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ABSTRACT: Large differences in the sea urchin Paracentrotus lividus (Lamarck) population structure
have been observed in the NW Mediterranean. Differences have been attributed to removal of preda-
tory fish through human fishing activities. This study attempted to determine the effect of predation by
fishes on sea urchin population structure. Three infralittoral areas (2 within a marine reserve with a
high density of predatory fish, and 1 within an unprotected area with a low density of predatory fish)
were studied to compare population structure differences attributable to differing fish predation pres-
sure. P lividus populations were 3 to 4 x denser and predation rates were ~5x lower in the unprotected
site than in the protected sites. Within the reserve, fish accounted for 100% of the predation. P, lividus
individual mean size was lower within the protected sites than in the unprotected site. Size-frequency
distributions showed a negative exponential pattern for P lividus within the reserve, and a bimodal pat-
tern outside the reserve. The urchins showed a crevice-dwelling behaviour in response to the intense
predation in the marine reserve. Within the reserve, P, lividus population structure appears to be deter-
mined by predation by fish. In contrast, in the unprotected area, where the predation rate is much
lower, P lividus population structure appears to be determined by recruitment rate. We suggest that a
recent increase in P, lividus abundance on infralittoral rocky bottoms in the NW Mediterranean, where
urchins are not harvested, is caused by human fishing activities. Since P lividus is the major benthic
herbivore in the NW Mediterranean, fishing level may, due to cascading effects, determine the struc-

ture of benthic infralittoral communities.

KEY WORDS: Fishing - Fish predation - Population structure - Sea urchins - Paracentrotus

INTRODUCTION

The edible sea urchin Paracentrotus lividus (La-
marck) is distributed throughout the Mediterranean
Sea and along the European coasts of the North
Atlantic, and it is generally restricted to shallow
waters, where it can attain very high densities (Kempf
1962, Harmelin et al. 1980, 1981, Verlaque 1987). In
infralittoral communities of the Western Mediter-
ranean, P lividus is a key species that controls the
dynamics of seaweeds and seagrasses, by eliminating,
when at high densities, the erect stratum of brown
algae and seagrasses and thereby inducing the forma-
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tion of a bare patch dominated by encrusting algae
(Kempf 1962, Vukovic 1982, Verlaque & Nedelec 1983,
Verlaque 1987). Factors suggested to determine the
structure of Mediterranean P lividus populations in-
clude: recruitment (Azzolina 1988, Lozano et al. 1995),
diseases (Azzolina 1988), and physical factors (Turon et
al. 1995). Predation may be important in controlling P
lividus abundances (Verlaque 1984, Boudouresque et
al. 1992), and several organisms have been identified
as predators of P. Iividus (see Savy 1987). However, few
experimental studies have been performed to ascer-
tain the effect of predation on P lividus populations
(but see Dance & Savy 1987).

Predation has been implicated as an important pro-
cess affecting the structure of sea urchin populations
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(Duggins 1980, Tegner & Dayton 1981, Breen et al.
1982, Tegner & Levin 1983, McClanahan & Muthiga
1989, McClanahan & Shafir 1990, McClanahan 1992,
McClanahan et al. 1994). Predation also mediates sea
urchin behavior such as the choice of habitat by juve-
niles (Tegner & Dayton 1977, Cameron & Schroeter
1980, Tegner & Levin 1983) and adults (Ogden et al.
1973, Breen et al. 1982), diel foraging patterns (Ebling
et al. 1966, Nelson & Vance 1979, Carpenter 1984,
Dance & Savy 1987, Levitan & Genovese 1989) or ag-
gregating behavior (Bernstein et al. 1983, McClanahan
1988, but see Elner & Vadas 1990). The availability of
refuges may, however, mediate the predation as sea
urchin distribution and grazing may be restricted to
areas near shelter (Ebling et al. 1966, Ogden et al.
1973, Carpenter 1984, Levitan & Genovese 1989,
McClanahan & Kurtis 1991).

