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FOREWORD

The present Guide was prepared in the framework of the ECOMARE project, a concer-
ted action of the European Community Marine Science and Technology Programme
(MAST III) concerned with the ecological effects of Marine Protected Areas (MPAs) in the
Mediterranean.

The overall aim of ECOMARE was to unite and coordinate the efforts of a broad group of
research teams involved in assessing the effects of protection (cessation of fishing) in
Mediterranean littoral ecosystems. The specific objectives of this project were:

- To establish the state of knowledge of the responses of marine communities to protec-
tive measures in Mediterranean littoral ecosystems;
- To identify the main research needs and steps forward to progress from the assessment
of effects on exploited populations to the assessment of effects at the ecosystem level;
- To review and recommend working methodologies so that future investigations could be
carried out in a coordinated and comparable manner.

The second objective lead to the identification of three priority areas for future research
in Mediterranean marine reserves: assessing biomass export from MPAs, assessing
impacts of human activities in MPAs, and studying indirect effects of protection (e.g., fish-
urchin-algae interactions). The third objective lead to the preparation of the present guide
on recommended methods for future research, with chapters addressing each of these
priorities. 

MPAs are gaining increased acceptance as practical means to preserve marine biodiver-
sity and to manage coastal fisheries. Thus, it seemed useful for managers as well as for
scientists to gather in one volume the main methods available to study the effects of pro-
tection on a variety of ecological processes. The aim of this guide is not to describe each
method in depth, but rather to present them briefly, with their advantages and limitations,
and to provide references for further reading. 

We hope this guide will be a useful aid for future studies in Mediterranean Marine
Protected Areas.

The Editorial Committee
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CHAPTER 1.

METHODS FOR ASSESSING BIOMASS

EXPORT FROM MARINE PROTECTED AREAS





INTRODUCTION

ONE OF THE MAIN EXPECTED BENEFITS OF PROTECTING SPECIES IN MARINE RESERVES IS

THE EMIGRATION OF INDIVIDUALS TO SURROUNDING NON-PROTECTED AREAS. THIS PRO-
CESS COULD BE THE NET RESULT OF RANDOM MOVEMENTS OF INDIVIDUALS FROM MARI-
NE RESERVES WHERE DENSITIES OF PROTECTED SPECIES ARE HIGHER. ALTERNATIVELY,
EMIGRATION FROM MARINE RESERVES COULD OCCUR BY DENSITY-DEPENDENT MOVE-
MENTS OF COMPETITIVELY SUBORDINATE INDIVIDUALS FROM PREFERRED HABITATS IN

PROTECTED AREAS TO SUBOPTIMAL HABITATS OUTSIDE. PROTECTED AREAS ARE ALSO

EXPECTED TO ACT AS SOURCES OF EGGS AND LARVAE FOR DOWNSTREAM HABITATS.

DESPITE THE RELEVANCE OF BOTH BIOMASS EXPORT AND RECRUITMENT ENHANCEMENT

IN THE CONTEXT OF MARINE PROTECTED AREAS, LITTLE WORK HAS BEEN DONE TO ASSESS

THESE PROCESSES IN THE MEDITERRANEAN SEA OR IN OTHER MARINE REGIONS. DUE TO

THE LACK OF SUITABLE METHODS TO EMPIRICALLY TEST BIOMASS OR RECRUITMENT

EXPORT HYPOTHESES, MOST RESEARCH EFFORTS IN THIS DIRECTION HAVE BEEN ON

MODEL PROTECTED AREAS. IN THIS CHAPTER A COLLECTION OF METHODS APPLICABLE TO

STUDIES OF LARVAL, JUVENILE AND ADULT EXPORT FROM CLOSED AREAS ARE PRESENTED

AND EVALUATED IN SUMMARY FORM. THE CHAPTER IS INTENDED TO SERVE AS AN INTRO-
DUCTORY GUIDE FOR RESEARCHERS INTERESTED IN STUDYING THE EFFECTIVENESS OF

MARINE PROTECTED AREAS IN THEIR REGIONS. 





1.1.1. Introduction and objectives

In recent years, the most significant advances
in tagging have come from the development of
electronic tags. This technology and its possi-
ble evolution (especially with miniaturisation)
are a constant source of   new applications.
The  full potential of this method has  still to be
explored. Even at this early stage of develop-
ment, compared with conventional tags, the
results obtained so far are crucial for fisheries
and ecology. This method can provide details
of fishes' immediate environment in real time
and over a long period, thus allowing study of
the factors that most influence their subse-
quent behaviour.

Electronic tags have been essentially develo-
ped with fishes that have a high capacity for
dispersal. They include  salmon, tuna, cod,
plaice, and turbot. Others studies concern
crustaceans (lobsters, crabs) and molluscs
(cephalopods) (Maynard and Webber, 1987;
O'Dor et al., 1995; Freire and Gonzáles-
Gurriran, 1998). Three types of electronic tags
are used:

Transponder Tags: Transponding tags transmit
an acoustic signal when they receive an inter-
rogation pulse from sonar. Sonar
Transponding Tags allows the position of a

free-ranging fish to be fixed accurately in its
relation to a research vessel. The range of
reception is between 400 and 1 000m. These
tags are currently used to follow large pelagic
fish.

Transmitter Tags: These tags send a signal
(pulsed or coded) to a receiver which identifies
the individual fish. These tags are larger than
transponder tags because they require an
internal battery to power the transmitter. The
lifetime of the tag is a critical consideration in
telemetry studies and depends on the trade-off
between transmitter size, power supply, range
and rate of the signal. Telemetry studies on
free swimming fish are generally short-term
studies ranging over periods of hours to a
month. New sensors can record depth, swim-
ming direction and speed or even heart rate.
The detection range of some tags can be up to
a kilometre in some instances but is generally
less than 100m. Attachment of the tag is inter-
nal or external. Acoustic Pulsed Tags transmit
a simple pulsed signal at a selected pulse rate.
Large numbers of fish can be monitored simul-
taneously using different pulse rates or multi-
ple frequency receivers. In practice, five indivi-
dual fishes can be surveyed on only one fre-
quency. Acoustic Coded Tags operate by emit-
ting a digitally encoded signal on specific
acoustic frequencies. Each signal is unique
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which offers the advantage that many indivi-
dual fish can be tracked separately on a single
frequency. These tags have great potential for
increasing data acquisition rates and increas-
ing sample size (Voegeli et al., 1998).

Data storage Tags (DST): Also known as archi-
val tags, these tags have ranged from simple
data loggers, capable merely of recording
depth, temperature, salinity, light, etc. of an
individual fish to sophisticated programmable
devices capable of providing a direct estimate
of geographical position at regular intervals
over periods of many months. These are the
tags specialised for free-ranging fish in the
open sea at large spatial scale (100km). Some
tags can record data for up to five years and
store this information for up to twenty years.
However, in order to retrieve the information
the tags must be recovered from the fish. An
intensive recapture operation is necessary.

In this survey we review the application of
electronic tags in relation to studies of biomass
export from Marine Protected Areas (MPAs),
on the basis of the  results of the project (FAIR.
CT.96.1394, CATAG) "Improvements of
Tagging Methods for Stock Assessment and
Research in Fisheries".

Electronic tags are particularly well-suited  to
studies on the problem of biomass export from
MPAs' for several reasons:
- the survey is in real time and particularly pre-
cise in time (minutes to days or months) and
space (10m to 1km)
- the surface of MPAs' can be totally covered
with a few buoys because MPAs' are usually
small
- the technological advances make it possible
to monitor numerous fish (same species or
various species)

Thanks to these technological advances, this
method has become a powerful  tool to study
biomass export in relation to the behaviour and
migrations of fishes in MPAs'.

Behaviour: The propensity  of fish for erratic
movement is  a potential source of exportation
from MPAs. The study of the home range for
resident fish allows  the occurrence of to be
determined. This information can be obtained
by the presence/absence of signal tags in the
zone. The percentage of absence informs on
the potential exportation outside the MPAs.
The diurnal and nocturnal monitoring of move-
ments can inform on the risk of capture outsi-
de the MPAs on the basis of  fishing pressure
over  24 hours. The total disappearance of
signals can be interpreted as actual  exporta-
tion, either by migration to the fishing zone, or
by   capture by fishermen. 
Migration (seasonal, reproduction): Some spe-
cies have the ability to move long distances.
The use of directional hydrophones around the
zone at certain periods of the year can inform
on the presence of signal tags in adjacent
zones. Moreover, the information of presen-
ce/absence at certain periods (e.g. reproduc-
tion period) can inform on the intensity of
simultaneous individual migration.

1.1.2. Recommended methods

The advantage of electronic tags in compari-
son to conventional tags is that during the per-
iod of immersion, electronic tags actively  give
the position of the fish and to store information
concerning the environment (depth, tempera-
ture, etc). In marine water, we have to use
acoustic signals (as opposed to radio signals)
because of  problems of signal diffusion. The
data available for each tag have the same
architecture: for each received signal, the
receiver registers the date and the location.
The new approach uses integrating GIS in
spatial analysis (Anderson and Dixon, 1997;
Weigle and Flamm, 1997).

There are several approaches: three methods
for spatial location and one method for envi-
ronmental survey.
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Spatial location by triangulation

This method is based on an underwater
acoustic positioning system. A system of a
minimum of three buoys is used to calculate by
triangulation the position of a subsurface elec-
tronic tag. Each buoy contains a hydrophone,
an ultrasonic receiver and a radio link. They
send in real time a signal to a base station
made of a computer which plots the tag in a 2D
graphic and using  special  software (O'Dor et
al., 1998). Succession of positions through
time gives the movement of the fish. The dis-
tance between buoys is about 100m limiting
the covered surface expected unless the num-
ber of buoys is increased. If the survey
concerns several individuals, it becomes diffi-
cult to visualise the results of all tags on the
same map. It would be interesting to work in
spatial density. The map is divided into regular
grid cells (size depending of the scale the
study) where the number of signals detected is
calculated (Cote et al., 1998).

Spatial location by presence/absence signal

For a large spatial scale survey, submerged
hydrophones including receiver and data log-
ging memory are available. Data are collected
and stored in a computer in  the field in a  buoy
in the water. In this case, hydrophones are
omnidirectional giving  information on  presen-
ce/absence of the tag in the circle of reception
(variable according to the power of the tag).
The position is less accurate  and depends on
the relative position of each buoy. At large spa-
tial scale, a large zone (e.g. 1-km) can be
covered at a low cost by using a large number
of hydrophones.

Spatial location by mobile hydrophone

It is also possible to fix a directional hydropho-
ne on a boat equipped with a GPS (Holland et
al., 1992, 1993, and 1996). This use of a direc-
tional hydrophone means that a tag can be
monitored outside of the study  zone and  fis-

hes can be  recaptured .

Environmental survey

The  environmental survey method is based on
the storage of environmental information on
the area where the fish lives (temperature,
luminosity, depth, etc.). The geographical posi-
tion at the different times when information is
stored can be indicated. This technique is par-
ticularly well-suited  to offshore surveys speci-
fic to certain fishes (e.g. tuna, cod). In this
case, there is no a real time survey and a
recapture operation  is necessary for the inter-
pretation of data. The results are represented
as graphs  showing the patterns of change  of
the studied parameters (Sturlaugsson, 1995;
Thorsteinsson, 1995).

1.1.3. Problems and limitations

Financial aspect

The most important limiting factor is the cost of
these technologies. The miniaturisation of
electronic tags makes it possible to monitor
smaller fish but the consequence is an
increase in price. The equipment necessary to
monitor  fish in real time is also  expensive. If
the exact position of fish is not indispensable,
underwater hydrophones are preferable
because they are cheaper.

Time consuming

Spatial  location by mobile hydrophone is the
most time consuming method. As it is possible
to monitor  only one individual during a survey,
monitoring several individuals requires a lot of
ship-time. 

The use of submerged hydrophones with data
logging memory (spatial location presence
/absence) requires human intervention to col-
lect data directly from the field. If the number of
hydrophones is important or if sea conditions
are not good, the work time may be increased.
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Loss of signal

The position of buoys is critical for the inter-
pretation of the signal sent by the fish. They
have to cover the zone in its entirety. The
signals can be lost when fishes shelter in
holes. If the signal is lost inside the area, this
absence of signal will be interpreted as a
migration outside, thus as  export. Even with
good positioning, areas may include  a non-
reception zone. The mobile hydrophone is
generally attached to a boat to track in  real
time the position of fish located with a GPS.
The distance of signal reception, which
depends on the characteristics of each type of
tag, limits their utilisation.

Fish mortality and loss of tag

Individuals must be caught with care  to limit
mortality. Whatever the capture techniques
used (trawls, seines, etc.), there is always the
risk of skin damage and scale loss. Tags can
be fixed externally (in a variety of locations) or
internally by insertion in the stomach or by sur-
gical implantation (muscle or peritoneum).
There are advantages and disadvantages in
each of these methods and the choice
depends on the type of tag, the type of fish and
its lifestyle and the purpose of the research. If
the use of internal tags limits tag loss, it may
produce a signal attenuation. External tags
have the advantage of being simpler and quic-
ker to apply than internal tags. Each manufac-
turer offers  recommendations about fixation in
the two  cases.

Tag recapture

In the case of Data Storage Tags, as well as for
other electronic tags, recapture must be maxi-
mised because of the cost  of the tag. A recap-
ture campaign must be accompanied by  good
advertising of the tagging programme in the
appropriate zone by means of   local newspa-
pers, posters, public presentations, interviews,
etc.

For the transmitter tags, even if it is possible to
know the exact position of a fish,  rapid recap-
ture is difficult. One way is to use diving with a
special  hydrophone to locate the fish precise-
ly. Other methods of recapture are  time-
consuming (nets, fishermen).
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1.2.1. Introduction and objectives

The discovery of daily increments on the oto-
liths of fishes by Panella (1971) introduced a
powerful new method for studying the age and
growth of fishes. Daily increments are often
particularly clear on the otoliths of larval and
juvenile fishes, making this technique a valua-
ble tool for early life history studies. While the
general methodology has become well-esta-
blished (Campana and Neilson, 1985), many
promising applications have yet to be explo-
red.

