LFD site (543.5 ± 83.6 ind.m−2) than in the HFD site 
(86.6 ± 24.5 ind.m−2; Fig. 2). At the species level, A. chiere-
ghinii (2.2 ± 1.3 ind.m−2 in the HFD site and 202.4 ± 31.4 
ind.m−2 in the LFD site), A. spinicornis (17.3 ± 3.2 ind.m−2 
in the HFD site and 127.7 ± 25.3 ind.m−2 in the LFD site) 
and Phtisica marina (1.1 ± 1.1 ind.m−2 in the HFD site and 
36.8 ± 11.3 ind.m−2 in the LFD site) explained a great part 
of the observed total amphipod density difference.

Caging experiments

Exclusion experiment

There was a significant effect of caging on water motion, 
as differences in mass loss in plaster blocks placed inside 
exclusion cages (54.3 ±  0.3  %) and in bare P.  oceanica 
plots (63.3 ± 0.5 %) show (P < 0.001). No differences were 
observed inside the leaf stratum (inside cages 38.8 ± 0.8 % 
and outside cages 41.5 ± 0.9 %). For the effects of cages 
on light attenuation, we observed a decrease of luminous 
intensity within the cage of 26.2 ±  1.5 %. Regarding the 
effects of cages on the meadow’s features, no differences 
were observed between uncaged areas, partial control cages 
and exclusion cages for shoot density, leaf surface area, 
leaf and epiphyte biomass, and litter biomass, except for 
coefficient A (P = 0.002; Table 2).

A total of 331 amphipod individuals belonging to 15 
families and 20 amphipod species were identified. For all 
samples, the assemblage was dominated by A. spinicornis 
(14.2 % of the total number of individuals), C.  tavolaren-
sis (9.7 %) and Iphimedia minuta (9.1 %). Total amphipod 
density (P = 0.003) and biomass (P = 0.023, Fig. 3, ESM 
1) were significantly different between exclusion cages 

and partial control cages/uncaged areas after 8  weeks. At 
the suborder level, Gammaridea density and biomass were 
higher in exclusion cages relative to uncaged areas and 
partial control cages (P =  0.012 and P =  0.042, respec-
tively). Caprellidea, however, showed a higher biomass in 
exclusion cages (P =  0.020) and no differences for den-
sity (P =  0.141; ESM 1). At the species level, fish exclu-
sion had a significant effect on the density (P = 0.001) and 
biomass (P =  0.018) of Caprella acanthifera and on the 
density of I. minuta (P =  0.028; ESM 1). These two spe-
cies had the largest effect sizes for density and biomass, 
which were greater than Orchomene humilis and Hyale 
camptonyx. Apolochus neapolitanus, Aora spinicornis and 
Caprella tavolarensis had the smallest effect sizes (Fig. 4). 

Table 2   Mean (±SE) density 
of Posidonia oceanica (shoots 
m−2), leaf surface area (cm2 
shoot−1), leaf and epiphyte 
biomass (g dw shoot−1), litter 
biomass (g dw m−2) and 
coefficient A (%) between 
uncaged areas, partial control 
cages and exclusion cages in the 
exclusion experiment

Results of ANOVA between the treatments: significance level is reported and underlined when P ≤ 0.05

Uncaged Partial control Exclusion p

Shoot density 491.5 ± 17.9 534.8 ± 61.4 546.7 ± 47.7 0.680

Leaf surface area 311.03 ± 12.46 317.91 ± 13.34 298.41 ± 11.19 0.852

Leaf biomass 1.72 ± 0.17 1.74 ± 0.17 1.51 ± 0.09 0.846

Epiphyte biomass 0.08 ± 0.03 0.07 ± 0.01 0.08 ± 0.03 0.465

Litter biomass 39.55 ± 12.52 29.69 ± 7.22 19.97 ± 4.56 0.321

Coefficient A 38.75 ± 1.36 27.06 ± 1.63 28.18 ± 1.52 0.002
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bars + Caprellidea in open bars) between uncaged areas, partial con-
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A significant difference was observed between treatments 
for the number of species (S = 5.8 ± 1.4 in uncaged area, 
S =  5.2 ±  1.3 in partial control cage, S =  10.5 ±  1.3 in 
exclusion cage; P =  0.044), but no significant differences 
were observed for the diversity index (H’ =  1.49 ±  0.27 