The main goal of this study was to determine the
causes of the recent increase in sea urchin abundance
in the NW Mediterranean Sea in some localities where
it is not harvested (Verlaque 1987%). Observations sug-
gested that sea urchin abundance could be negatively
related to fish abundance. Differences in fish abun-
dance, and especially the sea urchin predators Diplo-
dus sargus, Diplodus vulgaris and Coris julis, are
related to levels of fishing (Garcia-Rubies & Zabala
1990, Garcia-Rubies 1996). Therefore, we hypothe-
sized that Paracentrotus lividus population increases
are caused by predator reductions due to fishing. In
this study we present findings from a comparative sur-
vey of areas with different abundances of predatory
fish in the NW Mediterranean and an experiment to
test stated hypotheses concerning predation. The
hypotheses examined were: (1) predation rates on P.
lividus should be higher at the unfished versus the
fished sites, (2) predation should decrease with in-
creasing individual size, and thus (3) predation by fish
should determine the abundance and population struc-
ture of P lividus.

MATERIAL AND METHODS

Study sites. The study was carried out in the Medes
Islands Protected Area (NE Spain, NW Mediterranean
Sea) (Fig. 1) The Protected Area (93.2 ha), where fish-
ing is prohibited, is located 1 km offshore opposite the
town of L'Estartit (42°16'N, 03°13’E) and encompasses
a few small islands (total surface area less than 20 ha).
The study was conducted on bottoms of big limestone
boulders, between 5 and 10 m deep.

Preliminary observations and stomach content
analysis have shown the fish species Diplodus sargus
(L.}, Diplodus vulgaris (E.G. Saint-Hilaire) and Coris
julis (L.), and the muricid gastropod Trunculariopsis
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Fig. 1. Location of study sites, inside [Tascons (HFD) and

Freueté (IFD)] and outside [Falaguer (LFD)] the Medes

Islands Protected Area, NE Spain, NW Mediterranean Sea.

Dotted line represents the limits of the Medes Islands Pro-

tected Area, where all fishing is prohibited. HFD: high fish

density site; [FD: intermediate fish density site; LED: low fish
density site

trunculus (L.) to be the main consumers of Paracentro-
tus lividus. The fish assemblages have been studied in
detail by Garcia-Rubies & Zabala (1990) and by Gar-
cia-Rubies (1996). Taking these studies as references,
3 sites were chosen which, other important factors
(depth, topography, orientation, water motion) remain-
ing unchanged, reflect differences in both the density
and composition of predator guilds. Two sites were
placed in the Protected Area (Tascons and Freuetd)
and 1 outside the reserve (Falaguerj (Fig. 1, Table 1).
A preliminary survey showed that variations in sea
urchin abundance and population structure were not
significant from place to place along the unprotected
shore near the reserve (authors' unpubl. data), and
thus only 1 site outside the reserve was chosen for this
study. Tascons presented the highest fish density and
is hereafter referred to as the HFD (High Fish Density)
site; Freueté had intermediate fish densities and is
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Table 1 Major predatory fish species in sampling sites. Data are kg wet mass
ha™! (mean + SD). Data from Garcia-Rubies (1996). HFD: high fish density site;
IFD: intermediate fish density site; LFD: low fish density site

and February 1993 to isolate seasonal
variability, and in August 1993 and
August 1994 to isolate interannual

Protected area

HFD IFD
Sparidae
Diplodus sargus 4199+ 126.8 272.2+£598
Diplodus vulgaris 44.4 £279 142.8 + 67.7
Labridae
Coris julis 15221 16.0 £ 3.4

variability. The sampling procedure

Unprotected area (5 transects per site and date) was
LED also carried out on vertical walls
without apparent spatial refuges,

743+49 within (at the HFD site) and outside
7.8+33 (at the LFD site) the Protected Area in
50427 order to compare the den;ity of
urchins with the density at the bottom

hereafter referred to as the IFD (Intermediate Fish
Density) site; and Falaguer had the lowest fish density
and is hereafter referred to as the LFD (Low Fish Den-
sity) site. As an example of differences in fish biomass
between sites, the biomass of the fish species Diplodus
sargus was ~6 times greater at the HFD site than at the
LFD site (Garcia-Rubies 1996).