Otoliths are accretions of calcium carbonate
within the semicircular canals of the bony fis-
hes. The production of visible daily increments
depends on a daily cycle of differing rates of
accretion of a protein matrix (darker under
transmitted light microscopy) and crystalline
inclusions (lighter). Among the three pairs of
otoliths, the largest pair, the sagittae, and the
next largest, the lapilli, are used for ageing.

The most basic information available from the
otolith is the total number of daily increments
for a fish of a given size. A more commonly
used application of this technique is the esti-
mation of the duration of the planktonic larval
phase. The presence of a settlement mark
allows one to easily calculate the date of sett-

lement, simply by subtracting the number of
daily increments between the mark and the
edge of the otolith from the date of capture.
This technique has been used to reconstruct
the daily pattern of settlement. Comparisons of
reconstructed settlement patterns have been
used to measure the persistence of age
cohorts over a season, to assess the effect of
recruitment on subsequent population sizes,
and to infer the patch size of planktonic fish lar-
vae by estimating the spatial scale of settle-
ment events. Similarly, the daily pattern of
spawning can be back calculated by subtrac-
ting total age from the collection date. Of
course, this would only reflect the ultimately
successful spawning patterns, which may well
have little correspondence to true spawning
patterns.

In this section we explore the application of lar-
vae otolith methods in relation to the study of
larval export from MPAs.

1.2.2. Recommended methods

Otolith tagging

The only way to estimate larval dispersal une-
quivocally is to mark larvae so that they can be
traced from their origin to their ultimate desti-
nation. Jones et al. (1999) developed a tech-
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nique of marking the otoliths of developing
embryos of some small coral reef fish. It allows
them to be marked en masse in their natural
habitat, and to hatch and disperse with mini-
mal interference. The tagging method adapted
the use of the fluorescent compound tetracy-
cline, which had been widely used to mark oto-
liths in fishes and validate age rings, and more
recently to mark the hatchery-reared larvae of
freshwater and estuarine fishes (Secor et al.,
1991; Tsukamoto, 1998; Reinert et al., 1998).
Experimental works have shown that immer-
sion of embryos in tetracycline resulted in clear
fluorescent marks at all stages of develop-
ment. Tetracycline produced a signature core
of yellow fluorescence that persists through
larval development and metamorphosis.
Moreover, such treatment does not induce
significant reduction in survivorship.

With this approach, it is technically possible to
tag embryos and to recover the tag in the new
recruits. In this way Jones et al. (1999) were
able to demonstrate that coral reef fish larvae
are capable of returning to their natal reef.
They also showed that some tagged indivi-
duals were recovered in adjacent reefs
demonstrating effective dispersal from reef to
reef.

In addition to this technique, recent unpublis-
hed experimental works have showed that
injection of tetracycline into gravid females
leads to tagged embryos. This  approach could
be promising for species releasing pelagic
eggs (most commercial species). Given the
recent development of tagging techniques on
otoliths, this method  could be useful to
demonstrate export of eggs and larvae from
marine protected area by tagging populations
inside MPAs.

Otolith microchemistry

Since daily increments are preserved unmodi-
fied within the otolith, it is possible to derive
information about past environmental condi-

tions. To date, it has proven feasible to infer
past temperature exposure by analysis of sta-
ble isotope compositions, such as oxygen and
carbon isotopes, or by strontium-to-calcium
ratios (Radtke et al., 1987). These techniques
may make it possible to discover where in the
plankton the larvae are travelling at various
ages or from what oceanic region larvae are
derived. Analyses of the elemental composi-
tion of otolith sections may be particularly
valuable if they could identify the source popu-
lation of larval recruits (Campana, 1999). 

Otholiths may thus be used as recorders of
growth history and trace-element environmen-
tal signatures. Because they are formed at
birth, new layers of calcium carbonate are
deposited daily as discernible growth bands
and elements from the surrounding sea water
can become permanently incorporated into
otoliths (Mugiya et al., 1991). In addition otolith
trace-element signatures have recently been
used to identify stocks (Campana et al., 1995)
and nursery habitats (Gillanders and
Kingsford, 1996; Thorrold et al., 1997) for
several temperate and tropical species
(Swearer et al., 1999).

1.2.3. Problems and limitations

As pointed out recently by Thresher (1999) in
a review, analysis of otolith microchemistry
requires validation to determine environmental
vs. genetic component of the variation in the
trace-element composition of otoliths. In fact
recent validation experiments have shown that
variation in otolith microchemistry could
appear between individuals issued from diffe-
rent areas but reared in the same conditions.
In that case, the elements involved must be
excluded from any analysis because they are
partly inherited.

One basic problem of otolith studies is whether
the observed increments on the otolith are in
fact formed daily. Despite widespread use of
the adjective "daily," there are few direct
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demonstrations of daily production of incre-
ments for reef fishes. Since Geffen (1982) first
documented that increments were not always
produced daily on the otoliths of larval herring,
there have been a number of reports of incre-
ments being formed at a rate of less than one
per day (Campana et al., 1987). There often
appear to be additional arrays of "subdaily"
increments within the larval period. The higher-
order array (with fewer increments) is usually
visible over more quadrants of the otolith and
at wider planes of focus than the finer array of
"subincrements," which tend to occur over a
smaller section of the otolith and at a single
plane of focus (Victor, 1986). Clearly, the pre-
sence of narrow increments requires  thorough
validation of their periodicity. This is a difficult
experiment to perform in the field, especially
given the necessity that the larvae be permit-
ted normal planktonic behaviour and migra-
tion. Marking individuals within a very large
enclosure drifting with the plankton is probably
the only practical method possible at present.
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1.3.1. Introduction and objectives

Population genetics can contribute to the study
of dispersal of larvae and migration capabili-
ties of adults, because the use of intra-specific
markers, such as allozymes or DNA haploty-
pes, offers a new opportunity to distinguish
populations of different spatial scale.
Detectable allele frequencies can be used to
estimate levels of migration if it can be assu-
med that these frequencies reflect a balance
between the opposing forces of migration
(gene flow) and random divergence of allele
frequencies (genetic drift). While this theory is
silent about allopatric populations with identi-
cal genetic profiles (Shaklee et al., 1982), dif-
ferentiation provides unequivocal evidence of
reproductive isolation. The main difficulty with
this approach is that other forces, notably nat-
ural selection and historical contact, can
influence allele frequencies, and the relative
importance of these forces in natural popula-
tions has proved extremely difficult to evaluate
directly. 

One effective migrant exchange between sub-
populations per generation is sufficient to stop
fixation of alleles (Allendorf and Phelps, 1981).
Such a model indicates that gene flow is a
powerful means of homogenising subpopula-
tions even with a small number of migrants.

Any significant divergence between allelic
and/or genotypic frequencies of different sam-
ples indicates at least some restriction of gene
flow, provided that genes are not subject to
local selection. 

1.3.2. Recommended methods

The recent development of molecular tech-
niques offers a palette of technical approaches
for population biologists interested in a wide
range of questions. For example, these tools
can be used to determine individual reproduc-
tive success or to measure rates of genetic
divergence among populations. Which tech-
nique is the most appropriate for a particular
question depends upon the extent of genetic
polymorphism required to best answer the
question, the analytical or statistical approa-
ches available for the technique, and the prag-
matics of time and cost of materials. Empirical
studies that employ allozyme polymorphism as
genetic marker have contributed a great deal
to our understanding of population processes
(Smith et al., 1990). The hope of obtaining
highly informative genetic markers for tracking
individuals and/or their genes under field
conditions had led many population biologists
to consider switching to DNA-based tech-
niques. The actual rate at which new molecu-
lar techniques are being developed far out-
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strips their efficient and reasoned incorpora-
tion into studies of population ecology (Parker
et al., 1998). This had led to confusion among
population biologists about various new tech-
niques, often causing people to prematurely
abandon standard techniques (such as allozy-
mes electrophoresis) that provide readily inter-
pretable data. The expectation of exploring
variation in DNA sequences needs to be tem-
pered while considering the drawbacks asso-
ciated with different techniques and the types
of data obtained from them.

We should recall here that the choice of mar-
ker also has implications on evolutionary pro-
cesses that will be investigated. Choosing
markers under genetic selection such as allo-
zymes or cytochrome b gene of mtDNA may
provide different results than choosing neutral
markers such as microsatellites. Differences in
results may not only be a consequence of the
higher variability investigated but more likely
related to the fact we are looking at different
evolutionary processes (selection vs. genetic
drift). This fact has often been omitted in pre-
vious studies looking at allozymes and assu-
ming that they are neutral. It is necessary to
demonstrate the neutrality of markers.

When it comes to choosing a technique, there
are many currently available: protein electro-
phoresis, nuclear and mitocondrial RFLPs
(restriction fragment length polymorphism),
minisatellite and microsatellite VNTRs (varia-
ble number tandem repeats), RAPDs (random
amplified polymorph DNA), and DNA sequen-
cing (techniques are described in Parker et al.,
1998). This section presents details and
advantages of techniques already applied to
describe larval dispersal.

Gel electrophoresis is a powerful yet relatively
simple technique that separates proteins in an
electrical field according to their net charge
and size. The key to the electrophoretic
method is that a single gene encodes each
specific protein, and differences in proteins

give an indirect estimate of differences in the
sequence of the DNA. Because some changes
in the DNA sequence do not result in change
of charge and/or size of protein, it has been
estimated that electrophoretic techniques
detect only about one-third of base substitu-
tions in DNA (Lewontin, 1972). Moreover, only
about 10% of the total genome will encode
proteins. Consequently, the variations detec-
ted at protein gene loci may not be represen-
tative of the genome as a whole and some
species may lack allozyme polymorphism. A
further limitation of using allozymes rather than
non-coding DNA as genetic markers to sepa-
rate populations is that allozymes may differ in
metabolic function. Many statistical models in
population genetics assume that phenotypic
differences among allozymes are minimal and
selectively neutral, but exceptions are known
even in marine fish where selection can main-
tain genetic variation itself (DiMichele and
Power, 1982). Selection must be considered a
possibility when differentiation originates from
a single locus. However, most multilocus diffe-
rentiation patterns are probably robust with
regard to concerns about on-going selection.
There is substantial evidence that the majority
of observed variation in enzymes is neutral
(Kimura, 1983). In spite of these limitations,
protein electrophoresis remains a powerful
technique to exhibit genetic variation (Smith et
al., 1990).

RFLSP techniques use restriction enzymes to
cut the DNA at a specific nucleotide sequence
recognition site, and generate sets of DNA
fragments that differ in size when mutations
have created or destroyed restriction sites.
The most extensive use of restriction enzymes
in population studies has been for the survey
of allelic diversity and population differentiation
in mitocondrial DNA. Enzymatic digestion of a
small mtDNA molecule results in a number of
DNA fragments that can be resolved and iden-
tified on agarose gel. Allele frequencies are
estimated from absence/presence of the res-
triction site among individuals and several

- 19 -

1. METHODS FOR ASSESSING BIOMASS EXPORT FROM MARINE PROTECTED AREAS



(>100) restriction enzymes are commercially
available. Larger molecules such as nuclear
DNA cannot be analysed following this proto-
col because they produce too many segments
to be separated on gels. The small size of the
mitocondrial genome, its predominately mater-
nal inheritance, and its relatively high rate of
base-pair substitutions (especially in the
control region) make it a valuable tool for stu-
dying relationships among populations (Avise
et al., 1987).

The most detailed analysis of DNA differentia-
tion can be obtained by sequencing the region
of interest from different individuals. The most
difficult problem for analysing genetic markers
lies in the selection of the region of the geno-
me that both reveals allelic variation and can
be sequenced efficiently. Some genes, such
as cytochrome b in the mtDNA, have been
time-calibrated and allow accurate estimates
of time divergence between populations.
Analysis of sequence differences is based on
mutation of nucleotides within a position. Thus
it only looks at mutation rate and does not take
into account genetic drift, mostly affected by
effective population size. Consequently
sequence analysis often shows lower levels of
differentiation between populations than other
methods.

Among other available techniques, the micro-
satelite VNTRs seem certainly the most prom-
ising approach (O'Connel and Wright, 1997)
because: (1) they provide information for indi-
vidual loci and therefore are amenable to cal-
culations of allele frequencies necessary for
population studies; (2) they typically exhibit
high levels of gene diversity and show high
level of polymorphism; and (3) once primers
have been developed, the protocol consists
only of PCR (Polymerase Chain Reaction) and
electrophoresis. Some new technical advan-
ces are even starting to eliminate the electro-
phoresis step by looking at fluorescence or
weight analysis of microsatelites. Such
approaches may get around slippage during

PCR process that can make individual alleles
difficult to identify among false bands. In terms
of analysis, interpretation of variation of allelic
frequencies remains problematic. Measures of
population subdivision based on micosatellite
allele frequencies have been highly conflicting
because Fst estimates are based on a model
with low mutation rates; a postulate that is rea-
sonable for enzymes but not for microsatelli-
tes. New models have now been proposed to
estimate differences (Slatkin, 1995) and dis-
tances (Goldstein et al., 1995) using microsa-
tellites. However, the fundamental question
remains open because it still is not clear whe-
ther all mutations at microsatellite loci involve
changes of only one or two repeats as assu-
med in many models (Valdes et al., 1993) or
whether mutations of larger effect occur occa-
sionally (Di Rienzo et al., 1994). Despite some
estimates using genetic divergence from
microsatellites to estimate coalescence times
(Slatkin, 1995), this statistic must be interpre-
ted with caution. Technically, microsatelite
analysis requires primers to be set up for each
locus. This is a time-consuming but necessary
step. Because of this technical step that is
unique for each species, microsatelite VNTPs
can only be viewed as markers for study  proj-
ects involving few species (1 to 3) and nume-
rous samples. At present, microsatellites are
only used for commercial species that require
large sample size analyses and long-term proj-
ects focused on one species. This is the case
for salmon (Tessier et al., 1995), cod (Bentzen
et al., 1996), and herring (O'Connel et al.,
1998). In these cases, it will save time in pro-
cessing all individuals compared to other DNA
approaches, and it is as easy to use as allozy-
mes, despite the time needed to set-up pri-
mers for each locus. Among other possible
developments, the microsatellite approach
allows surveys of oceanic larvae (Ruzzante et
al., 1996), which may identify the origin of lar-
vae caught directly in the ocean.
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1.3.3. Problems and limitations

When used in marine reserve biomass export
studies, population genetics can provide some
useful information but it requires some prior
explanation. Export from a marine reserve
may concern eggs and larvae drifting in the
water column or juveniles and adults migrating
outside protected area habitats. As we mentio-
ned earlier, the fact that a small amount of
gene flow is sufficient to homogenise popula-
tions limits the power of genetic markers. This
makes it difficult to differentiate populations
that have essentially separate dynamics but
are linked by trivial amounts of gene flow, from
populations that exchange numerous migrants
and are effectively a single stock.

