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Abstract. The number of Marine Protected Areas (MPAs) is continuously increasing 
worldwide because of the increasing recognition of the profound effects that humans 
can have on marine systems. A large body of literature deals with marine reserves and 
their potential as conservation and management tools. In several cases, empirical evi- 
dence demonstrated that reserves can harbour greater diversity, higher abundance, and 
larger organisms than unprotected areas. In most cases, however, reserve design and site 
selection involved little scientific justification, with no direct test of most of the mecha- 
nisms assumed to work in a marine reserve. Field investigations of subtidal marine re- 
serves are generally confounded by intrinsic ecological differences between sites inves- 
tigated inside and outside reserves, by a lack of site and reserve replication, or by the 
absence of information about the biota before reserve establishment. This is particularly 
true in the Mediterranean Sea. The aim of this paper is to show that, at least in the Medi- 
terranean basin, the effectiveness of MPAs has been rarely demonstrated because of 
lack of appropriate sampling designs. An MPA can be considered as a zone subjected to 
human impact, presumably a positive one. As a consequence, we propose the use of ex- 
perimental procedures generally utilised for detecting environmental impacts. 
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Problem 

Over the past thirty years, Marine Protected Areas (MPAs) have become a highly advo- 
cated form of marine conservation and management all over the world (Dee Boersma 
& Parrish, 1999; Hixon et al., 2001). The concept of MPA is being applied very differ- 
ently in many countries, and includes a wide variety of management schemes. This spa- 
tially explicit approach to managing human impacts has many potential ecological and 
socio-economic benefits, but these are still far from being quantitatively understood 
(Palumbi, 2001). The siting and design of MPAs is frequently based on opportunity 
more than on ecological criteria and information, and evaluation of reserve effective- 
ness often produces equivocal and sometimes contradictory evidence about the ecolog- 
ical consequence of protection (Lasiak, 1999; Garcia Charton & P6rez-Ruzafa, 1999). 
Therefore, a large body of literature has focused on marine reserves, but our knowledge 
of the effects of protection remains limited (Planes et al. , 2000). Complex processes, 
such as reproduction, recruitment, dispersal and survivorship of populations have sel- 
dom been quantitatively investigated in the context of marine reserves. General under- 
standing of these ecological processes is at a very early stage, making their application 
at improving reserve design and management even more challenging (Polunin & 
Roberts, 1993; Allison et al., 1998). 

One difficulty in quantifying MPA effectiveness is that reserves generally lack clearly 
defined objectives, or have multiple, and sometimes conflicting, objectives. Rarely is 
there a single reason for reserve designation. The existence of conflicting objectives 
(e. g. ecosystem conservation, fisheries enhancement, ecotourism) often hides strong 
compromise dictated by the socio-economic reality of the area (Carr, 2000). Accord- 
ingly, it is very difficult to test the efficacy of poorly defined aims of protection. 

The difficulties in measuring reserve effectiveness should be overcome by appropri- 
ate sampling designs, distinguishing between the influence of management and the in- 
trinsic natural variability of ecological systems due to factors other than protection. 
Comparing protected with unprotected areas should provide a better understanding of 
the effects of human activities in coastal marine environments, above and beyond the 
natural variation that is likely to exist among apparently similar habitats. 

To date, 33 MPAs have been established in the Mediterranean, and there is a general 
interest in establishing additional networks of MPAs (Cognetti, 1993; Ramos Esplii & 
McNeill, 1994; Badalamenti et al., 2000). The aims of this paper are to: 

provide evidence that studies evaluating the effectiveness of Mediterranean MPAs 
largely used sampling designs that cannot separate the effects of natural variation 
from those of protection; 
suggest the use of experimental designs developed for the detection of environmen- 
tal impact as a tool to test the effectiveness of MPAs. 