Predator guild. Prior to the experiment and during
the first sampling period observations on predation
and test condition were made in order to determine
predators and their effect on sea urchin tests. Ob-
served predators frequently included various species
of Sparidae and Labridae fish which are known preda-
tors of Paracentrotus lividus (Quignard 1966, Rosecchi
1985, Khoury 1987, Sala 1996). These fishes consume
the sea urchins in their entirety, including the test
(Savy 1987). Therefore, missing tests indicated preda-
tion by fish. On the other hand, a single perforation in
the test indicated predation by gastropods, probably
Trunculariopsis trunculus. This gastropod makes a sin-
gle circular perforation on the test (up to 1 ¢m diame-
ter), then consumes the interior of the urchin, leaving
the test (spines detached) and the Aristotle’s lantern
intact.

Structure of Paracentrotus lividus populations. The
abundance and population size-structure of Paracen-
trotus lividus inhabiting large boulders were studied
by SCUBA-diving along quantitative transects (50 m x
1 m each), between 5 and 10 m deep, at each study
site. Within each transect, P. lividus >1 cm in diameter
were counted and their diameter (test without spines)
was measured with a caliper. In the first 20 m?, P. livi-
dus >1 cm were counted and measured, but they
were only counted in the following 30 m?. The diame-
ters were grouped in size classes of 1 cm, and in sub-
transects of 10 m? Additionally, the urchin's level of
exposure to predators was indicated: (1) cryptic: shel-
tered, within crevices or beneath the boulders, not
exposed to carnivorous fishes; or (2) exposed: without
physical protection, totally exposed to carnivorous
fishes. The sampling (5 transects per site and date)
was repeated in May, August and November 1992

with boulders, where refuge avail-
ability is much greater.

The above method used to census adult populations
of Paracentrotus lividus is not suitable for smaller
individuals (recruits, diameter <1 cm), because they
are very inconspicuous. Therefore, the recruits were
sampled by scraping off all organisms, including
encrusting algae, with a hammer and chisel (Bou-
douresque 1971), in 250 cm? quadrats. Samples were
fixed in formalin (5% in seawater) and carefully
examined under a stereomicroscope. The number and
diameter of every juvenile found was recorded.
Recruit sampling was undertaken monthly, from
March 1992 to February 1993 (n = 8 quadrats per site
and date, from March 1992 to September 1992; n = 4
quadrats per site and date, from October 1992 to Feb-
ruary 1993).

Predation experiment. Predation was tested within
(HFD) and outside (LFD) the Protected Area, by teth-
ering Paracentrotus lividus from 4 size classes (diame-
ters of 2-3 ¢cm, 3-4 cm, 4-5 cm, and 5-6 c¢m) to lines
using a tagging method described by McClanahan &
Muthiga (1989). P lividus were perforated through
the oral and aboral sections of the test with a hypo-
dermic needle and threaded with monofilament line
(0.25 mm). This technique has little detrimental effect
on sea urchins (McClanahan & Muthiga 1989). Ten
individuals were attached at 2 m intervals onto 20 m
transect lines, which were laid over large boulders,
between 5 and 10 m deep. Six transect lines, 15 indi1-
viduals of each size class and a total of 60 urchins per
site, were simultaneously placed within each of the
2 sites. Lines were visited every 24 h for a 3 d period
in July 1995. Only 3 urchins (2.5% of the total) died
because of tagging [intact bleached test with spine
missing; not related to seastar Marthasterias glaci-
alis (L.) predation] and were removed from the data
analysis.

In the data analysis, average survival rates were cal-
culated for each site and size class. The last surviving
day of each experimental Paracentrotus lividus was
recorded and used as the unit of measure. The total
length of the experiment was 3 d, and therefore 100 %
survival would produce a mean of 3 d whereas 100%
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mortality during the first day would produce a mean
survival rate of 0 d. Predation was then calculated as
the total length of the experiment {3 d) minus the sur-
vival rate in days. Relative predation intensity (PI) was
then calculated by dividing predation intensity by 3.
The predation rates reported here should be regarded
as an estimate of maximum PI because sea urchins had
restricted mobility and could not always hide in
crevices or beneath boulders.