in uncaged area, H’ = 1.30 ± 0.35 in partial control cage, 
H’ =  2.08 ±  0.13 in exclusion cage, P =  0.191). There 
were no significant changes in the community composition 
between exclusion cages, partial control cages and uncaged 
areas for abundance (PERMANOVA, Pseudo-F  =  1.58, 
P = 0.146) and biomass (PERMANOVA, Pseudo-F = 1.00, 
P =  0.420). Size-frequency distribution of amphipod spe-
cies was unimodal and did not show any pattern between 
exclusion cages, partial control cages and uncaged areas.

Inclusion experiment

A total of 741 individuals belonging to 14 families and 
24 amphipod species were identified. For all samples, the 
assemblage was dominated by A. chiereghinii (39.4  % of 
the total number of individuals), A.  spinicornis (20  %) 
and P. marina (5.5 %). The total amphipod density did not 
show significant differences between inclusion cages and 
uncaged areas, but the total biomass was marginally signifi-
cant (P = 0.051 for biomass; Fig. 5, ESM 2). At the spe-
cies level, A. spinicornis density (P = 0.024) and biomass 
(P = 0.018) and P. marina biomass (P = 0.041) were sig-
nificantly lower within inclusion cages (ESM 2). These two 
species had the largest effect sizes for density and biomass, 
which were greater than A.  chiereghinii. For C. acanthif-
era, the effect size was very small (Fig. 6). Uncaged areas 
and inclusion cages exhibited no significant differences for 
the number of species (S = 9.3 ± 1.0 and S = 9.2 ± 0.8, 
respectively) and diversity index (H′ =  1.45 ±  0.07 and 
H′ = 1.45 ± 0.05, respectively). There were no significant 
changes in the community composition between uncaged 
areas and inclusion cages, in terms of abundance (PER-
MANOVA, Pseudo-F  =  1.83, P  =  0.057) and biomass 
(PERMANOVA, Pseudo-F  =  0.45, P  =  0.602). A size-
frequency analysis was carried for the two most abundant 
species separately (i.e. A. spinicornis and A. chiereghinii). 
This analysis revealed that fish inclusion mainly affected 
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larger individuals, with an inversion of the first mode repre-
sented by individuals of 3–4 mm by amphipods of 2–3 mm 
in size. The larger individuals of A. spinicornis (6–7 mm) 
and A. chiereghinii (5–6 mm) were only present within the 
uncaged treatment (Fig. 7).

Discussion

We found that the densities of amphipods and fishes that 
are associated with P. oceanica meadows were significantly 
different between sites of high and low fish predation. The 
high densities of many fish species that we observed at the 
high fish predation site confirm the results of previous stud-
ies in the area (Di Franco et al. 2009; Sahyoun et al. 2013). 
These studies showed that in the sublittoral rocky habitats 
of the TMPA, fish (including amphipod feeders such as Sci-
aena umbra and Diplodus vulgaris) biomass and/or density 
is up to three times greater inside fully protected areas than 
in partially protected areas. In P. oceanica meadows, sev-
eral authors have reported that large piscivorous and inver-
tebrate-feeding fishes are generally present in greater abun-
dance and diversity in fully protected areas than in partially 

protected and unprotected areas (Francour 2000; Macpher-
son et al. 2002; Valle and Bayle-Sempere 2009). The lower 
densities of several amphipod taxa that are associated with 
P. oceanica meadows in the fully protected areas relative 
to the partially protected areas of the TMPA (Sturaro et al. 
2014), may have been associated with a higher fish preda-
tion intensity. This is consistent with the results of previous 
studies that suggest that the spatial distribution of amphi-
pod abundance is associated with seagrasses and may be 
regulated by fish predation (Nelson 1979; Caine 1991; 
Moksnes et al. 2008).