Effects of protection in Mediterranean MPAs 

The lack of knowledge about the effectiveness of MPAs is particularly evident for the 
Mediterranean Sea, notwithstanding the increasing interest in monitoring the biological 
and socio-economic outcomes of protection measures (Gofii et al. , 1998). Studies 
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mainly focused on rocky-littoral fish assemblages although some have centred on spe- 
cies assemblages associated with seagrass ecosystems (Sanchez Lizaso & Ramos 
Espla, 1994). Prohibiting fishing within MPAs produces an increase in abundance and 
biomass of target fish species, with a shift towards bigger and older individuals in pre- 
viously exploited populations (Bell, 1983; Garcia Rubies & Zabala, 1990; Francour, 
1991; Francour, 1994; Dufour et al., 1995; Harmelin et al., 1995; Gofii et al., 1998). 
Even among target fish species, however, the pattern of greater density within MPAs is 
not universal, and several exceptions exist (reviewed by Boudouresque et al., 1992; 
and Garcia Charton et al. , 2000). Other aspects remain unclear. Compensatory density- 
dependent processes, potentially involving changes in biological variables (reduced 
growth, increased mortality or lower reproductive success) have been rarely compared 
between protected vs. exploited areas (Macpherson et al., 1997; Planes et al. , 2000; 
Siinchez Lizaso et al., 2000). 

Outside the Mediterranean, there is some evidence of significant change in fishery 
yields around MPAs (Russ & Alcala, 1996). In the Mediterranean, however, it is still 
unclear whether the export of adults reflects an increase in population size inside the 
protected area and concomitant density-dependent emigration from the reserve, or sim- 
ply a re-arrangement of the spatial distribution of the populations. The effects of protec- 
tion on species recruitment within MPAs have proved difficult to assess (Bayle 
Sempere et al., 1994; Planes et al., 2000) and the hypothesis that MPAs serve as propa- 
gule sources for surrounding areas is still very poorly tested (Manriquez & Castilla, 
2001). 

The substantial spatial and temporal variations in fish populations, furthermore, have 
rarely been considered and explicitly incorporated into sampling schemes to evaluate 
reserve effects. When quantification of the natural pattern of spatio-temporal variability 
in populations across different locations is lacking (Garcia Charton & P&&z Ruzafa, 
1999; Garcia Charton et al., 2000), it is difficult to compare protected and unprotected 
areas to determine what component of variation can be attributed to protection alone 
(Bell, 1983; Harmelin, 1990; Harmelin, 1997). 

At the assemblage level, there is little evidence for effects of MPAs on diversity 
and/or species richness in the Mediterranean. Only few studies have explicitly exam- 
ined this aspect, finding no significant differences between protected and unprotected 
areas (Bell, 1983; Harmelin et al., 1995; Garcia Charton et al. , 2000). 

Most information on the effects of MPAs is on fish. Few studies have addressed the 
effects of protection on benthic species, most data deriving from work on trophic cas- 
cades, where benthos is hypothesized to be influenced by protection through trophic 
interactions with carnivorous fish (Boudouresque et al., 1992; Sala & Zabala, 1996; 
Sala, 1997; Sala et al., 1998; Badalamenti et al., 1999; Chemello et al., 1999; Pinnegar 
et al., 2000). Studies of trophic cascades propose that Mediterranean shallow rocky 
sublittoral assemblages exist in one or two states. One state is due to sea urchin (Para- 
centrotus lividus and Arbacia lixula) overgrazing, leading to “barrens” with low algal 
biomass, dominated by encrusting calcified rhodophytes. In the other state, assemb- 
lages are dominated by erect algae and have low urchin abundances (fleshy erect algae 
communities) (McClanahan & Sala, 1997). These alternate states have been linked to 
differences in fishing pressure, influencing the abundance and size structure of carnivo- 
rous fish and, thus, their impact on lower tropic levels (reviewed by Pinnegar et al., 
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2000). For example, in the MPA of the Medes Islands (Spain), increased abundance and 
size of predatory fish at two sites within the reserve was accompanied by a decrease in 
the abundance of sea urchins, with greater cover of erect algae compared to an adjacent, 
unprotected area (Sala & Zabala, 1996). These results should be considered with cau- 
tion because only one control site was sampled. Moreover, long-term monitoring of sea 
urchin populations within and outside the MPA showed high year-to-year variation, 
suggesting that factors other than fish predation underlie sea urchin abundances in this 
system (Sala et al. , 1998). Long-term monitoring and consideration of alternative mod- 
els are thus clearly needed to determine whether trophic cascades actually influence 
Mediterranean rocky sublittoral assemblages. 