Data analysis. Data from the 3 sites were pooled for
comparisons of densities, size structure and level of
exposure of Paracentrotus lividus populations. Prior
to performing parametric tests, the assumptions of nor-
mality and homoscedasticity were tested by Kolmogo-
rov-Smirnov and Bartlett tests, respectively. When
assumptions were not met, a rank-transformation of
the data was carried out (Potvin & Roff 1993). Differ-
ences in density between sampling sites and times
were analyzed by 2-way ANOVA. To tesl differences
in mean diameter between sites and sampling times, a
2-way ANOVA on rank-transformed data was per-
formed. Differences in P lividus size distribution and
level of exposure were analyzed by frequency analysis
(x*)-

To test for differences in recruitment rate during the
year between the 3 sites, a 2-way ANOVA on rank-
transformed data was performed. To estimate recruit
mortality rates, we fitted a simple exponential function
of abundance of recruits counted in scrapings (N) as a
function of time. An instantaneous mortality rate (Mar-
galef 1974) was calculated.

N, = Nye”, or In(N) = In(Ny) - z¢

where N, and N, are the number of individuals at the
beginning and at the end of the time period, t is time
(in mo), and z is the instantaneous mortality rate. N
was the number of recruits in August, when recruit-
ment peaked and the number of recruits was the high-
est. The null hypothesis that rates of recruit mortality
did not differ among sites was tested by comparing lin-
ear regressions of the number of urchin recruits surviv-
ing (y) vs time in months (x) by analysis of covariance
(ANCOVA) (Zar 1984). A regression line was com-
puted for each site. The slopes of these regression lines
were compared since they represent the actual mortal-
ity rate. Values of the dependent variable were In(y +1)
transformed to satisfy the equation referred to above.
Similar use of ANCOVA to compare mortality rates
was reported by Moran et al. (1984), Etter (1989) and
Witman & Sebens {1992).

To test for differences in experimental Paracentrotus
lividus survival between sites and sizes, 2-way
ANOVA on rank-transformed data and Tukey tests
(Zar 1984} were performed using the survival rates
obtained from the predation experiment.

RESULTS
Population structure on bottoms with boulders

Densities of Paracentrotus lividus for all sampling
times and sites are summarized in Table 2. Comparison
of densities across sites by 2-way ANOVA showed a
highly significant effect of the main factors (site: F =
22740, df = 2, p < 0.001; time: F=12.19, df = 5, p <
0.001), as well as of the interaction factor between site
and time (F=6.33, df = 10, p < 0.001), indicating differ-
ent temporal trends in the 3 sites. For most sampling
dates, the unprotected (fished) coast (LFD site) had the
greatest P lividus density, followed by IFD and HFD,
within the Protected Area (Table 2). P. lividus popula-
tions presented seasonal fluctuations in density at IFD
(ANOVA, F =383, df =3, p < 0.05). No interannual
variations (from 1992 to 1994, data from August) in
densitly were observed for the 2 sites within the Pro-
tected Area (HFD and IFD), but density increased
significantly at LFD from 1992 to 1993, and then
decreased in 1994 (Table 2; ANOVA, F=6.80, df = 2,
p < 0.01).

For most sampling times, the Paracentrotus lividus
test size-frequency distribution at LFD was bimodal:
the first mode was formed by urchins from 1 to 2 cm,
and the second was formed by urchins of 4 to 6 cm
(Fig. 2). However, at HFD the P, lividus size-frequency
distribution showed a negative exponential curve for
most sampling times (Fig. 2). IFD exhibited an inter-
mediate pattern, close to a negative exponential, but
with a lower mode at 5 to 6 cm (Fig. 2). Size-frequency
distribution showed significant seasonal and interan-
nual variations at the 3 sampling sites (3 frequency
analysis, p < 0.001). Likewise, size-frequency distribu-
tions of P lividus were different between sampling
sites at all sampling times (x? p < 0.001).

The unprotected habitat had larger test sizes than
the Medes Islands Protected Area (hereafter referred
to as MIPA) (Table 3; ANOVA, F= 3769, df =2, p<

Table 2. Paracentrotus lividus. Number of sea urchins (>1 cm

diameter) per 10 m? (mean + SE) at each site and sampling

time. HFD: high fish density site; [FD: intermediate fish den-
sity site; LFD: low fish density site