The exclusion experiments revealed that total amphi-
pod density and biomass, as well as the number of species, 
are positively affected by the exclusion of fish. These results 
are in accordance with previous studies, which showed that 
amphipod densities and the number of species increase in 
areas in which fish are excluded (Kennelly 1991; Sala 1997; 
Moksnes et  al. 2008). It has also been suggested that fish 
predation may determine seasonal changes in the number of 
amphipod species and diversity by selectively removing cer-
tain species (Nelson 1979). In our study, amphipods exhibited 
species-specific patterns in response to fish exclusion, which 
could have been related to their different life history strate-
gies and ecological behaviour. Prey species’ vulnerability to 
predation depends on their detectability and ease of capture 
(Paloheimo 1979), which in turn depends on their morphol-
ogy (e.g. pigmentation and body structure), behaviour and 
microhabitat distribution (Stein 1977). Our results suggest 
that the caprellid C. acanthifera suffers from fish predation 
more than other amphipod species, probably because caprel-
lids are exposed on the surfaces and tips of leaves (Virnstein 
et al. 1984) and are usually associated with epiphytes (Aoki 
1999). They are important prey items for many coastal fishes 
(Caine 1989, 1991; Woods 2009). C. acanthifera can grow to 
a large size (13 mm) and moves over the substratum with an 
inchworm-like movement (Guerra-García et al. 2002), which 
probably makes it more easily detectable by a predator than 
other, smaller caprellids such as C.  tavolarensis (2–6  mm) 
(Sturaro and Guerra-García 2012). Similarly, the large spe-
cies Caprella dilatata is probably more easily detected by 
the labrid Thalassoma pavo than are the smaller caprellids, 
Caprella hirsuta and Caprella grandimana, which live on 
seaweed (Vázquez-Luis et  al. 2010). Gammarid density is 
also affected by predation, particularly that of I. minuta, 
which is a prey item of P. oceanica fishes (Labropoulou and 
Plaitis 1995). Despite their motility, their habit of hiding 
between seagrass blades (Virnstein et  al. 1984) and/or their 
use of strategies such as burrowing and infaunal tube-dwell-
ing, gammarids are one of the most abundant food items for 
P. oceanica fishes (Zupo and Stübing 2010). At the HFD site, 
the relative availability of gammarid prey was much higher 
(89 %) than that of caprellid prey (11 %). This may affect the 
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probability of them encountering a predator and thus influ-
ence their susceptibility to predation.

Consistent with the results of exclusion experiment, 
the results of the inclusion cages also indicated predation 
effects. The enclosed labrid fish C.  julis caused a lower 
density and biomass of the gammarid A.  spinicornis, and 
a lower biomass of the caprellid P.  marina. These two 
amphipod species were abundant at the LFD site (where 
fish predation intensity was lower), and together accounted 
for more than 30  % of the total number of amphipods 
found, with almost 280 individuals per m2 in some areas. 
P. marina is found on both the sediment and blades in sea-
grass meadows (González et al. 2008) and attaches to the 
substrate in an “upright” position (Guerra-García et  al. 
2002), suggesting that this species can be easily detected 
by predators. Many caging studies have shown that inver-
tebrate densities are lower when predators are present (e.g. 
Edgar 1990; Kennelly 1991; Sala 1997). Surprisingly, the 
abundance of C. acanthifera and A. chiereghinii did not dif-
fer between treatments; the former responded to fish pre-
dation in the exclusion experiment, and the latter is one of 
the principal prey species of P. oceanica fishes (Labropou-
lou and Plaitis 1995). Furthermore, based on density and 
biomass data, no direct effect of either treatment on the 
composition of amphipod assemblages was demonstrated, 
but surveys conducted in the TMPA indicate a difference 
between the totally protected and partially protected areas. 
Numerous hypotheses have been proposed by authors to 
explain the lack of significant predator effects. Our results 
may be a consequence of the presence of refugia and adap-
tations for predator avoidance and are therefore scale-
dependent (Englund and Olsson 1996; Englund 1997).