The studies carried out at Scandola (France) (Boudouresque et al., 1992; Francour, 
1994) and Ustica (Italy) (Milazzo et al., 2000) are the only ones that evaluated “reserve 
effects” on macrozoobenthic species in Mediterranean MPAs. Their conclusions, how- 
ever, may be influenced by low site replication. The two reserve systems, in fact, 
showed opposite responses to protection. At Scandola, the large macrozoobenthos had 
lower abundance and species richness in the totally protected part of the reserve than in 
the adjacent, partially protected sites, in agreement with the trophic-cascade hypothesis 
that greater predator abundances within the reserve may control invertebrate popula- 
tions. Conversely, at Ustica, significantly greater abundances and species richness were 
documented for both polychaetes and molluscs in the totally protected part of the 
reserve than in adjacent, partially-protected sites (Badalamenti et al., 1999; Milazzo 
et al., 2000). Also in this case, however, the authors propose a trophic cascade mecha- 
nism, with greater top predator abundances leading to lower abundances of the small 
fish commonly feeding on benthic molluscs and polychaetes. 

Experimental designs: 
the logic of environmental impact studies 

The above overview shows that, in the Mediterranean, knowledge of the ecological ef- 
fects of MPAs is largely based on studies of fish communities, providing only a partial 
evaluation of reserve effects. In the area of ecology dealing with fisheries, many studies 
lack rigorous analysis of explicitly stated hypotheses, so that conclusions are often in- 
defensible. In contrast, experimental ecology has strongly influenced the field of envi- 
ronmental assessment, and considerable work has been done to improve the structure, 
logic, and analytical procedures for detecting environmental impacts (Green, 1979; 
Underwood, 1996). Monitoring programmes to determine the putative negative effects 
of some human activities (marinas, sewage outflows, power plants) on benthic popula- 
tions and assemblages commonly use these approaches (Underwood, 1993). 

A wide array of environmental impacts can be detected using the ‘beyond-BACI’ 
(Before and After Control Impact) sampling designs (Underwood, 1994). Beyond-BA- 
CI designs are based on the contrast between one or more putatively impacted sites with 
multiple control sites, before and after the impact occurred. Considering protection as a 
positive impact (Jones et al., 1992; Garcia Charton & P&kz Ruzafa, 1999), similar ex- 
perimental designs can be used, comparing one or more protected area with multiple 
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control sites, before and after MPA institution. With these procedures, the effect of pro- 
tection can be identified and distinguished from variation falling in the range of natural 
variability. Hierarchical sampling designs, aimed at measuring spatial and temporal 
variability at a variety of scales, are advisable. This procedure allows the additive parti- 
tioning of variability among different scales and to identify the scale that contributes 
the most to the total variation. The choice of nested designs is also advisable when the 
spatial extent of the protected population is unknown. Sampling frequency, often arbi- 
trarily chosen (e. g., monthly or seasonal), is important for detecting variability at dif- 
ferent temporal scales (Underwood, 1993). In some cases, in fact, a single seasonal 
sampling (even if conducted at many replicate sampling locations) can generate false 
trends, where short-term variability can create or blur among-season differences. A 
more appropriate alternative is to randomly choose multiple sampling dates (the same 
for all locations) for each season. When estimates of spatial and temporal variance of 
populations are obtained at different scales, modelling procedures can be used to opti- 
mise future sampling designs so that specified effects can be detected with a priori de- 
fined probabilities of Type I and Type I1 errors (Benedetti-Cecchi, 2001). 

When no data are available before the establishment of an MPA, the original BACI 
design should be modified so as to compare the protected and unprotected areas after 
MPA institution (‘ACI’, After Control Impact, Glasby, 1997) (see also Box 1 and Ta- 
ble l). However, these designs cannot distinguish between pre-existing differences, as- 
sociated for example with the siting of MPAs in areas with specific characteristics, and 
changes caused by the protection regime. Controls must be chosen randomly from a set 
of similar locations, but natural variability makes it almost impossible that any control 
site is truly comparable with the protected one. Furthermore, since MPAs are often 
chosen for their unique characteristics (e. g. species composition, habitat features), the 
choice of controls can be very difficult. The choice of controls, however, is crucial and 
deserves careful consideration, as monitoring will provide direct causal evidence only 
with suitable controls. 