Sampling date HFD IFD LFD
May 1992 284156 23.9+24 846+54
Aug 1992 286+5.5 433 +438 91.6+83
Nov 1992 188+22 421+29 97.1x7.1
Feb 1993 18.0 £4.7 40.0 £ 54 1189 + 129
Aug 1993 40.0 £ 6.2 450+ 6.2 160.5 + 12.0
Aug 1994 516+ 119 33.0+4.2 1004 £ 77
Average 282423 37.9+19 107.3+4.5
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0.001). Mean diameter of Paracentrotus
lividus showed a significant increase
from HFD to LFD (Table 3). Within sites,
mean diameter showed temporal varia-
tions (ANOVA, df = 4, F = 40.00, p <
0.001): it decreased from 1992 to 1993 at
HFD and LFD, and increased from 1993
to 1994 at HFD and IFD. Likewise, the
interaction term in the 2-way ANOVA
was significant (F = 8.90, df = 8, p <
0.001), indicating that the pattern of
temporal variation of mean diameter
was different at the 3 sites.

Predation pressure and refuge
utilization

The density of Paracentrotus lividus
was lower on vertical walls than on boul-
ders both within and outside the MIPA
(Table 4). The density of P. Iividus on ver-
tical walls was higher in the unprotected
area than within the MIPA (t-test, p <
0.001).

The general pattern of sea urchin expo-
sure to predators was that the smallest in-
dividuals were generally cryptic, while
exposed urchins usually belonged to
larger size classes (Fig. 3). Furthermore,
the higher the fish abundance, the lower
the proportion of exposed sea urchins (y2,
p < 0.001). The mean diameter of the
smallest sea urchins in exposed positions
increased from LFD to HFD (¢2, p < 0.001).
The results also showed seasonal varia-
tions in the proportions of the level of ex-
posure among size classes at HFD and
IFD (¥ p < 0.001): the proportion of ex-
posed urchins was higher in fall (Fig. 3).

Table 3. Paracentrotus lividus. Mean diameter in mm (+ SE) of
sea urchin >1 cm. HFD: high fish density site; IFD: intermedi-
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Fig. 2. Paracentrotus lividus. Sea urchin (>1 cm) test size frequency from May
1992 to August 1994. Size class: 1 = 1-2 cm, 2 =2-3 cm, 3 =3-4 cm, 4 =
4-5cm, 5 = 5-6 cm, 6 = 6-7 cm. 7 = 7-8 cm. HFD: high fish density site;

IFD: intermediate fish density site; LFD: low fish density site

Table 4. Paracentrotus lividus. Number of sea urchins (>1 cm)
per 10 m? (mean + SE) on vertical walls and boulders within

and outside the Medes Islands Protected Area, from 1992
to 1994. Data correspond to density in August. t-test analysis,

ate fish density site; LFD: low fish density site. ND: no data **'p < 0.001
available
Boulders Walls p
Sampling date HFD IFD LFD -
- — == Protected area
May 1992 31.9+08 39613 35705 1992 34.6 £3.9 8.0+0.2
Aug 1992 299+06 30.0+0.9 345+ 0.6 1993 424 +44 8.2+0.1
Nov 1992 325+1.0 30.7 £ 0.7 33.1 0.8 1994 423+ 6.5 19.1+0.9
Feb 1993 268+1.3 33.6+1.0 31.8+0.7 Unprotected area
Aug 1993 23.4+£06 29.9+0.8 309+04 1992 916+83 371+07
Aug 1994 30209 36.1+14 ND 1093 1605+ 12.0 455+ 0.8 ven
Total 29.2+0.3 322+04 33.0+0.2 1994 1004 £ 7.7 28.7 £0.5
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Recruitment Predation experiment
Paracentrotus lividus recruited to all sites, but Comparison of the survival rates across sites by 2-

recruitment rate differed at the 3 sites (Fig. 4; 2-way
ANOVA, F=5.23,df =2, p <0.01). Recruitment exhib-
ited a marked seasonality (2-way ANOVA, F = 18.20,
df = 10, p < 0.001), with a single peak in August at the
3 sites (Fig. 4). Likewise, the interaction term was sig-
nificant (F=2.92, df = 20, p < 0.001), indicating that the
trend of seasonal variation in the abundance of recruits
was different at the 3 sites. Mean maximum density of
recruits was 3650 ind. m~% at HFD, 1876 ind. m™2 at IFD,
and 1160 ind. m~* at LFD. Mortality rates (z) were 0.75
at HFD (r? of the regression = 0.92), z = 0.63 (1% = 0.94)
at IFD, and z = 0.82 (r? = 0.95) at LFD (Table 5, Fig. 5).
The pattern revealed by analysis of covariance was
that recruit mortality rate did not differ among sites (p
> 0.05; Table 5, Fig. 5).
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Fig. 4. Paracentrotus lividus. Recruit abundance {mean 250