In this context, permanent export of individuals
(larvae and/or adults) will be impossible to
detect because it will result in homogenisation
of outside and inside marine protected area
populations. However, a recent and pioneer
work was able to detect variation among larval
pools in the ocean (Ruzzante et al., 1996).
Such variations were based on microsatellite
analysis and suggest that each spawn results
from limited effective population size that indu-
ces genetic drift. Such variation is detectable
using molecular surveys and may be monito-
red over time to deduct dispersal patterns. The
results of Ruzzante et al. (1996) are unique
because they were linked with a detailed ocea-
nographic sampling protocol. Genetic markers
cannot inform on dispersal alone and a combi-
nation of currents and genetic studies can pro-
vide such results, when linked with an appro-
priate sampling protocol. Finally, this
approach leads to identification of a larval pool
from their gene frequencies and its follow-up in
the ocean.

The main constraint in any genetic survey is to
be able to identify individuals issued from the
marine protected area. In this context, one
alternative would be the release of genetically
tagged individuals. Artificial genetic tags

consisting in the introduction of a small
sequence inside the genome of the targeted
species is ecologically dangerous. However,
one could select individuals showing a rare
allele for some microsatellite marker and
release eggs, larvae and juveniles in the mari-
ne protected area. Analysis of adjacent new
recruits, juveniles and adults over the first
three years compared to a sample from the
marine protected area will inform on the
dispersal from the site where they were
released and consequently on the export from
marine protected area.

References 

Allendorf F.W., Phelps S.R. (1981) - Use of
allelic frequencies to describe population
structure. Canadian Journal of Fisheries and
Aquatic Sciences, 38: 1507-1514.

Avise J.C., Arnold J., Ball R.M.Jr.,
Bermingham E., Lamb T., Neigel J.E., Reeb
C.A., Saunders N.C. (1987) - Intraspecific phy-
logeography : the mitochondrial DNA bridge
between population genetics and systematics.
Annual Review in Ecology and Systematic, 18:
489-522.

Bentzen P.,Taggart C.T., Ryzzante D.E., Cook
D. (1996) - Microsatellite polymorphism and
the population structure of Atlantic cod (Gadus
morhua) in the nortwest Atlantic. Canadian
Journal of Fisheries and Aquatic Sciences, 53:
2706-2721.

DiMichele L., Power D.A. (1982) - Ldh-B geno-
type specific hatching times of Fundulus
heteroclitus embryos. Nature, 296: 563-564.

Di Rienzo A., Peterson A.C., Garza J.C.,
Valdes A.M., Slatkin M. (1994) - Mutational
processes of simple sequence repeat loci in
human populations. Proceeding of the
National Academy of Science USA, 91: 3166-
3170.

- 21 -

1. METHODS FOR ASSESSING BIOMASS EXPORT FROM MARINE PROTECTED AREAS



Goldstein D.B., Linares A.R., Cavalli-Sforza
L.L., Feldman M.W. (1995) - An evaluation of
genetic distances for use with microsatellite
loci. Genetics, 139: 463-471.

Kimura M. (1983) - The neutral theory of
molecular evolution. Cambridge University
Press, Cambridge, U.K.

Lewontin R.C., (1972) - The apportionment of
human diversity. Evolutionary Biology, 6 : 381-
398.

O'Connel M., Wright J.M. (1997) -
Microsatellite DNA in fishes. Review in Fish
Biology and Fisheries, 7: 331-363.

O'Connel M., Dillon M.C.,Wright J.M., Bentzen
P., Merkouris S., Seeb J. (1998) - Genetic
structuring among Alaskan Pacific herring
populations identified using microsatellite
variation. Journal of Fish Biology, 53: 150-153.

Parker P.G., Snow A.A., Schug M.D., Booton
G.C., Fuerst P.A. (1998) - What molecules can
tell us about populations: choosing and using a
molecular marker. Ecology, 79: 361-382.

Ruzzante D.E., Taggart C.T., Cook D. (1996) -
Spatial and temporal variation in the genetic
composition of a larval cod (Gadus morhua)
aggregation: cohort contribution and genetic
stability. Canadian Journal of Fisheries and
Aquatic Sciences, 53: 2695-2705.

Shaklee J.B., Tamaru C.S., Waples R.S.
(1982) - Speciation and evolution of marine
species studied by the electrophoretic analysis
of proteins. Pacific Sciences, 36: 141-157.

Slatkin M. (1995) - A measure of population
subdivision based on microsatellite allele fre-
quencies. Genetics, 139: 457-462.

Smith P.J., Jamieson A., Birley A. (1990) -
Electrophoretic studies and the stock concept
in marine teleosts. Journal du Conseil

International d'Exploration de la Mer, 47: 231-
245.

Tessier N., Bernatchez L., Presa P., Angers B.
(1995) - Gene diversity analysis of mitochon-
drial DNA, microsatellites and allozymes in
landlocked Atlantic salmon. Journal of Fish
Biology, 47(suppl. A): 156-163.

Valdes A.M., Slatkin M., Freimer N.B. (1993) -
Allele frequencies at microsatellite loci: the
stepwise mutation model revisited. Genetics,
105: 437-460.

- 22 -



1.4.1. Introduction

An ichthyoplankton survey may help to assess
fish biomass export from MPAs by monitoring
the distribution and abundance of planktonic
stages (eggs and larvae) inside and outside
the protected area. The distribution of abun-
dance of the different stages aims to detect the
direction and intensity of the flux and the pre-
sence or absence of a density gradient
(Gulland, 1973; Ahlström and Moser, 1980). 
A spatial and/or a temporal sampling may be
conducted inside and outside marine protected
areas:
- to evaluate the quantity of fish larvae and to
assess spatial variations in larval abundance,
inside and outside the protected area or accor-
ding to different aspects of the shore such as
embayments, cliffs, etc., or hydrological parti-
cularities;
- to estimate temporal variations of abundance
of the different species at different scales (day,
month, season, year). 
The best evaluation of the abundance of survi-
ving large larvae will not necessarily  predict, in
a correlative sense, the level of recruitment.
The composition of the ichthyoplankton
assemblage does not necessarily reflect the
composition of the adult fish fauna. As habitats
and behaviours of young and adults differ, ich-
thyoplankton surveys must sample larvae

around (offshore areas) and within  (inshore
habitats) MPAs in order to obtain a complete
picture (Leis and Miller, 1976). Exportation is a
dynamic phenomenon, and the displacement
of larvae may be studied by monitoring  the lar-
val transport or by studying larvae passing in a
short window (one point) or several windows
between the starting and the arrival points
(Fortier and Leggett, 1985). The questions we
have to answer are : what? how many? when?
how?

1.4.2. Methodology

Sampling design

The sampling design ought to provide meas-
ures of spatial and temporal variability, within
acceptable confidence limits in order to esti-
mate changes in abundance levels of larvae
and juveniles. A systematic grid of stations
inside and outside the protected area is
recommended for multispecies ichthyoplank-
ton sampling. Within this scale, time-series
surveys (weekly, bimonthly, monthly) or stu-
dies of the recruitment process are nested for
target species on a finer horizontal and vertical
scale, which aim at discovering the processes
controlling annual recruitment success of new
year classes (Sherman et al., 1983).
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The sampling strategy includes: collection of
larvae, sorting, identifying and measuring
them, and analysis of the data. The choice of
species studied will determine specific sam-
pling requirements. A space-extensive survey
might be required to test the null hypothesis
about larval transport. It probably will be pre-
ferred to a time intensive survey, which would
be required to test the null hypothesis about
mortality/critical period. In any case, without
previous data on recruitment or spawning
areas, a first cruise is recommended in order
to obtain samples from  the different areas
(pre-sampling) or at different periods (nycthe-
meral variations included) as a basis for deve-
loping  a suitable sampling strategy.

Gear

In order to conduct qualitative and quantitative
surveys of ichthyoplankton around MPAs sui-
table  techniques include towed net sampling
and bottom fixed nets or traps.

For net sampling, the techniques have been
described from Pacific and Atlantic surveys
(particularly on pelagic species like pilchard)
which generated a lot of publications and sur-
veys  of methods during the years 1960 and
1970 describing and comparing gear and their
relative efficiency (Kramer et al., 1972;
Hempel, 1973) and in tropical waters namely
by Leis, Smith and Kingsford. Recommended
procedures for field operations as well as labo-
ratory procedures are available in publications
of international institutions (UNESCO, 1968,
1975, Smith and Richardson, 1977; FAO,
1967, 1974) or Wiebe et al. (1985) and
Brander and Thompson (1989) in which sam-
pling methods and theoretical considerations
in terms of sampling strategy and data analy-
sis are usefully detailed.

Various types of nets (with different meshes,
length and opening surfaces) are used to col-
lect ichthyoplankton. None will be specially
recommended here, except to use a standard

gear for comparison purposes (Bongo net,
Longhurst-Hardy Plankton Recorder (LHPR),
MOCNESS, Isaacs-Kidd, WP2 or Indian
Ocean Standard net (IOSN). High speed
towed nets (HSTN) do not seem to be suited
for sampling near the shore and plankton
pumps seem to be better suited  for extensive
surveys (Taggart and Leggett, 1984; Harris et
al., 1986). Opening and closing nets are
recommended to study vertical distribution or
to sample horizontally at different levels from
the bottom to the surface, if the distribution of
target species is already known. Such samples
are usefully coupled with salinity and tempera-
ture profiles. If the vertical distribution is not
known, vertical or oblique hauls are preferred
in order to census all larvae present in the
water column. A mesh of 300µ, 500µ is recom-
mended to study the first stages, a mesh of 1
mm would be sufficient to study older larvae
and postlarvae. Different types of collectors
are used, and the usual equipment  required in
classical plankton studies: sieves, funnels,
bowls, tweazers, pipettes, pill boxes, etc.

The plankton nets may be towed by a ship
(active sampling). They  may also be attached
to the bow of a moored boat or fixed to the bot-
tom (passive sampling). In any case, a meas-
ure of the filtered volume is necessary to com-
pare the results (calculations of densities per
volume): a flowmeter is  installed in the middle
of the net mouth. A time-depth recorder gives
the depth of sampling and a depressor contri-
butes to the stability of the gear. The duration
of sampling may last from a few minutes to
several hours, depending on the flux or the
boat speed.

Other types of gear are especially well-suited
to near-bottom sampling such as sleds,
equipped with depth sounder, in order to know
the distance of the gear from  the bottom, or
beam-trawls that are suitable for  for settler
sampling. Trawl surveys employing net sys-
tems, and in some areas acoustic signals and
net systems (for juveniles of demersal and
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pelagic species) are more selective samplers.
Near the shore, purse seines are used to cap-
ture pelagic juveniles (Murphy and Clutter,
1972). Qualitative samples may be usefully
taken by small hand nets or push nets along
the shore. To avoid disturbance to the sea-
grass and bottom in shallow waters a bow-
mounted pushnet may be deployed from an
outboard skiff (Olney and Boehlert, 1988). In
addition to planktonic samples, semi-quantita-
tive data on settling larvae may be obtained by
trap sampling (buckets placed in the sediment
for example) or light-traps (Doherty, 1987).
The studies conducted on reef fishes in tropi-
cal waters give methods which might be adap-
ted for  Mediterranean shallow bottoms among
them traps and visual observations by SCUBA
diving (Leis, 1986; Boehlert, 1987).

Conservation, sorting and identification of fish
eggs and larvae

Some recommendations are useful for conser-
vation and fixation of eggs and larvae (Smith
and Richardson, 1977). Generally a 3% to 5%
neutralised phosphate-buffered formaldehyde
solution is recommended but ethanol is prefe-
rable in the case of further otolithometric stu-
dies (Ahlström, 1976). After determination of
the total volume of larvae sampled by displa-
cement, fish larvae have to be sorted.
Fractionating must be limited to samples
containing exceptionally large numbers of
eggs and/or larvae. The time needed to sort
samples has to be previously correctly estima-
ted; it  is frequently underestimated.