Although the fish C.  julis is not an amphipod-feeding 
specialist (i.e. medium IRI; Bell and Harmelin-Vivien 
1983), this species has reached high densities in the area 
and has one of the greater FPI. Nevertheless, the inclu-
sion treatment resulted in a decrease in the number of large 
A.  spinicornis and A.  chiereghinii individuals, suggesting 
that this species preferentially consumes large individuals 
of these species. Several studies in the marine environment 
have focused on the mechanisms involved in prey selection 
by predatory fishes (Nelson 1979, 1981; Clements and Liv-
ingston 1984; Main 1985). It has been suggested that the 
predator’s choice is primarily determined by prey size, but 
also by prey motion (Main 1985) and pigmentation (Cle-
ments and Livingston 1984). Fish predation that causes 
a shift towards small amphipod individuals and/or spe-
cies appears to be common in marine ecosystems (Edgar 
and Aoki 1993; Moksnes et al. 2008). In a Z. marina sea-
grass meadow using a caged goby predator, Moksnes et al. 
(2008) showed that size-specific predation reduced the 
abundance of adult gammarids by 93 %, whereas juvenile 
abundance was unaffected. However, experiments in which 

predatory fish are enclosed have been criticized, because it 
is unclear whether their results reflect truly natural condi-
tions. In our study, the enclosed density (equivalent to one 
fish per 0.56 m2) was higher than that seen in nature. More-
over, the contrived conditions under which predatory fish 
are enclosed may alter their behaviour and generate unreal 
effects (Hindell et al. 2000).

However, caging experiments remain a valuable tool in 
predation studies of seagrass meadows (Edgar 1990; Hin-
dell et al. 2001; Moksnes et al. 2008) and other marine eco-
systems (Connell 1997; Sala 1997; Langlois et  al. 2006). 
It is difficult to eliminate the possibility that any effects 
that were detected were due to caging artefacts. However, 
potential problems may be minimized or alleviated through 
careful planning, evaluation of the potential artefacts and 
cautious interpretation (Kennelly 1991; Steele 1996; Con-
nell 1997). In our study, major artefacts, such as the low 
water current velocity inside the cages, did not appear to 
be important within the P. oceanica canopy. This may have 
been due to the periodic cage cleaning that prevented the 
build-up of fouling (Sala and Boudouresque 1997) and 
phenological features of the Posidonia canopy that play an 
important role in reducing water movement (Gambi et  al. 
1989). Light attenuation was moderate inside the cages, 
and no differences were detected between the treatments 
after eight weeks in any of the biotic features of P. oceanica 
measured, except for the percentage of leaves having alter-
ation marks. This may have been caused by greater her-
bivore grazing pressure in uncaged areas (e.g. by the fish 
Sarpa salpa). We can therefore assume that cage effects on 
amphipod biomass and abundance were little compared to 
the effect of predator exclusion or presence.

Despite the careful attention given to the design and the 
set-up of the cages, as well as the necessary procedures that 
were taken to avoid caging artefacts, the two experiments 
(exclusion and inclusion cages) only included a small 
number of replicates (i.e. five replicates per experimental 
treatment, totalling 14 and 9 experimental plots, respec-
tively, due to the loss of a plot from each experiment). The 
absence of any significant difference between the treat-
ments for some of the variables examined could have been 
due to the low number of replications, and only large dif-
ferences could have been detected. Analysis of the relative 
effect sizes demonstrated that some species (e.g. O. humi-
lis) might also be affected by predation. Future stud-
ies aimed at examining predation effects on macrofaunal 
assemblages in P. oceanica meadows should include more 
than five replicates, in order to ensure that there is suffi-
cient variability in all of the variables measured. The study 
could also have been improved if the exclusion and inclu-
sion cages had been placed in both the HFD and LFD sites.

In conclusion, this study provides experimental evidence 
that fish predation in P.  oceanica meadows depresses the 
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overall abundance and biomass of amphipod assemblages. 
It also reduces the density and biomass of certain amphipod 
species and in some cases alters the size structure. How-
ever, the community composition of amphipod assemblages 
was not affected. These results suggest that the densities of 
fishes that are associated with P. oceanica meadows were 
significantly different between sites of high and low fish 
predation. Therefore, this may contribute to the difference 
in amphipod abundance and biomass (but not in commu-
nity composition) that has been observed between the 
fully protected and partially protected areas of the TMPA 
(Sturaro et al. 2014). The patterns observed at the species 
and community levels suggest that complex interactions are 
involved, which could be related to the behaviour of amphi-
pod and fish species. Further investigation is required to 
improve our understanding of predator avoidance and pred-
ator strategies in this ecosystem. Manipulative experiments 
should be conducted in order to test how the density and 
diversity of fish predators (e.g. generalist versus specialized 
amphipod feeders) influence the abundance and biomass of 
amphipod assemblages.
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