cm™? + SE) from March 1992 to February 1993. HED: high fish

density site; IFD: intermediate fish density site; LFD: low fish
density site

way ANOVA showed a highly significant effect of the
main factors (site: F=31.01, df =1, p < 0.001; size: F=
10.62, df = 3, p < 0.001). MIPA had rates of predation
(PI = 0.36) ~ 5 times higher than the fished site (LFD)
(Pl = 0.07). Survival rates of Paracentrotus lividus were
lower at HFD for all urchins, especially for individuals
with a diameter of 2 to 5 cm (Fig. 6). The interaction be-
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Fig. 5. Paracentrotus lividus. Mortality of recruits at the 3

study sites. HFD: high fish density site; IFD: intermediate fish

density site; LFD: low fish density site. Linear regression

analysis was performed on each site; regression equations are

presented in Table 5. The slopes of the regression lines indi-
cate the actual mortality rate
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Table 5. Paracentrotus lividus. Regression lines of recruit sur-

vivorship vs time. The slope represents the actual mortality

rate. HFD: high fish density site; IFD: intermediate fish den-
sity site; LFD: low fish density site. "p < 0.05, **p < 0.01

Site Regression equation? p r?

HFD y = 5.341-0.746x n 0.919
IFD y = 4.620-0.629x "t 0.942
LFD y = 4171-0816x : 0.953

“In(y+1) no. of recruits per 250 cm? (y) vs time in months (x)

Survival rate (days)

23 34 45 56 Al
Test diameter (cm)

Fig. 6. Paracentrotus lividus. Predation expenment. Average

sea urchin survival rate (£ SE) for a 3 d penod within sites and

sizes (test diameter). Tukey test, NS = non-significant, *p <
0.05, ***p < 0.001

tween site and size was also significant (F=2.75, df =3,
p < 0.05), indicating different predation trends in the 2
sites. In the fished site (LFD) there were no variations
in the predation rate among size classes. In the MIPA
predation rate was higher for the smallest size-class
(2 to 3 cm diameter) (Tukey test, p < 0.001), although
predation was detected within all test sizes (Fig. 6).

Predation was always due to fish (100% of total pre-
dation) within the MIPA (HFD). In the fished area
(LFD), predation by fish represented the 57 % of total,
whereas the gastropod Trunculariopsis trunculus
caused 43% of the mortality. At LFD, fish predation
occurred only among the smallest size class (2 to 3 ¢m
diameter), whereas larger urchins were only con-
sumed by the gastropods.

DISCUSSION

Results indicate distinct differences between unpro-
tected and protected sites for most measured variables.
The lower densities of adult Paracentrotus lividus
within the MIPA relative to the unprotected area are a

reflection of the high predation rates at these sites. The
relation between predator abundance and sea urchin
abundance has been reported previously in other tem-
perate (e.g. Estes & Palmisano 1974, Estes et al. 1978,
Wharton & Mann 1981, but see Elner & Vadas 1990)
and tropical habitats (e.g. Hay 1984, McClanahan &
Muthiga 1989), and also recently in the Mediterranean
(Boudouresque et al. 1992, San Martin 1995, Sala
1986). In the last 30 yr, an increase in P lividus abun-
dances has been reported in the NW Mediterranean
(Verlaque 1987). Verlaque suggested that abundance
of juvenile sea urchin in certain habitats, and the over-
fishing of littoral fish and crustaceans could explain
this phenomenon. Our results are consistent with this
hypothesis.