The number of larvae is expressed as number
of individuals per 10 m3 of water filtered or 10
m² of sea surface. Larvae are measured and
identified to the lowest possible taxon, deve-
lopmental stages of eggs and larvae may be
specified. Larval identification is mainly based
on morphological characteristics and pigmen-
tation patterns. The morphology of young fis-
hes may in fact be really different according to
the different stages. Unfortunately, there is a

lack of identification keys for larval stages and
a lot of identification criteria are based on
researchers’ experience and are not available
in the international literature.
The main guides which may be used to sort
Mediterranean fish larvae are issued from
Atlantic and Mediterranean studies. The refe-
rence for the north-western Mediterranean
ichthyoplankton is the monograph n°38,
known as " Fauna Flora Golfo Napoli "
(D'Ancona et al., 1931-1956). The identifica-
tion sheets  of CIEM are also useful. Some
books on Atlantic species may be used, such
as Ehrenbaum (1905-1909) and Russell
(1976). Probably most of the other descrip-
tions of fish larvae and juveniles have been
published in local revues, CIESM records and
academic works, and need to be collected to
aid identification of Mediterranean fish larvae.
Some publications are frequently cited and
used: Aboussouan (1964), Arbault and
Lacroix-Boutin (1969), Lee (1966), Marinaro
(1971), Ré (1979), Sabatés (1990).

Other data 

Density independent factors and effects of
environmental factors have been demonstra-
ted to be of prime importance for  the survival
of fish larvae (Lasker, 1984). Zoo- or phyto-
plankton sampling, meteorological conditions,
hydrological or other abiotic factors have  to be
recorded  and will contribute to the understan-
ding of the distribution and variability of fish lar-
vae. The main abiotic factor to be monitored  is
the current and studies of the nearshore circu-
lation are needed to understand larval
transport (Norcross and Shaw, 1984) and the
direction of exportation of planktonic stages.

1.4.3. Problems and limitations

The main barriers to the successful execution
of ichthyoplankton studies are : imprecise def-
inition of survey objectives and sampling stra-
tegy, errors or imprecisions occurring during
field surveys (estimations of depth of the gear,
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filtered volume, etc.), errors or imprecisions
occurring in the laboratory (fractionating, sor-
ting, definition of developmental stages), unde-
restimation of the technical effort required (in
time and personnel) from field operations to
identification in the laboratory.

Precise estimates of the number of fish larvae
require many carefully captured and sorted
samples. The major biases are caused by
escapeing, extrusion through the meshes
(from nets) of nets used to capture embryos
and early larvae, and visual avoidance of the
approaching gear by older larvae, demonstra-
ted from day/night differences in catches.
Diurnal and nocturnal densities may be very
different and nocturnal concentrations may be
10 or 100 times higher than diurnal values.
The nature of these biases is discussed in
numerous publications, among them Lasker
(1984).

The design of the sampling strategy, the statis-
tical analysis and the interpretation of data,
must take into account that larvae of all sizes
have a tendency to be aggregated. Patchiness
has many origins, among them schooling of
spawning adults, diurnal periodicity in spaw-
ning behaviour, local sites of high larval morta-
lity, dynamic oceanic events such as conver-
gence zones, and larval behaviour. 

An understanding of larval distribution and
mortality requires a thorough understanding of
early life history traits such as parental factors
of time and space of spawning, pattern of
spawn distribution, egg size and yolk reserves.
Some behavioural and physiological characte-
ristics of marine fish larvae affect their survival
and growth as feeding behaviour, vision capa-
bility, prey selection patterns, swimming capa-
city and searching behaviour, metabolism,
growth rate, and time to the onset of schooling
(Blaxter, 1986). These traits are interrelated
and consequently form distinct life history stra-
tegies (Lasker, 1984). In the design  of strate-
gy and in data interpretation, this knowledge

of  parental factors and larval behaviour is vital. 
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1.5.1. Introduction

The emigration of subadult and adult fishes to
surrounding non-protected areas would result
in the  recovery of exploited populations outsi-
de the limits of MPAs, thereby  enhancing the
yield of neighbouring fisheries. Indirect eviden-
ce of such a phenomenon could be obtained
by detecting (i) a progressive increase over
time of the mean density and biomass of these
target species both inside and in the areas sur-
rounding MPAs (Russ and Alcala, 1996), and
(ii) a gradient of abundance and mean size of
target species across the reserve boundaries,
the slope of this gradient depending on the cat-
chability and mobility of the target species, as
well as the habitat structure both inside and
outside the MPA (Rakitin and Kramer, 1996;
Chapman and Kramer, 1999). To study the first
evidence requires obtaining long-term (>10 yr.)
data sets. The second option, based solely on
spatial sampling designs, would seem more
feasible -although much less conclusive.
Quantification of fish assemblage structure
(species composition, abundance, and bio-
mass) can be done using fishing methods, and
underwater visual census (UVC) techniques.
The aim of this present section is to review
UVC techniques that can be used for the
study of biomass export from MPAs, and, on

the basis of our experience, to recommend a
protocol for the Mediterranean Sea.

1.5.2. Pros and cons of underwater visual
census techniques

Since its first use in Hawaii (Brock, 1954) and
the Bermudas (Bardach, 1959), fish UVC tech-
niques using SCUBA diving have been
increasingly utilized in all seas, including the
Mediterranean (Harmelin-Vivien and Harmelin,
1975), as an alternative to traditional methods
such as fishing gear, anaesthetics (quinaldine)
or poisoning (rotenone) (Russel et al., 1978).
Other techniques have been used to lesser
degrees, either because of their destructive
effects on habitats (e.g. dynamite), or due to
the difficulty of their use in the marine environ-
ment (e.g. electrofishing, see Davis and
Anderson, 1989). Numerous authors (e.g.
Russell et al., 1978; GBRMPA, 1979;
Harmelin-Vivien et al., 1985; Thresher and
Gunn, 1986; Bortone and Kimmel, 1991;
Charbonnel et al., 1997; Francour, 1999) have
reviewed visual census techniques. From
these reviews a range of advantages of UVC
techniques emerge:

(a) they are relatively easy to learn;
(b) they can be rapidly performed, so that a
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great amount of data can be recorded very effi-
ciently;
(c) later lab-work is not needed;
(d) they are cheap (the diver himself is the
"sampling device");
(e) they permit a great variety of variables (e.g.
relative abundance, density, size structure,
species composition, species richness, indivi-
dual behaviour, shoaling behaviour, space
use, etc.), with the possibility of calculating  the
accuracy and precision of the estimates;
(f) they do not alter natural mortality and size
structure of the studied populations, therefore
minimizing the impact of the interference of the
observer's action on their temporal dynamics,
so that they are especially well-suited  to work
in MPAs and artificial reefs;
(g) they are particularly suitable in the case of
architecturally complex substrates, where
other techniques (namely destructive ones)
cannot be used; 
(h) they are extremely flexible for any sampling
design to be implemented in the field, so that a
great variety of ecological questions can be
dealt with .

Nevertheless, it is well known that, like every
sampling technique, UVC involves a range of
a series of methodological shortcomings, such
as: constraints of SCUBA diving -limited time
underwater, maximum attainable depth < 50 m
(due to blood saturation with nitrogen, with the
subsequent problems of decompression and
narcoses, and the capacity of the air tanks),
water temperature (lack of concentration due
to the cold, risk of hypothermia), low underwa-
ter visibility (turbidity), waves, currents, pre-
sence of dangerous living organisms (at least
at some latitudes); observer's experience
(both diving and counting  fish), and training
level (visual identification of species, estima-
tion of individual sizes, determination of sex,
etc.). Other biases can be attributed to fish
behaviour, such as their crypsis or hiding capa-
bilities, temporal fluctuations of presence or
abundance -either cyclical (day-night, lunar,
seasonal) or non-rhythmic (variations of light

intensity or turbidity, intensity of currents and
waves, anthropic disturbances, etc.)-, and indi-
vidual response of fishes (either attraction or
escape) to the presence of divers. Because
these features imply problems of accuracy of
estimates (Christensen and Winterbottom,
1981; Sale and Douglas, 1981; Brock 1982),
fish UVC techniques have been frequently cri-
ticized (Sale and Sharp, 1983; Fowler, 1987;
McCormick and Choat, 1987; Lincoln Smith,
1988; Greene and Alevizon, 1989; St.John et
al., 1990; Watson et al., 1995). From these stu-
dies we conclude that UVC techniques involve
important biases when estimating absolute fish
densities in a given area, but they allow proper
comparisons among zones because of their
consistency, by hedging errors that are similar
from place to place and through time. Some
works have compared different census
methods (quadrats, transects, point counts,
random walks, etc.), using different recording
devices (e.g. underwater boards, audio, pho-
tography, video), by means of different
methods to introduce the observer into the
marine environment (e.g. snorkelling, SCUBA
diving, ROVs or manned submersibles)
(Brock, 1982; Bortone et al., 1986, 1989, 1991;
Thresher and Gunn, 1986; Greene and
Alevizon, 1989; D'Anna et al., 1999; Francour
et al., 1999). These studies highlight the need
to combine several visual in situ methods
when the purpose of the study is to obtain a
complete image of the fish species composi-
tion at a given locality.

1.5.3. Techniques to estimate fish number
and size underwater

Counting fish has been performed using a
variety of methods, from trying to count direct-
ly the exact number of individuals, to using
abundance classes (Harmelin-Vivien et al.,
1985). The first method induces a false sense
of precision, especially if we consider that the
human brain seems to have difficulty in visual-
ly counting groups made up of more than 20
objects (Bevan et al. in Charbonnel et al.,
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1997). On the other hand, mixed techniques
(e.g. counting small numbers accurately until a
given limit, and then establishing abundance
classes) have the disadvantage  that the level
of precision is, as in the above case, spurious,
and also  the degree of error is unknown, une-
qual and dependent on the means (i.e. the
bigger  the number to estimate, the greater
the error we commit). Therefore, the solution
of utilizing abundance classes seems to be
more suitable  (Harmelin, 1987). The statistical
basis of their use is that, if the possible esti-
mates of a real value (e.g. abundance) show a
non-gaussian distribution with variance
depending on the mean, then the distribution
of their logarithms is gaussian and with cons-
tant variance (Frontier 1986). In our case, the
fact that visual observers tend to underestima-
te the actual number of individuals (Sale and
Sharp, 1983; Jennings and Polunin, 1995)
approximates the distribution of estimated
values of abundance to the lognormal. If we
limit  each observation to be assigned to one
abundance class following a geometric series,
then the geometric mean of each class cor-
responds to the arithmetic mean in log-scale.
Thus, we commit the same error (i.e. the
variance is homogeneous for every abundan-
ce estimation) when assigning an observation
to a given class, this error being at most equal
to 4s (where s² is the variance of class inter-
vals in log-scale) (Frontier, 1986).

The estimation of size distribution of species is
important, especially for the study of the
effects of MPAs (Bortone and Mille, 1999). By
knowing the size of individuals we can estima-
te their biomass, using the appropriate length-
weight conversion equations. Actual size of
observed individuals can be estimated very
precisely (e.g. to the nearest 1 cm) (Bortone
and Mille, 1999), something perhaps unrealis-
tic when studying the whole fish assemblage.
On the other hand, by assigning each obser-
vation to one of a few (3-5) predetermined size
classes (e.g. Bayle-Sempere et al., 1994), in
addition to losing precision, we are adding dif-

ficulty to the task to be performed underwater,
since we have to decide instantaneously if a
given individual corresponds to a small,
medium or large size class for species that are
very different in average size, body shape, or
mobility. On the basis of our experience, per-
haps the best way to estimate fish size is by
approximating it to the nearest 2 cm (García-
Charton and Pérez-Ruzafa, 1998; Bayle-
Sempere, 1999) while the alternative of using
a greater number (8-10) of size classes is as
difficult as the case of a few classes, and the
obtained precision is similar to using 2-cm
intervals. Other techniques based on triangu-
lation methods (e.g. Swenson et al., 1988; Van
Rooij and Videler, 1996) are barely  operative,
since they require knowledge of  the distance
between the observer and the fish, and some-
times the use underwater of cumbersome
equipment (e.g. stereoscopic cameras, cali-
brated mirrors, etc.). Finally, numerous authors
(e.g. Bell et al., 1985; Harmelin-Vivien et al.,
1985; Bortone and Mille, 1999) have shown
how continuous training is essential, even for
experienced observers, in order to validate
visual censuses.

1.5.4. Recommended protocol for the
Mediterranean

Bearing all the above considerations in mind,
and on the basis of our previous experience,
we propose the following sampling protocol as
the most suitable for verifying the existence of
spatial gradients of fish abundance and bio-
mass. In order to facilitate the detection of
such a gradient, coastal MPAs (rather than
islands), and similar habitats both inside and in
the vicinity of these MPAs, are to be preferred.

Size and shape of the sampling unit
50 x 5 m transects, although other transect
sizes may be used depending on the size,
mobility and home range of the species invol-
ved (e.g. 400 x 10 m for big fishes -groupers,
jacks, bonitos, barracudas, etc.-, 20 x 1 m for
small, sedentary fishes such as gobids, ble-
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nids, callyonimids, gobioesocids, tripterygids,
as well as scorpionfishes and juveniles of
demersal species).

Sampling design
As the objective is to detect spatial gradients of
abundance across the boundaries of a given
MPA, sampling units should be placed along
the coastal axis from inside to outside MPA (up
and down the coast). Spatially nested designs
are to be preferred in order to optimize the
spatial comparisons and avoid confounding
effects of other spatial factors (e.g. differences
in habitat structure) (García-Charton et al., in
press). For a given sampling effort, performing
random replicates (i.e. counting fishes only
once per transect) is to be preferred to repea-
ting counts several times on the same trans-
ect, so that the spatial, small-scale variability is
better accounted for.

Fish counts
Assign each observation to 9 pre-determined
abundance classes, following Harmelin
(1987), whose  limits (a,b) coincide with the
terms of a base (approx.) 2 geometric series: 1
/ 2-5 / 6-10 / 11-30 / 31-50 / 51-100 / 101-500
/ >500. Geometric means (?ab) of each fish
abundance class (1 / 3 / 8 / 18 / 39 / 71 / 142 /
317 / 500) should be used when constructing
the data matrix, while we should use the log
transformation for data analyses (García-
Charton and Pérez-Ruzafa, 1998).