According to Underwood (1992) and Chapman et al. (1993, control locations must 
be unaffected by protection and have the same type of assemblages and similar habitat 
features to those of the potentially impacted area (the MPA). Furthermore, they should 
be chosen over a spatial scale covering the dispersal range of the sampled populations, 
or range from local to regional distributions when the scales of protection effects and 
organism dispersal are unknown. The study has to be long enough to allow separation 
between short-term variability and long-term trends (Menge, 1997; Garcia Charton & 
P&&z Ruzafa, 1999). 

The choice of the most appropriate analytical tools is still much debated. Besides the 
use of the Analysis of Variance and more specifically asymmetrical ANOVA, the use of 
multivariate approaches in environmental impact studies has been stressed by Clarke 
(1993) and by Clarke & Warwick (1994). Some environmental impact studies benefited 
from a combination of univariate and multivariate approaches (Chapman et al., 1995; 
Roberts et al., 1998), but the most appropriate analyses are largely determined by the 
specific predictions about reserve effects, which in turn are determined by reserve ob- 
jectives (see below). The use of different analyses makes it more likely to detect effects 
on different components of the assemblage (Underwood & Peterson, 1988; Warwick, 
1993). These two approaches can be used to complement each other, although there 
may be differences in the optimal allocation of sampling units required by the different 
designs. 
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In a review of 30 papers, as a subsample of the literature on reserve effects in the 
Mediterranean, we found that only ten papers included more than one control to test the 
efficacy of the protection measures (Garcia & Zabala, 1990; Francour, 1993; 1994; 
1996; La Mesa & Vacchi, 1999; Macpherson et al., 1997; Sala et al., 1998; Vacchi 
et al., 1998; Vigliola et al., 1998; Vacchi et al., 1999). In addition, a lack of “before da- 
ta” is particularly evident: only in one case was monitoring conducted before the imple- 
mentation of a fishing ban in the Gulf of Castellamare, Sicily (Pipitone et al., 2000), I 

but without any control site outside the protected area. The widespread use of sampling 
designs with inadequate or no replication in space and time likely underlies the absence 
of clear evidence about reserve effects. 

Perspective 

Mediterranean MPAs vary widely in their intrinsic, jurisdictional, management and en- 
forcement features (Harmelin, 2000). However, a common trait is their siting in shallow 
rocky areas. Thus, hard bottom subtidal benthic assemblages can be the ideal target for 

Box 1. Sampling design for evaluating the “reserve effects” on benthic species 
of hard substrates of a hypothetical MPA. The interpretation of the analysis is 
oversimplified. Further details can be found in Underwood (1993) and Glasby 
(1997). The tested hypothesis is that protection results in a change in mean abun- 
dance and/or spatial and temporal variance of a given species. The design con- 
siders a putatively impacted location (the protected area) and a number of 
randomly selected control locations (see text for criteria in choosing controls). 
Replicate sites are randomly selected at each location and replicate units are 
sampled within each site (the size of the sampling unit should be chosen on the 
basis of the size and spatial arrangement of the species studied, see Benedetti- 
Cecchi et al., 1996). Sampling is repeated a number of times chosen at random 
during the period of study. The levels of the various sources of variation (number 
of sampling units, sites, locations and times of sampling) will vary from study to 
study and should be based on considerations of optimal sampling design. The 
example considers that no data on the abundance of the species before the pro- 
tection within and outside the MPA are available. Two different analyses of var- 
iance are performed with the collected data. First, the complete data set 
associated with impacted and control locations is analysed using a multifactorial 
model with sites nested within locations and time random and orthogonal to both 
sites and locations. Second, the analysis is repeated using only data of the con- 
trols. The asymmetrical components (i. e. Impact vs. Controls and its interaction 
with time) are then calculated by subtracting the sum of squares (SS) of the sec- 
ond analysis from those of the first analysis (Table 1). Mean squares are then 
calculated by dividing these SS by the appropriate number of degrees of free- 
dom (df). 
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Table 1. Example of analysis of variance comparing one protected area (P) with con- 
trol (Cs) locations; t = number of sampling times, 1 = number of locations (including 
the protected area), s = number of sites and n = number of replicate units. 