The decrease in Paracentrotus lividus mean diame-
ter within the MIPA may have 2 causes, i.e. (1) the
effect of fish predation and/or (2) the high settlement
of recruits in 1992. (1) Effect of fish predation: Juvenile
P lividus that survive early mortality are able to escape
efficiently from predation within shelters. However,
when growing, a larger size reduces the ability to
occupy small shelters, leaving sea urchins more
exposed to predation (Dotan 1990, McClanahan & Kur-
tis 1991}. As shown in the predation experiment, fish
also feed on medium-size urchins, hence predation on
them within the HFD may cause the differences
observed between sites. Finally, large tests provide a
form of predatory escape (Connell 1972, Tegner &
Dayton 1981, McClanahan & Muthiga 1989, San Mar-
tin 1995). Our results are consistent with this trend,
and large individuals were consumed at a lower rate
during the predation experiment, and only large sea
urchins were found on exposed places on sites with
high fish abundance. (2) Important settlement in
August 1992, relative to later years (Lozano et al. 1995)
(which also caused a decrease in population mean
diameter at LFD): Since P lividus exhibits a growth
rate of approximately 1 cm yr! in the first few years
(Azzolina 1988), the large input of individuals in
August 1992 induced a conspicuous increase in the
abundance of the immediately larger size class (1 to 2
cm in diameter) in August 1993 (Fig 2).

A problem arose from contradictory results from the
different samplings performed. On the one hand, Para-
centrotus lividus recruited to all sites, but settlement
was higher at HFD than at LFD. On the other hand,
recruit mortality did not differ among sites. A higher
increase in sea urchin populations at HFD, relative to
LFD, would be expected. However, the population
density of P lividus did not increase at HFD from 1992
to 1993 although recruitment was high. Thus, juvenile
plus adult mortality had to be much higher at HFD
than at LFD (Fig. 7). Fish predation, as shown in the
predation experiment, may control the abundance of
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Fig. 7. Paracentrotus lividus. Model of temporal changes in sea
urchin abundance in 2 sites differing in fish predation pres-
sure. HFD: high fish density site (high fish predation); LFD:
low fish density site (low fish predation). Width of the arrows
represents the transfer of individuals between compartments

post-recruits and adults at HFD. Furthermore, the
recruit mortality rate calculated is an apparent mortal-
ity rate, which may be lower than the real mortality
rate, since recruitment is not punctual in time:

Apparent mortality rate (between t,and ¢,,,) =
Real mortality — Recruitment (between ¢, and f,,;)

Thus real recruit mortality rate may yet be higher
within the MIPA.

The Paracentrotus lividus size-frequency distribu-
tion reinforces the above suggestion that fish preda-
tion may exert control on population structure. Along
the unprotected coast there was a bimodal distribu-
tion of size frequencies: the first mode was due to
annual recruitment, and the second mode may be
explained by a strong recruitment which occurred a
few years ago. Varation of recruitment among years
has also been suggested to explain bimodal patterns
of size in other sea urchin populations (Underwood &
Denley 1984, Underwood & Fairweather 1989). How-
ever, at HFD the size-frequency distribution approxi-
mated a negative exponential curve. It appears that
control of small-size individual density by predatory
fish may determine the abundance of large-size indi-

viduals, irrespective of recruitment rate interannual
changes.

The location of juvenile Mediterranean sea urchins
in shelters (crevices, holes, etc.) may be a strategy to
adapt to intense predation (Harmelin & Duval 1983,
Verlaque 1984, 1987). This crevice-dwelling behavior
is common in other echinoid species in the presence of
predators (Ogden et al. 1973, Tegner & Dayton 1977,
Nelson & Vance 1979, Breen et al. 1982, Tegner &
Levin 1983, Dotan 1990, McClanahan & Kurtis 1991).
In the study area, the frequency of sea urchins exposed
to predators was negatively related to the abundance
of predatory fish. However, not only juvenile sea
urchins, but also large adults up to 7 cm in diameter
were located in these spatial refuges. The decrease in
the density of Paracentrotus lividus on vertical walls
suggests this is not an optimal substrate for sea
urchins, because of the topography and exposure to
predators. Azzolina (1988) noted that distance from
nurseries is another factor that may determine the
abundance of P lividus. Refuge availability thus
appears to be an important factor in determining the
abundance of P lividus. P. lividus were found on all
substrata on rocky bottoms in the unprotected area,
where physical factors (mainly surge) are not limiting.
However, within the MIPA most urchins were re-
stricted to shelters. A high structural complexity, in
terms of high availability of crevices, allowed sea
urchins to escape from predators, resulting in the exis-
tence of small barren areas within the boulder zone.
Our results suggest that refuge availability mediates
the effect of fish predation on P. lividus. This effect may
have important consequences for benthic community
structure, as the availability of shelter may be a suffi-
cient condition for the creation of areas of barren habi-
tat (Andrew 1993).