Size estimation
Measure the size of individuals to the nearest
2-cm, by comparison with a 50-cm plastic rule
fixed to underwater slate. Continuing training
and calibration sessions are needed to ensure
the consistency of estimations.

Other considerations.
In order to minimize bias, additional criteria
should be adopted, such as: perform UVC at
the same moment of the day (e.g. between
10:00-14:00 h) and in the same season of the
year; and avoid turbid waters (e.g. horizontal

visibility < 8 m), strong currents and bad
weather conditions.

Quantification of habitat structure
Small-scale variation in habitat structure -both
complexity and heterogeneity (García Charton
and Pérez Ruzafa, 1998) can potentially inter-
fere with protection, either reinforcing or buffe-
ring its effects (Chapman and Kramer, 1999;
García-Charton et al., in press). Therefore,
habitat descriptors should be measured to
control for this interference (see Section 3.2 of
this survey  for a brief review on how to meas-
ure fish habitat structure).
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1.6.1. Introduction and objectives

Biomass export from MPAs or spillover effect
must produce gradients of abundance across
MPAs boundaries (Rakitin and Kramer, 1996;
Chapman and Kramer, 1999) and, as a conse-
quence, increase catches outside the protec-
ted area.

Catch per unit effort (CPUE) has been widely
used as an index of abundance of exploited
populations. This index assumes that catcha-
bility coefficient is a constant and that changes
in CPUE accurately reflect changes in the
abundance of fish. However there are many
circumstances in which measures of CPUE
are poor indices of stock abundance (King,
1995). Most of the problems in using CPUE
data relate to the differences between the way
fishing effort is measured (apparent effort) and
the way in which actual or effective effort is
changing. Hence, CPUE data of experimental
fishing, as long as standard gear is used, are
likely to provide good estimates of abundance
over time and space (King, 1995) and may be
applied to the study of abundance gradients off
MPAs.

1.6.2. Recommended methods

Bottom trawl surveys are the most common

type of experimental fishing since area sam-
pled may be estimated. Otter trawls are the
most widely used type of bottom trawl in com-
mercial fisheries, and owe most of their suc-
cess to the herding action of the trawl doors
and sweeplines used. Some authors have
shown that the trawl doors, sweeplines and
mud or sand clouds they produce present
auditory and visual stimuli that can actually
herd fish or shellfish into the path of the onco-
ming net (Wardle, 1986). The reaction to the
stimuli by the different targeted species vary
widely and the actual sampled area is difficult
to determine (Gunderson, 1993).

Beam trawls are the most ancient and simplest
of trawl systems, still used in commercial fis-
heries. Professional versions of this gear are
usually heavy (about 12 m wide), but the
research applications employ relatively small
beams (<6 m wide). The principal advantage
of this gear in research applications is the well-
defined area swept (Gunderson, 1993). Its pri-
mary use should be in sampling fish and inver-
tebrates that are demersal and show only limi-
ted escape responses.

Both methods need to measure accurately the
distance fished, which could easily  be done
with DGPS. The performance and efficiency of
different otter or beam trawls must be determi-
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ned in order to obtain comparable results. This
means that intercalibration is needed if diffe-
rent teams use these gear in different zones.

Passive gear such as gill-nets, traps and long-
lines have been used too for experimental fis-
hing but their inconvenient is that they only
provide relative data and it is difficult to obtain
results related to surface or volume. While
efforts have been made to develop a metho-
dology for estimating the effective area sam-
pled by such gear types (Eggers et al., 1982)
they have relied on somewhat simplistic
assumptions and the inability to define the
sampling area precludes direct estimation of
abundance (Gunderson, 1993). Moreover,
their selectivity is very high, and could be used
only for a narrow range of demersal species.
On the other hand, these gear could be used
in non trawable areas (rocky bottoms) and for
species that may not be properly sampled with
trawling.

1.6.3. The use of experimental fishing to
assess biomass export from MPAs

Experimental fishing could be useful in MPAs
monitoring to test expected gradients of abun-
dance in time and space (e.g. Rakitin and
Kramer, 1996). However, in many MPAs it
could be difficult or impossible to fish inside the
protected area and the applicability of experi-
mental methods will be reduced to monitoring
abundance around MPAs. Ideally, it would  be
necessary to have a BACI (Before-after,
Control-impact) design (Underwood, 1994).
When no sampling has been done before the
establishment of a MPA, inference could be
done from spatial comparisons (Kingsford and
Battershill, 1998).

Experimental fishing could be used also as an
indicator of fisheries enhancement by MPAs.
Since commercial fishing around MPAs is nor-
mally a multi-species, multi-gear small scale
fishery, sampling total catch may require a
major  effort in terms of time and funds. In this

situation, to use CPUE as an index of abun-
dance effort must be standardized (e.g. Guerra
and Sánchez Lizaso, 1998). In this case, expe-
rimental fishing with commercial gear may be
a good indicator of commercial fishing yields.
However it may be interesting to study the
changes in effort distribution since a concen-
tration of effort around MPAs is expected (e.g.
McClanahan and Kaunda-Arara, 1996).

The biomass export from MPAs could be
assessed by means of experimental fishing
using artisanal commercial gear such as  tram-
mel nets or hook-lines. These gearusually tar-
get those species more directly affected by of
protection. The sampling should be carried out
using a predefined unit effort (meters of nets or
number of hooks), and at different zones over
a distance: from the limits of the MPA to seve-
ral kilometres away. The sampling design
should include a spatial replication, but the
greatest sampling effort must be made  on the
temporal factor due the high variability of cat-
ches over time. In this sense, several temporal
scales hierarchically arranged must be consi-
dered. Sampling design must consider some
control zones in fished areas in order to com-
pare the results from the protected zone. 
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1.7.1. Introduction and objectives 

External tags are visible manmade marks
applied externally on the organism's body .
These types of tags are easily detectable and
may carry individual codes and information to
make data collection easier. Their use for iden-
tifying fishes (either individuals or groups) is an
old and well established technique widely
employed in studies of age determination,
growth, mortality, abundance, migratory pat-
terns and  behaviour (Parker et al., 1990;
Nielsen, 1992). 
In recent years, mark-recapture techniques
using external tags have been employed for
monitoring movements of fish and biomass
export in marine protected areas (see Russ
and Alcala, 1996). However, as the success of
such techniques depends to a great extent on
the catching and reporting by commercial
and/or recreational fishermen, recently direct
underwater mark-resighting methods have
been developed to determine fish population
parameters (Parker, 1990; Davis and
Anderson 1989) and reef fish movements
(Campbell, 1995; Matthews and Reavis, 1990;
Trendall and Bell, 1989).

This section summarises the different types of
external tags and deals with the methods
involved in tagging experiments with particular

reference to biomass export studies.  

1.7.2. Classification of external tags

In grouping the vast number of tags and ways
of marking, different criteria have been follo-
wed according to the nature of the mark
(McFarlane et al., 1990) or to the way they are
attached to the animals (Nielsen, 1992), i.e.,
transbody (tag protrudes through both sides of
the animal's body), dart-style (tag protrudes
through only one surface of the animal's body)
and internal-anchor tags (the anchor lies
against the inside wall of the fish's body cavi-
ty).

The following table loosely groups external
tags in  three main categories. It also reports
the way they are attached to the animal body
and shows a schematic view of each tag. 

Further details about external tags, tagging
techniques and attaching procedures are also
reported in Jakobsson (1970) and Jones
(1979).
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1.7.3. Pros and cons of the most common
external tags

The suitability of a tag depends mainly on the
objectives of the study and on the characteris-
tics of the animal to be tagged. Knowledge of
the advantages and disadvantages of the dif-
ferent tags available can help in choosing the
most suitable type.
Transbody tags are used for marking crusta-
ceans (streamer and spaghetti tags), juvenile
fish (coded wires) and large sized fish
(Petersen disk). They have a high retention
rate but the attachment operations are time-
consuming  and the risk of entanglement is
high.
Internal anchor tags have been widely used on
large as well as small sized fish (Wallin et al.,
1997). They have high retention and survival
rates (Ludwig et al., 1990), but the tagging pro-
cedure is slow.
The dart style group, including dart tags and T-
bar anchor tags, is the most common type of
tag in use today.
Dart tags have been widely used for studying
movements of lobster and of large sized nek-
tobenthic and pelagic fish. They have been
shown to have a high retention rate and a very
low effect on growth and survival of juvenile
fish (102-103 mm SL) (Winner et al., 1999).
The T-bar anchor is probably the most used
type of tag and it is suitable for a large range
of demersal and pelagic species. They have
been successfully employed in mark-recapture

studies of sparids  (Sheaves et al., 1999;
Buxton and Allen, 1989). The easy and fast
tagging operation, by means of suitable guns,
allows to mark a great number of individuals in
a short time. 
Very good performances similar to dart tags
have been demonstrated for T-bar anchors
(Winner et al., 1999).
Despite these advantages, some limitations
could negatively affect marking studies based
on dart style tags. Firstly, the penetration of the
gun needle through the skin causes an access
route for infections. Secondly, the wound may
be enlarged by the continuous drag of the tag
protruding from the fish, and some individuals
may loose the tag due to the enlarged hole.
Thirdly, the overgrowth of algae on the tag,
especially on those fishes living in vegetation-
rich habitats, increases the drag and weight of
the tag making swimming difficult. An increase
of entangling in fishing nets and filamentous
algae has also been observed.

1.7.4. Recommended method: underwater
visual surveys using external tags

Some survey techniques based on scuba
divers and external tags have been recently
experimented with the aim of overcoming
some limitations of traditional tag-recapture
studies (stress of fish during the capture-
release process, quality and consistency of
recapture information, etc.).
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Due to their fast tagging procedure and to high
underwater visibility, dart style and T-bar
anchor tags have been often used in underwa-
ter mark-resighting methods.
The T-bar anchor tag, modified by the addition
of a numbered Petersen disc, has been suc-
cessfully employed in a study on movement
patterns of rockfish making use of underwater
tagging and visual recapture (Matthews and
Reavis, 1990). The use of this technique allo-
wed a higher rate of fish resighting than in
other studies based on traditional mark-recap-
ture methods.
An underwater tagging technique using T-bar
anchors tags with subsequent visual census
has been applied for studying the movement of
small serranids in an artificial reef area
(Campbell, 1995).
Visual census and underwater marking with
dart tags have been carried out to follow move-
ments of groupers in  marine protected areas
(Chauvet et al., 1991).
A combination of mark-recapture techniques
employing dart tags, recapture by seine fishing
and underwater visual census has been used
for studying movements and distribution of
jacks in a fisheries conservation zone (Holland
et al., 1993).
Other underwater  tagging methods using
external tags for underwater visual observa-
tions are reported by Adkison et al., (1995) and
Gitschlag (1986). The results of these studies
have proved that underwater tagging tech-
niques (i) are useful especially for reef fish, (ii)
reduce the capture-and-release stress and (iii)
allow high visual recaptures providing more
information on the behaviour and home range
of fishes.

1.7.5. Problem and limitations 

Generally speaking, an ideal external tag
should not affect the animal in any way. In par-
ticular, a tag should neither increase the mor-
tality of the tagged individual nor affect its
growth. These assumptions are especially

important for population dynamics studies
based on mark-recapture surveys. On the
other hand, behavioural changes of tagged
specimens due to the tag might influence the
results of movement and migration studies
based on tagging experiments. Tag retention
and tag recognition, depending on several fac-
tors (i.e., attachment mechanism of tag, spe-
cies being tagged, visibility of tag, etc.), are
two other important features of a valid tag.
Direct underwater observation of tagged fish
may overcome some limitations of the conven-
tional mark-recapture studies as well as help in
collecting more detailed information on the
short-scale movements of reef fishes.
In conclusion, since no tag meets all the requi-
rements mentioned above, the choice of a
valid external tag should be made in relation to
the objective of the project, according to the
features of the species being tagged and to the
type of data being collected.
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1.8.1. Introduction and objectives

The importance of fish movements, such as
home range and home range relocation
(Kramer and Chapman, 1999), in relation with
MPAs was stressed after Russ and Alcala
(1996) clearly confirmed that fish flux from
MPAs to open fishing zones (the so-called
"spillover effect") actually took place. To date ,
the most common methods to investigate fish
movements are mark and recapture methods
(Seber, 1982) and ultrasonic telemetry (Hilborn
and Walters, 1992; Zeller and Russ 1997). 
However mark and recapture experiments
may involve more or less severe handling of
fishes that can result in increased mortality
rates, decreasedmovement capability or beha-
vioural changes in tagged individuals
(McFarlane and Beamish, 1990). Ultrasonic
telemetry or radio tracking methods may also
require the  traumatic surgical implantation  of
transmitters on fishes, resulting in a high num-
ber of individuals being severely affected after
implantation  (Zeller, 1999). For this reason , a
wide  variety of internal microtags, subcuta-
neous paints, or freeze branding techniques,
have tended to replace external tags of the
anchor or dart tag type (Beukers et al., 1995).
Although it has never yet been used in fishes,
individual identification from natural specific
marks could be a useful alternative to artificial

tagging, as it totally avoids manipulative pro-
cesses and the associated undesirable conse-
quences. Moreover, the recent rapid  develop-
ment of computer image treatment software
allows the processing and storage of a great
deal of  of data on  natural marks identifying
large numbers of  individuals (Mizroch et al.,
1990). Individual photo-identification can be an
effective technique in accurately monitoring
some sedentary highly vulnerable fish popula-
tions at diverse spatial and temporal scales;
some potential uses can be summarised as
follows :

· small-scale studies during short periods of
time (i. e. one summer), 
a given population can be assumed to be a
closed population. On this assumption, indivi-
dual identification can replace  traditional mark
recapture methods if the identified individuals
are considered as "tagged" and the recognised
ones "recaptured";

· large-scale studies (perhaps  including pro-
tected and unprotected areas), carried out
over a short time period, 
it could be possible to establish whether  the
home range of some individuals actually
straddles the boundaries of an MPA. This is
one of the possible ways of fish biomass
export from MPAs to open fishing areas, as
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Zeller and Russ (1997) have  already demons-
trated for Plectropoma leopardus using ultra-
sonic telemetry;

· small-scale studies over a long time period,
the level of annual renewal of a given popula-
tion can be established by comparing the indi-
viduals that remain and those that disappear
from a given zone over a fixed period of time
(ranging from one to several years or sea-
sons); 

· long term studies involving large areas (inclu-
ding protected and unprotected marine areas), 
it seems feasible to establish whether  home
range relocation from MPAs to fished zones
really occurs over the years. Though the oppo-
site process could also take place, a possible
net flux of biomass from MPAs to unprotected
zones could be established by comparing
which individuals formerly identified inside a
MPA have been recognised in open fishing
zones.