Source of Variation df ss MS F versus 

Time = T 
Locations = L 
CS 
Pvs. c s  

Sites (L)  = S(L) 
Sites (Cs) = S(Cs) 

Sites (P)  = S(P) 

TxL 
Tx Cs 

Tx P vs. Cs 

Tx S(L) 
T x S( Cs) 

Tx S(P) 
Residual 

t l l  

1- 1 
1-2 

1 

l(s-1) 
(1-l)(s-1) 

s- 1 

(t-l)(l-1) 
(t-l)(l-2) 

t- 1 

(t-1) l(s-1) 

1) 

tls(n-1) 

(t-l)(l-l)(s- 

(t- l)(s- 1) 

MSCsF 
MSResidua? 

MSResidual 
MSResidual A ’  

A If terms T x S(Cs) and T x S(P) are both significant, or not significant, a 2-tail F ratio on variance compo- 
nents of these terms can be used to test for differences between the protected area and the controls in space x 
time interactions at the scale of sites. If one of these terms is significant and the other is not, then there is 
already evidence of differences between the protected area and the control locations. 
If both T x Cs and T x S(L) can be pooled or eliminated (this requires that the probability associated with 
these tests is > 0.25, Underwood 1997). 
If the term Tx Cs cannot be pooled or eliminated. 
These tests are done only if there is no evidence of protection in the form of temporal interactivity at the 
scale of sites. If this condition is verified, and if S(Cs) and S(P) are both significant, or not significant, a 
2-tail F ratio on variance components of these terms can be used to test for differences between the protected 
area and the controls in spatial variation at the scale of sites. 

E If the terms Cs, S(L), Tx L and Tx S(L) can be pooled or eliminated and if there is no evidence of protection 
in the form of temporal interactivity at the scale of locations. 
If the term Cs cannot be pooled or eliminated and if there is no evidence of protection in the form of tempo- 
ral interactivity at the scale of locations. 

studying and implementing MPAs. Shallow marine assemblages (up to 10 metres 
depth) can be considered as good indicators of environmental changes because species 
living at shallow depths are particularly exposed to impacts from coastal activities and 
thus tend to exhibit stronger responses to human pressure than assemblages from deeper 
habitats. Moreover, sessile organisms can be easily monitored and manipulated, and in 
the last years several papers have been published on the spatio-temporal variability of 
Mediterranean benthic assemblages (Menconi et al., 1999; Fraschetti et al., 2001). 

Non-destructive sampling can be conducted using visual censuses or photographic 
techniques. For example, Roberts et al. (1994) compared photographic and direct sam- 
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pling by visual inspection of temperate rocky reef communities, and found that these 
two methods had similar efficacy. Photographic methods also provide an objective sam- 
ple (the picture) that can be analysed by many researchers and stored for future refer- 
ence and analyses. Furthermore, pictures can be taken also by non-specialists, a feature 
that makes photographic sampling particularly appropriate over broad-scales. 

Conclusions 

There is an urgent need to understand the importance of rigorous sampling designs in 
conservation. At present, the lack of detailed and scientifically defensible knowledge 
regarding the effects of reserves makes the evaluation of their effectiveness within the 
reserve very difficult, and predictions about the expected effects uncertain. Moreover, 
Mediterranean MPAs greatly vary in their physical and biological characteristics as 
well as in the socio-economic context influencing their design and management, mak- 
ing it unlikely that a single study design will be applicable to all these different scenar- 
ios. It is possible, however, to identify the logical structure that should guide the design 
and interpretation of what might be defined as experimental monitoring studies. 

First, reserve goals have to be explicitly defined in order to develop specific predic- 
tions about the expected effects. Second, sampling should quantify variation in popula- 
tions and assemblages and tease apart natural variability from that caused by 
protection. Studies should include multiple control locations, describe long-term 
trends, and include descriptions of the system before reserve establishment. Studying 
hard bottom benthic assemblages in MPAs and adjacent unprotected areas with similar 
characteristics may represent a rapid, cost-effective and widely applicable means of 
evaluating protection effects. This is a unique opportunity to investigate natural varia- 
bility in marine ecosystems over broad spatial scales, potentially encompassing the 
whole Mediterranean basin if experimental monitoring networks are established. 
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