The seasonal variations in the frequency of exposed
sea urchins within the MIPA suggest seasonal varia-
tions in fish feeding pressure on sea urchins. Some
predatory fish (Sparidae) exhibit seasonal variations in
abundance within the MIPA, being more abundant in
summer (Garcia-Rubies 1996). The higher proportion
of exposed sea urchins in fall might reflect a decrease
in the abundance of major predatory fish, or changesin
their diet.

In summary, predation by fish appears to determine
Paracentrotus lividus (1) abundance, (2) mean size,
(3) size-frequency distribution, and (4) behaviour. The
maintenance of the patterns described over time sup-
ports our hypotheses about the role of fishes in deter-
mining P. Fvidus abundance and population structure,
despite the seasonal and interannual changes that
occur at the study sites. The relative stability in the
structure of P. lividus populations within the MIPA con-
trasts with the interannual changes induced by the
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variability in the recruitment rate at LFD. We suggest
that recruitment rate, rather than predation, deter-
mines the structure of P lividus populations on the
unprotected coast. In the MIPA, in contrast, fish preda-
tion appears to be the single most important factor con-
trolling P. lividus population structure.

Other factors, like epidemic diseases, may be able to
regulate Paracentrotus lividus populations in the NW
Mediterranean. The bald sea urchin disease, which
occurred along the French coast in the 1980s, strongly
reduced P lividus abundance (Boudouresque et al.
1981, Azzolina 1987, 1988). A survey carried out 12 yr
after the outbreak of the disease showed that P, lividus
populations had recovered completely (Zabala et al.
unpubl. data). However, the phenomenon had a nar-
row spatial range, limited almost entirely to the Port-
Cros National Park and adjacent waters (Azzolina
1987), and thus this recovery process should not be
confounded with the increase attributed to a lack of
predators for the rest of the NW Mediterranean littoral.

Despite the relative diversity of predators (Savy
1987), we suggest that a small number of species may
be responsible for controlling Paracentrotus lividus
distribution. Our observations and data suggest that
the Sparida Diplodus sargus is the greatest predator of
adult P lividus and may be considered a key species
within the infralittoral zone. However, the Sparida
Diplodus vulgaris and the Labrida Coris julis may be
important predators on the earlier phases of P lividus.
Nevertheless, mortality rates of P. lividus recruits may
not be due to fish predation alone, but also to several
mobile epifaunal organisms that inhabit the algal com-
munity: caprellids, crabs, shrimps, isopods and poly-
chaetes (Harrold et al. 1991). Predation by the gastro-
pod Trunculariopsis trunculus, unexpected and not
previously reported, requires additional research.

Our results provide evidence that the reduction of
predators (in this instance, littoral fish) has resulted in
a Paracentrotus lividus population explosion on NW
Mediterranean infralittoral rocky bottoms on which the
urchins are not harvested (Verlaque 1987). Although
this study is a local one, observations made on many
NW Mediterranean protected and unprotected areas
suggest that this is a common pattern. Further research
is required to investigate the regulation of P lividus
populations, when predator densities and post-settle-
ment mortalities are low and settlement is high, to
determine their expansion limits.

It has been shown that levels of fishing pressure may
determine the composition and structure of fish assem-
blages at several spatial scales (Koslow et al. 1988,
Russ & Alcala 1989, Garcia-Rubies & Zabala 1990,
Francour 1991, 1994, Roberts & Polunin 1991, Grigg
1994, McClanahan 1994b, Garcia-Rubies 1996). Fur-
thermore, the increase in fish abundance within non-

fished areas (due to prohibition or remote geographi-
cal situation) may have striking effects on benthic com-
munities (Hay 1984, McClanahan 1989, 1992, 1994a,b, c,
McClanahan & Muthiga 1989, McClanahan & Shafir
1990, Boudouresque et al. 1992, Witman & Sebens
1992, Sala 1996). In the Medes Islands, prohibition of
fishing has cascading effects that result, in this
instance, in a lower abundance of the sea urchin Para-
centrotus lividus. Since P lividus is the major benthic
herbivore in the NW Mediterranean (Verlaque 1987),
the structure of the rocky infralittoral communities
may be related to fishing intensity.
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