1.8.2. Recommended methods

Although individual identification is a desirable
technique to carry out studies on fish move-
ments inside the MPAs, its common use is
seriously limited in most littoral fish popula-
tions. It is very difficult to distinguish clear indi-
vidual marks even among the most sedentary,
territorial and coloured littoral rocky reef fishes
if they are too small or too mobile. Only certain
species exhibit colour patterns that make each
individual easily distinguishable from others
merely on  sight. Of  these, only  a few are big-
sized and highly sedentary species. The
Dusky grouper (Epinephelus marginatus) is
one of the species that fulfils all these ideal cri-
teria for individual identification in the
Mediterranean Sea. Recomero© (Alazard,
1999; Garcia and Alazard, 1998) photo-identi-
fication software has been developed on the
basis of individual recognition of the spots on
the head (GEM, 1996; Lelong, 1999) and the

scars in pelvic and caudal fins of grouper. Data
on all these features, along with additional
information (geographical position, zone, date,
depth, size, colour pattern, sex, behaviour, etc)
can be stored in a database. Further compari-
sons among individuals at whatever time or
spatial scale can be established by contrasting
the new data with  previously stored informa-
tion (Alazard, 1999). Currently restricted to
individual photo-identification of dusky grou-
per, the software also offers the possibility of
use for other related fish species (Louisy,
1998) after minor adjustments.

1.8.3. Problems and limitations

Some environmental and specific difficulties
can limit the potential use of photo-identifica-
tion in spite of any  improvements made:

· Murky waters and the particular  behaviour
patterns of the target species, avoiding divers
in heavily fished zones, can constitute serious
problems since close and clear images of fis-
hes are required. 
· Dusky grouper can exhibit up to 8 different
colour patterns (Louisy, 1996; Zabala et al.,
1997a,b) and some of them may mask almost
totally the head spots. However, the spots are
clearly visible in the prevailing standard mott-
led or cryptic colour pattern the grouper exhibit
most of the time. 

The real value of the Recomero© software and
of other software of this kind as tools to assess
fish populations remains uncertain. Further
improvement is required to make the software
powerful  enough to handle  large volumes  of
data. Only then will the method of automatic
photo-identification be able to replace or com-
plement other techniques.  
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1.9.1. Introduction

Tag-recapture methods are often used to study
movements of marine animals. Obtaining qua-
litative information on direction and range  of
movements is relatively straightforward in spite
of the number of conditions that must be met
for the method to work well (Jones, 1966;
1979). However, to estimate population size or
movement rates the assumptions are more
stringent and a good knowledge of the popula-
tion dynamics and distribution of the studied
species is necessary.

The aim of this section is to provide an over-
view of the application of mark-recapture
methods for assessing biomass export from
MPAs.  The first assumption is that we have a
population that is protected in a marine reser-
ve in which the density is higher than in sur-
rounding fished areas. It is further assumed
that there will be mechanisms such as food
limitation or density dependent movements as
well as seasonal and ontogenetic migrations
that may result in a net transport of individuals
away from the marine reserve. In a study of
dispersal of fish from a marine reserve,
Attwood and Bennett (1994) distinguish migra-
tion (movement predictable in time and space
which may be reversible) and dispersal
(unpredictable and without return).  In studies

of biomass export from MPAs, net movement
is of interest and movements, either directional
or random, in and out of the marine reserve,
must be considered.

1.9.2. Methodology

Estimates of rates of movement between
reserve and no reserve areas from mark-reco-
very data rely on experimental design and sta-
tistical methods used to study movements of
animals among spatial strata (e.g., Hilborn,
1990; Anganuzzi et al., 1994; Xiao, 1996).
Such estimation is in principle possible if: (a)
there is marking and recovery simultaneously
in all spatial strata, (b) independent data are
available on the probability of capture (or num-
ber of recoveries per unit effort), (c) the tag
return rate (number of tags reported per num-
ber of tagged individuals recaptured) is known
and (d) natural mortality rate is assumed cons-
tant in time and space (Anganuzzi et al.,
1994). In the context of biomass export studies
from MPAs, the most obvious problem is that
in areas without fishing effort - such as marine
reserves - no tags are recovered.
Experimental fishing or underwater observa-
tion in the reserve areas generally solves this
problem and is often combined with the captu-
re method needed to do the tagging. Since the
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estimates of movement rates are strongly
affected by tag return rates, to design a mark-
recovery experiment the number of recoveries
needed to estimate movement rates within
predetermined levels of precision and accura-
cy must be calculated (see Xiao, 1996 for an
approach). 

There is remarkably little statistical work on
analysis of movement data applicable to fishe-
ries (i.e., in which individuals are recaptured
only once).  From the initial analysis proposed
by Schaefer et al., (1961) that consists of plot-
ting the distance travelled versus the time
since release and calculating the proportion of
the recaptures as a function of time, different
models have been developed (e.g. Hilborn,
1990; Schwarz et al., 1993; Anganuzzi et al.,
1994).  The general framework developed by
Hilborn (1990) for the analysis of animal move-
ment from tagging data may be used in bio-
mass export studies. The framework has four
elements: 

1) a population dynamics and movement
model for the survival and movement of tag-
ged individuals: Includes natural mortality and
movement as well as tagging mortality and tag
shedding rates. The movement among areas
is a Markovian exchange process. Given the
number of tag releases, the fishing effort, the
catchability coefficient in each area and the
probability of movement from one area to ano-
ther, the model predicts how many individuals
will be alive from each tag group (tag releases
in given area and time) at any time in each
area.

2) an observational model: Specifies the rela-
tionship between the tagged specimens pre-
dicted to be in an area under model 1 above
and the tagged organisms that are actually
captured and reported. This model ideally
includes non-reporting of tags, misreporting
and rates of tag loss.

3) likelihood of recoveries: The above two

models yield a matrix of predicted recoveries
for each tag group and a matrix of observed
recoveries. From them, the likelihood of the
observed recoveries given the parameters of
the studied population is calculated. A statisti-
cal likelihood or probability model is developed
that calculates the likelihood of the number of
recoveries actually being reported if the popu-
lation dynamics and observed models are true.

4) non-linear function maximisation procedure:
This function is needed to find the values of
the population dynamics and observation
models that maximize the likelihood of the
observation given the parameters of the
model.

There are a number of assumptions of the
method and parameters of this framework that
need to be estimated.  Below we indicate the
precautions to be taken and the approaches
that may be followed for each one: 

Random distribution of marked individuals
throughout the population

To meet this assumption tagging should be
done throughout the range of the population in
the MPA and in the studied areas outside and
in proportion to the local abundance (e.g. as a
proportion of CPUE in experimental fishing).
Marked individuals should be released in the
same localities as captured and enough time
should be allowed between marking and
recapture for mixing. 

Same probability of capture of the tagged and
untagged individuals

Tagging and the tag may affect catchability,
causing differences in  the rate of fishing mor-
tality between  tagged and untagged popula-
tions. This fact would obviously produce an
error in  the estimated rate of exportation.
Ideally this assumption should be tested when
the tagging method is selected. Comparison of
recapture rates of the group tagged with diffe-
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rent types of tag (the tag under study and
others normally less durable, e.g. marking with
ink) or tagging method (e.g. capture and tag-
ging versus underwater tagging) are some of
the methods used to evaluate this assumption
(e.g. Cormack, 1968; Chittleborough, 1970).

Tag loss and the tagging procedures do not
increase mortality significantly

Tag induced mortality and tag loss reduces the
size of the marked population. Failure to
account for this may lead to biased results.
Experiments under controlled conditions have
been carried out to evaluate tag-induced mor-
tality (immediately and overtime) and rate of
tag loss (Waldman, 1991; Montgomery and
Brett, 1996). Ideally the results of experiments
have to be corroborated in the field. The most
common method to estimate rates of tag loss
in the field is by double tagging experiments
(Bayliff and Mobrand, 1972; Kirkwood, 1982;
Wetherall, 1982), which is independent of fis-
hing mortality during the recovery period. This
method has been developed employing diffe-
rent types of tag, the same type of tag inserted
in different places or a combination of marking
and tagging. The rate of tag loss is then esti-
mated from the recaptures obtained over time.
Because both the tagging induced mortality
and the rate of tag loss could be different for
the different segments of the population (e.g.
in crustacean moulting individuals) it is recom-
mended to evaluate them separately for diffe-
rent groups and for successive tagging opera-
tions. 

Full reporting of recoveries

Since in many tagging studies professional or
recreational fishermen do most of the recove-
ries, reporting will not be complete. The esti-
mation of the reporting rate is of great impor-
tance and great effort should be made  to opti-
mise recovery information about rates of
reporting, as well as about the position and
date of recovery. Advertising campaigns,

rewards or any other action aimed at impro-
ving  reporting rates should be carefully plan-
ned. The tag reporting rate may be estimated
by different methods (Green et al., 1983;
Pollock et al., 1991, 1995) and their effective-
ness depends to some extent on the socio-cul-
tural characteristics of the fishermen.  More
recently Hearn et al. (1998) have developed a
model to obtain reliable estimates of tag-repor-
ting rates when tagging operations are done
twice a year. 

1.9.3. Problems and limitations

One of the greatest difficulties faced when car-
rying out mark-recapture experiments to study
movement rates is the lack of knowledge of the
spatio-temporal distribution of fishing effort.
Another major problem with the analysis of
tag-recapture data is that no account is taken
of the probability of capture between the time
of release and the location of recovery
(Hilborn, 1990). That is, few fish may be
caught in an area simply because there is a
high probability of capture along the way.  In
the case of movements in and out of a marine
reserve, the fishing that commonly takes place
along  its boundaries would reduce both expor-
tation beyond them and the intensity of move-
ment towards the marine reserve.

The recapture method must be controlled and
specifically designed to ensure that the sam-
ples are representative of the study popula-
tion. However outside the reserve the fishing
methods are size selective and as a result the
size distribution of tagged individuals captured
by the commercial fisheries will be biased by
the size selectivity of the gear used. In addition
the recoveries of specimens smaller than the
legal size will often not be reported. 

Finally, one of the most basic impediments for
the successful development of mark-recovery
studies is the limited knowledge of the distri-
bution, migration patterns and biology of the
species of interest.  Thus to design a proper
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experiment it is recommended to carry out pre-
liminary studies to define the type and extent
of movements of the species as a function of
size, sex or other relevant factors.
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CHAPTER 2.

METHODS FOR ASSESSING

IMPACT OF HUMAN ACTIVITIES

IN MARINE PROTECTED AREAS





INTRODUCTION

THE MEDITERRANEAN MARINE PROTECTED AREAS (MPAS) ARE DIVERSE IN THEIR JURIS-
DICTIONAL FEATURES AND OFFER A WIDE ARRAY OF SITUATIONS, RANGING FROM LARGE

MULTIPLE USE AREAS TO SMALL SANCTUARIES CLOSED TO HUMAN ACTIVITIES. HOWEVER,
THE HIGH AESTHETIC VALUE OF SEASCAPES AND LANDSCAPES IN MPAS HAVE TRIGGERED

A STEADY DEVELOPMENT OF TOURISM ACTIVITIES. THESE ACTIVITIES, PER SE, IMPLY

INTERACTIONS BETWEEN VISITORS AND NATURAL COMMUNITIES. MPA MANAGEMENT

CONSISTS THEN IN (I) ASSESSING THE CONSEQUENCES OF THESE INTERACTIONS (POSITI-
VE, NEGATIVE), AND (II) BALANCING HUMAN IMPACT AND PROTECTION OF SPECIES AND

COMMUNITIES.

MEDITERRANEAN MPAS CONCERN CONTINENTAL COASTS OR ISLANDS, EXCEPT ONE

RECENT OFFSHORE PROTECTED AREA BETWEEN FRANCE, CORSICA AND ITALY.
MOREOVER, NON-EXTRACTIVE HUMAN ACTIVITIES LINKED TO 'AQUATIC TOURISM' ARE ALSO

CARRIED OUT ALONG THE SHORE (TRAMPLING) OR FROM BOATS, IN SHALLOW ZONES

(SWIMMING, SNORKELLING), OR IN DEEPER AREAS (DIVING). CONSEQUENTLY, THE AREA OF

INFLUENCE OF THE IMPACT OF THESE HUMAN ACTIVITIES RANGES FROM THE SURFACE TO

AROUND 40-50 M.

IN THE WESTERN MEDITERRANEAN, THE MAIN BIOCENOSES PRESENT IN THIS DEPTH

RANGE ARE SHALLOW ROCKY AREAS (SUPRA AND MIDLITTORAL ZONES), THE SOFT-BOT-
TOM AREAS (SUBLITTORAL ZONE), THE SEAGRASS BEDS (SUBLITTORAL ZONE), AND THE

ROCKY BOULDERS AND CORALLIGENOUS AREAS (SUBLITTORAL ZONES). THE SOFT-BOT-
TOM AREAS ARE SLIGHTLY AFFECTED BY NO-TAKE HUMAN ACTIVITIES AND FEW SCIENTIFIC

DATA ARE PUBLISHED ON THE STRESS LEVEL INDUCED BY THESE ACTIVITIES.

THIS CHAPTER REVIEWS PUBLISHED METHODS USED TO MONITOR AND/OR TO STUDY THE

INTERACTIONS BETWEEN VISITORS AND THREE COMMUNITIES: THE ROCKY SHALLOW COM-
MUNITIES, THE POSIDONIA OCEANICA SEAGRASS BEDS, AND THE CORALLIGENOUS COM-
MUNITIES. THIS REVIEW WILL GIVE SCIENTISTS OR MANAGERS INVOLVED IN MPA MONI-
TORING AND MANAGEMENT A BROAD OVERVIEW OF THE MOST POWERFUL TECHNIQUES TO

DESCRIBE COMMUNITIES AND SPECIES, AND TO ASSESS THE EXTENT OF THE IMPACT OF

HUMAN RECREATIONAL ACTIVITIES. 





2.1.1. Introduction and objectives

One of the most important biogenic habitats for
targeted species on soft bottoms are the sea-
grass meadows, Posidonia oceanica being the
main species that form them in the
Mediterranean. 20 to 25% of the known
Mediterranean species are observed in the
Posidonia meadows (Boudouresque et al.,
1994).
A variety of natural and anthropic disturbances
may  induce  alterations  in the factors that
determine the natural  development of P. ocea-
nica meadows (dumping, coastal construction,
run-offs, etc.). Moorings on Posidonia mea-
dows can also have  a negative impact which
depends to a  large extent  on the vitality of the
Posidonia: coverage, shoot density, baring etc.
(García-Charton et al., 1993; Francour, 1994;
Charbonnel, 1996; Poulain, 1996; Francour et
al., 1997, 1998, 1999).
This implies a reduction in their abundance
and changes in their spatial distribution
(Boudouresque and Meinesz, 1982; Péres,
1984). So the spatial structure of the meadow
represents an excellent indicator to determine
its degree of development, quality and  state of
health, and to determine and quantify the

effects of disturbances of different origins
(West, 1990; Ruíz-Fernández, 1992). 

To describe  the spatial pattern of seagrasses
from a hierarchical perspective (Robbins and
Bell, 1994; Bell et al., 1995; Vidondo et al.,
1997), we can distinguish between individual
shoots (10-2 m), clumps (10-1-100 m), beds (101-
102 m) and meadows (103-104 m), to encom-
pass the different processes which affect sea-
grass dynamics over this continuum of scales.
From a number of studies a striking diversity of
spatial formations of Posidonia meadows has
emerged, leading some authors (somewhat
vainly) to attempt to inventory and classify
them: different types of lower limits (Colantoni
et al., 1982), "hills" (Boudouresque et al.,
1985a), "barrier-reefs" (Boudouresque et al.,
1985b), "cordons" (Vetere and Pessani, 1989),
"atolls" (Calvo and Fradà-Orestano, 1984),
etc. Nevertheless, these "static" spatial struc-
tures are nothing but particular types of spatial
pattern resulting from interactions among the
factors of dynamics of seagrass populations
(recruitment, clonal growth, mortality) and a
variety of local environmental factors that
control its abundance (Duarte and Sand-
Jensen, 1990; Robbins and Bell, 1994;
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Vidondo et al., 1997), so that more fruitful
results could be obtained by studying the sea-
grasses under such a hierarchical, multiscaled
approach.

However, the majority of the studies on the
spatial structure of P. oceanica meadows dis-
tinguish between two different scales: macro
and microscale.
From the macroscale point of view, the mea-
dow appears as a mosaic of  patches of sedi-
ment, dead roots and, in some instances,
rocks. The incidence of superficial hydrodyna-
mism and sediment stability are the main fac-
tors limiting the growth of the meadow in the
shallowest zones, and the light is the limiting
factor in the deepest zones. At this scale,
coverage is the most important descriptor of
the degree of heterogeneity in the meadow
(Giraud, 1977; Romero, 1985).
From the microscale point of view, inside the
patches, shoot size, shoot density, average
length or elevation above the sediments are
the parameters that determine the microstruc-
ture of the meadow (Giraud, 1977; Panayotidis
et al., 1981, Romero, 1985).
Authors use, and often  combine, methods
involving  direct counts by divers, aerial pho-
tography, submersibles, underwater photogra-
phy and video, echosounders and side-scan
sonars, to map the distribution of seagrasses
and to estimate their state of health, based
mainly on shoot density (e.g. Meinesz and
Laurent, 1980; Boudouresque et al., 1985b;
Falconetti and Meinesz, 1989), sometimes uti-
lising stochastic interpolation techniques such
as "kriging" (Scardi et al., 1989; Pergent,
1990).

More recently, image analysis, GIS and remo-
te sensing techniques have been proposed to
produce  more accurate maps and characteri-
sation of meadows (Ferguson and
Korfmacher, 1997; Norris et al., 1997;
Robbins, 1997; Pasqualini et al., 1999).
Estimation of the negative effect of anthropic
factors (such as anchoring, coastal construc-

tion work, bottom trawling, sewage, etc.) on
seagrass meadows has to be done by compa-
ring the values attained by selected indicators
in sites where these factors are in force, with
natural variability of these descriptors. The
range of variation of these descriptors
depends on environmental factors such as
depth, light penetration, hydrodynamism, sedi-
ment characteristics or bottom topography
(Romero, 1985), and varies geographically.
Therefore, comparisons between disturbed
and intact meadows have to be based on local
measurements, rather than using "universal"
standards of variation (Ruiz Fernández et al.,
1999), and taking into consideration factors
other than disturbance (e.g. depth, orientation
in relation to waves and currents, or bottom
topography) when locating the sampling units.
Furthermore, the decision of what variables to
use as indicators of impact on seagrasses
should be based on the estimated scale of
effects (for instance, the extent and grain of the
effects of anchoring would not be the same as
those of bottom trawling or the presence of a
yacht harbour).

2.1.2. Recommended methods

Coverage

Coverage can be measured using linear trans-
ects randomly located at each sampling point,
calculating it as the percentage of living mea-
dows occupying the transect. A suitable  length
for these transects would  be 10 metres.
Another method has been standardised since
1995, using a transparent PVC sheet (30x30
cm) subdivided into 9 squares (10x10  cm).
The observer positioned 3 m above the bottom
counts the number of squares occupied by
Posidonia (Gravez et al., 1995). The sum-up of
those counts (?x / 9) helps to determine the
percentage of the Posidonia meadow covera-
ge on the bottom.
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Shoot density

Shoot density can be measured by counting
the total number of shoots present inside a 400
cm² quadrat. In this case, it is necessary to
replicate the observation (at least 3 measures
at  each sampling point), due to the high varia-
bility of the data obtained. Giraud (1977) esta-
blished a first scale of meadow classification
depending on the shoot density (Tab I).

A second scale including the influence of depth
on Posidonia density was established
(Pergent-Martini, 1994; Pergent et al., 1995)
which determined four categories of meadow
according to depth: abnormal, sub-normal
inferior,  normal, and sub-normal superior. 
NB : the depth can be responsible for 54 % of
the variability of the shoot density.

Global density

Romero (1989) described an index, known as
the  global density index, that integrated the
two previous parameters and characterized in
an appropriate way the degree of development
of the meadow at  a site

DG = (d/s)*(C/100)
where
DG = global density expressed in shoots by m²
d = number of shoots counted in the 400 cm² qua-
drats in the patches
s = surface of the quadrats in m²
C = coverage, expressed in % 

Baring

P. oceanica rhizomes grow in a vertical (ortho-
tropic rhizomes) or a horizontal plane (plagio-
tropic rhizomes) (Molinier and Picard, 1952;
Caye, 1980). These intermingled rhizomes,
dead or living, together with the sediment that
fills the interstices, constitute one of the most
characteristic structures known as "matte".
This French term indicates the sea floor eleva-

tion produced by
Posidonia. Rhizome
baring generally
expresses a sediment
deficit for Posidonia
meadows. Conventions
for  measuring rhizome
baring were defined by
Boudouresque et al.
(1980) : - for plagiotro-
pic rhizomes, baring is
the distance between
sediment and the infe-

rior part of the rhizome ;
- for orthotropic rhizomes, baring is the distan-
ce between sediment and leaf bases, minus 2
cm.

Matte compactness

A reproducible method to measure matte com-
pactness has been described  for studies in
Port-Cros National Park (Poulain, 1996): a
lead weight (5 kg) slides along a metal stick
and hits a blocker, pushing the lower  part of
the stick into the matte. The penetration depth
of the stick provides a measurement of the
matte's compactness. 
The response of the Posidonia meadows to
anchoring impact  can depend on the matte
compactness.

Fragmentation

Under the impact of disturbances (dumping,
coastal construction, mooring, etc.) the
Posidonia meadows boundaries are fragmen-
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ting. Depending on  the gravity  of the distur-
bance, boundary fragmentation will initially be
perceptible as undulations, then in a subse-
quent stage as invaginations of the bounda-
ries, and finally as a real fragmentation of the
meadows into small patches . Their size will
depend on the proximity of the source of dis-
turbance (Charbonnel et al., 1995).
Meadow fragmentation can be measured
using linear 10 m long transects, randomly
located at each sampling point, and measuring
the part of living meadows crossed by the gra-
duated tape. This method is based on  the line
intercept method (Forgeard, 1987).
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2.2.1. Introduction

Environmental conservation is achieved by
setting up protected areas, and managing
them for conservation purposes. The effective-
ness of management should be constantly
assessed by a monitoring program to determi-
ne potential human impact, to evaluate its
effects and therefore improve conservation
measures. Besides pollution, the main impact
occurring on marine rocky shallow areas (i.e.
intertidal and littoral fringe) are due to human
frequentation. 
Humans can act on the biota by trampling
(Woodland and Hooper, 1977; Beauchamp
and Gowing, 1982; Kay and Liddle, 1989;
Povey and Keough, 1991; Brosnan and
Crumrine, 1994; Keough and Quinn, 1998;
Schiel and Taylor, 1999) or collecting marine
organisms for food and/or bait (see Moreno et
al., 1984; Castilla and Bustamante 1989;
Underwood and Kennelly, 1990; Kingsford et
al., 1991; Adessi, 1994). This impact is more
significant within marine protected areas
(MPAs) owing  to the risk of  unregulated over-
frequentation of the shoreline. Hence,

Mediterranean marine protected areas should
be monitored regularly for evaluation of man-
agement measures, the impact  of visitor fre-
quentation and the direct and indirect effects of
protection.

In this chapter we address the effects of tram-
pling (people walking over rocky shores) and
hereafter we summarise the main sampling
methods available in the literature and used to
test these effects on rocky shallow areas.

There is evidence that the impact of human
trampling on rocky shallow areas can be very
substantial and may represent a severe threat
to the diversity of the entire community (Brown
and Taylor, 1999). The physical removal of cer-
tain species through dislodgement, crushing or
weakening its attachment to the substrate (see
Brosnan and Crumrine, 1994), may affect not
only its population size but also, via competi-
tion, predation or habitat forming, the abun-
dance and species richness of the other spe-
cies of the community (Brown and Taylor,
1999). Stepping on erected algae on  rocky
shores may cause a rapid decrease in algal
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cover, canopy and biomass, leaving  the com-
munity in  a less complex state dominated by
turf forms and low profile algae (Brosnan and
Crumrine, 1994). This problem together with
other possible effects on animal species
(Povey and Keough, 1991; Brosnan and
Crumrine, 1994; Brown and Taylor, 1999) is of
great concern to marine ecologists, conserva-
tion biologists, and managers of marine pro-
tected areas. 
Empirical evidence has demonstrated in seve-
ral cases that the vulnerability (or, conversely,
resistance) to human trampling depends main-
ly on the nature and morphology of marine
organisms. Generally, branching and folia-
ceous living corals are more susceptible than
encrusting and low caespitose forms (Liddle
and Kay, 1987; Kay and Liddle, 1989; Liddle,
1991).
Experiments over a range of intensities revea-
led that algal mats (i.e. Hormosira spp.) were
more vulnerable both to low and high intensity
of trampling, whereas coralline mats were
affected only by high number of tramples per
area (Povey and Keough, 1991; Schiel and
Taylor, 1999).
Thus, determining which kind of effect and
intensity of human pressure may affect com-
munity structure and composition can help
managers fine  tune their conservation actions.

2.2.2. What to monitor in Mediterranean
MPAs?

In the Mediterranean Sea at present,  no expe-
rimental study has been designed to quantify
the effects of human trampling on rocky shal-
low areas. The limited knowledge of  the eco-
logy of most organisms of the rocky shore is
probably a major constraint for reliable assess-
ment of the responses to human physical dis-
turbance. 
For this reason, much research is required to
single out the indicator species to be monito-
red given that the numerically 'dominant' ones
are not necessarily the most instrumental in
critical ecosystem functioning (Safriel et al.,

1995). 
Some authors have identified two pre-requisi-
tes for an indicator, though not many species
possess them (see Brosnan et al., 1994;
Safriel and Ramos-Esplá, 1995):
a) it should be common at  the study site, easy
to detect, identify and count, preferably in a
non-destructive manner;
b) its biology should be relatively well known,
at least to the extent  that the species is expec-
ted to have a high degree of interconnection
within its ecosystem.
The first pre-requisite guarantees the reliability
and persistence of the monitoring program,
even when resources and expertise are scar-
ce; whereas the second guarantees that moni-
toring results are indeed indicative of the posi-
tive effects of conservation. In contrast to this,
when a 'diffuse' conservation effort dissipates
through the ecosystem, it may affect many
species in direct and indirect ways. Hence, a
'well-connected' species should pick up the
effect, and produce a detectable signal.

In the Mediterranean sea the two zones that
may be strongly affected by human trampling
are the midlittoral and littoral fringe. Very likely,
due to the narrow tidal range occurring in most
parts of the basin, human trampling on
Mediterranean rocky shallow areas has a
more limited but 'concentrated' extent than
those highlighted in other marine regions.
There is little doubt, however, that the increas-
ing number of visitors, that is particularly appa-
rent  within Mediterranean MPAs (see review
by Badalamenti et al., 2000), may lead to a
considerable alteration of the state of these
communities in the near future.

2.2.3. Description of large-scale characte-
ristics: the communities

The spatial arrangement of rocky shallow
areas varies along the Mediterranean coasts,
depending on the geology, geomorphology,
topography, hydrology and hydrodynamics at
local scale. Mediterranean rocky shores are
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generally formed by boulders of varying deg-
rees of architectural complexity (Garcia
Charton et al., 2000) and, at different scales of
observation, by 'habitat formers' (sensu Jones
and Andrew, 1992) that may enhance the
structural complexity of coastal rocky bottoms.
For the description of the two zones potential-
ly exposed to human trampling (midlittoral and
littoral fringe zones), we recommend the publi-
cations by Pérès and Picard (1964), Pérès
(1967), Ros et al. (1984) and Bellan-Santini et
al. (1994).

2.2.4. Description of small-scale characte-
ristics: the species

Three major components of the midlittoral and
littoral fringe could be easily monitored at small
spatial scale, the erect macroalgae (i.e.
Cystoseira spp., Laurencia spp., Corallina spp.
and others), the limpets (Patella spp.), and the
bioconstruction formations (i.e. vermetids and
Lithophyllum rims). 

Table I summarises these potential descriptors
of human trampling effects on Mediterranean
rocky shallow areas and the main sampling
methods to test these effects on the basis of
the available literature. However, much
research is required for identification of the
most appropriate indicators, which may  be
either species, groups of species or communi-
ties.

Erect macroalgae

In the Mediterranean sea the assemblages of
large erect macroalgae are very complex and
diverse, and generally Cystoseira species rep-
resent the main algal component (Ros et al.,
1984). In exposed areas, two brown algae
(Cystoseira mediterranea and C. amentacea)
reveal the higher coverage on horizontal or
sub-horizontal rocky substrates forming a
bushy stratum up to 25-30 cm in height. Other
macroalgal species may be present or replace
the Cystoseira belts on the littoral fringe. In this
group, along with other Cystoseira species,
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there are the rhodophyceans Laurencia spp.
and Hypnea spp., and the phaeophyceans
Sargassum vulgare, Halopteris scoparia and
Padina pavonica.  
As already highlighted in several non-
Mediterranean studies (see above) erect
macroalgae may reveal a high susceptibility to
human physical disturbance and generally
may suffer significant declines (i.e. in biomass,
%cover and %canopy cover) even shortly after
trampling started. This may shift the whole
community to an alternate state dominated by
low profile algae and turf forms (see Airoldi,
1998). Therefore, due to the spatial heteroge-
neity of the physical disturbance, caution
should be used in adopting this species as a
uniform indicator of environmental change
(Keough and Quinn, 1998).

Limpets (Patella spp.)

Although some studies outside the
Mediterranean revealed no effect of human
physical disturbance on limpets (Povey and
Keough,1991), more recently some authors
considered them as good bioindicators both
for trampling and harvesting effects within
Mediterranean MPAs (Safriel et al., 1995). The
most common species in the Mediterranean
midlittoral zone are Patella rustica (upper mid-
littoral zone), P. aspera and P. coerulea (both
inhabiting the lower midlittoral zone).

Bioconstruction formations

a) The algal-vermetids formations
(Dendropoma petraeum) 
Vermetid biogenic formations are located on
rocky shores at intertidal level (Pérès and
Picard, 1964; Pérès, 1967; Safriel, 1975;
Laborel, 1986; Antonioli et al., 1999). Their
skeletal structure results from the association
of the tubular shells of the gastropod
Dendropoma petraeum and the rigid structure
of the coralline alga Neogoniolithon notarisii
and the foraminifer Miniacina miniacea
(Laborel, 1986; Bellan-Santini et al., 1994).

The relative proportions of the main compo-
nents are highly variable, following the degree
of exposure to surf. Vermetid formations are
not very common in the Mediterranean shores
being restricted to  the southern part of the
basin (i.e. warmer areas) mainly on carbonate
shores (Chemello et al., 1990). Their suscepti-
bility to erosion by human trampling is very
likely.

b)   The Lithophyllum rim 
The distribution of Lithophyllum formations is
limited to the lower midlittoral zone mainly in
the western Mediterranean basin (excluding
the warmer part) and generally is well-develo-
ped on exposed coasts. The morphology of the
rim is highly variable, from a simple coating to
a wide step-like structure. It grows on vertical
or subvertical rocky substrates, and may attain
2 m in breadth and 1 m in height. The most
important species is Lithophyllum lichenoides
that produces small cushion masses with a
lamellar arrangement (Pérès, 1967; Laborel,
1986). Another calcareous alga (Dermatolithon
confinis) encrusts the crevices of this formation
(Ros et al., 1984). 

2.2.5. Sampling strategy

A major constraint in detecting human impact
in marine habitats is  the difficulty of separating
anthropic effects from natural spatio-temporal
variability (see Stewart-Oaten et al., 1986;
Schmitt and Osenberg, 1996). As a result, field
experiments before and after trampling (the
recovery of disturbed populations) and possi-
bly a wide range of intensities and spatial sca-
les is recommended (see Underwood, 1994).
Thus, long-term monitoring programs at large
spatial scale are efficient to detect intra- and
interannual variations in population size (abun-
dance, coverage, etc.) and size-distribution,
minimising natural variability in time (i.e.
recruitment success, mortality rates and size-
dependent mortality) and space. Moreover, the
effects over a range of intensity are of particu-
lar interest since human trampling on rocky
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shores is not constant during the year (and this
is particularly so in the Mediterranean sea),
being concentrated in certain  periods (i.e. late
spring, summer, and early autumn) and locali-
sed areas.
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2.3.1. Introduction and objectives

The human activities linked to 'aquatic tourism'
in coastal areas are mainly SCUBA diving,
boating and fishing. The use of an anchor to
immobilise a boat is common to all these acti-
vities and can thus have an  impact on one of
the main biocenoses of littoral areas, the coral-
ligenous community. Boat mooring can affect
(i) the coralligenous structure or its architectu-
ral complexity (i.e. at large scale level) or (ii)
can induce damage of species inhabiting
coralligenous areas (abrasion, 'uprooting' or
breaking). These two levels of impact are stu-
died according to two kinds of method: the first
concerns large scale level (the community)
and the second small scale level (the species).
We summarize here the main sampling
methods reported in  the literature for  studies
at both scale levels.

2.3.2. Limits of the community

Coralligeneous concretions constitute an
important type of Mediterranean calcareous
deposit extending mainly from 40 m depth

down to 120 m (Pérès and Picard, 1964) and
is the richest community in term of both spe-
cies and organisation among the
Mediterranean benthic communities (Ros et
al., 1985). These bioconstructions are mainly
built  by Corallinaceae algae and some inver-
tebrates which strengthen several meter thick
rims and banks (Laborel, 1961). Such species
have fragile skeletons and a low turn-over
rates (i.e. low P:B values). Several organisms
are responsible for the destruction of corallige-
neous concretions (Laubier, 1966) and the
echinoids, like Paracentrotus lividus and
Sphaerechinus granularis are known to erode
them (Laubier, 1966; Sartoretto and Francour,
1997).

2.3.3. Description of large-scale characte-
ristics: the community

The main large-scale characteristic of coralli-
geneous concretions is the rugosity linked to
the architectural complexity of the biotopes.
Several authors have attempted to define the
structural complexity of rocky substrate.
Luckhurst and Luckhurst (1978) measured
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structural complexity by the ratio of developed
length to linear length. This method is hardly
suitable if the rocky bottom consists mainly of
blocks or boulders. Francour
et al. (1995) and Harmelin et
al. (1995) use respectively
scales from 0 to 3 and 1 to 4
to quantify the structural
complexity. The estimated
complexity measures are
well suited to a local study
managed by the same team,
but could hardly be compa-
rable between authors or
between locations. For com-
plex bottoms, mainly com-
posed of  blocks or boulder
assemblages, Ruitton et al.
(in press) developed a cavity
index according to the
method of Molles (1978).
The structural complexity is
characterised by: (i) mean
size (A) of the external face of blocks (mean of
all a measurements), (ii) mean size (B) of cavi-
ty aperture between blocks (mean of all b
measurements). The cavity index (Cav),
expressed in percent, is calculated as follows:

Cav = B².100/(A²+B²)

On each randomly selected block and cavity
two measurements, one parallel to the sea sur-
face and the other perpendicularly correspon-
ding to the block or cavity median are taken
(Fig. 1).

A new approach for architectural complexity
was proposed by Garrabou et al. (1998a) fol-
lowing landscape theory developed in terres-
trial ecology. Underwater photographs are
taken using a Nikonos V underwater camera,
equipped with a 28 mm and a close-up lens,
two synchonized strobes to reduce shadows,
and a fixed frame. Each slide was processed
in the laboratory to underline the limits of each
taxon or group covering the substrate. A spe-

cial landscape software allows calculation of
landscape indices which characterize the stu-
died community.

2.3.4. Description of small scale characte-
ristics: the species

Three major components of the coralligeneous
concretions could be monitored at small scale,
the red coral (Corallium rubrum), the seafans
(Paramuricea clavata , Eunicella spp.,
Lophogorgia ceratophyta), and the large erect
bryozoan (e.g. Pentapora fascialis).

Red Coral (Corallium rubrum)

Monitoring the whole assemblage of red coral
colonies in an area could imply the use of a
high-tech sampling device (such as remote
operated vehicle, video recording, deep dive
with mixed gas, etc.) due to the bathymetric
range of this species. In the upper part of this
bathymetric range (down to 50 m in depth), an
estimation of the demographic structure of the
larger (or higher) colonies makes it possible to
to well characterize the part of the assemblage
most sensitive to erosion (Harmelin et
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Figure 1: Measurement of (a) block external face and (b) cavity aperture 
in blocks or boulder assemblages to calculate a cavity index.
(redrawn from Ruitton et al., 2000).



al.,1999). About 30 colonies are measured in
situ by a SCUBA diver who randomly selects
the highest colonies. The maximum height, the
maximum span and the diameter of colony foot
are measured on selected colonies with a
small graduated ruler and a divider.

Seafans

The characteristics of the demographic struc-
ture, and biometry of a seafan population
could be studied with 4 parameters: (i) density
of seafan populations, (ii) the maximum height
of seafan (defined as the distance from the
colony base to the end of the longest branch),
(iii) proportion of cankered (or injured) sea-
fans, (iv) the cover of necrosis on individual
cankered seafan (Harmelin and Marinopoulos,
1994; Harmelin et al.,1999).

The density of seafans is usually estimated on
a 1 m² frame (or sometimes 0.5 m²). From the
practical point of view, to avoid damage to
erected seafans, the 1-m² surface can be deli-
mited with a rope or two 1 m solid rods linked
by two 1 m ropes. If the density of the seafan
population is low or if the depth is too great
(more than 40 m), the density can be meas-
ured along 5 x 2 m² transects. They  are  deli-
mited by a rope laid on the bottom with a 2 m
rod at one end and a weight on the other end.

At shallow depth (10 to 25 m), the mean height
of seafan and the proportion of cankered sea-
fans can be measured on the same quadrat (1
m² or 0.5 m² in dense seafan populations). In
deeper zones, the dive time is limited and a
random method is often more efficient
(Harmelin and Marinopoulos, 1994; Francour,
1998). The proportion of cankered seafans in a
population is visually estimated by randomly
counting the number of healthy  seafans (no
necrosis) and the number of cankered seafans
(more than 5% of the seafan surface covered
by necrosis). These random counts allow a
rapid evaluation of parameters in large areas
(Francour, 1998).

The cover of necrosis on individual cankered
seafan is made easier by comparison with an
underwater model showing different percen-
tages of necrosis (Fig. 2). These models can
be used in shallow and deep areas.

In some cases, the age of injuries on seafan
colonies could be a relevant parameter to esti-
mate. A rapid method was proposed by
Harmelin and Marinopoulos (1994). The inju-
ries are considered as recent if there is no
apparent fouling and old for fouled seafans. A
more accurate method, only usable after har-
vesting a colony, has been proposed by Mistri
and Ceccherelli (1993) for Lophogorgia cera-
tophyta, according to Grigg's work (1974).

Bryozoans

Frames of 1m² are randomly positioned, and
all bryozoan colonies are measured for diame-
ter, height, and degree of exposure (Sala et al.,
1996). Generally 20 to 50 replicates are done
to smooth variations in density. The diameter
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Figure 2: Underwater model of seafan showing dif-
ferent percentages of necrosis (grey parts) vs non-
injured coenenchym.
(redrawn from Harmelin et al., 1999).
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and height of all bryozoan colonies are meas-
ured to the nearest centimetre by a SCUBA
diver using a plastic ruler. Some authors ana-
lyse biological parameters (e.g. colony size,
shape, height) on underwater photographsta-
ken in quadrats (e.g. Cocito et al., 1998). To
evaluate the degree of exposure of colonies to
abrasion, the colonies are classified into one of
five categories, according to decreasing (maxi-
mum to minimum) degree of exposure (1: as
epibionts; 2: on convex surface; 3: on flat sur-
face; 4: in concavity; 5: under overhang; Fig.
3).

2.3.5. Sampling strategy

The assessment of human impact has genera-
ted a healthy debate and it has been sugges-
ted that a before-after/control-impact (BACI)
assessment provides an appropriate frame-
work to detect ecological degradation in natu-
ral habitats. The simplest BACI design would
consist of one sampling time before and one
after the impact and more than one (sampling)
location per each of two groups (control and

impact) (Underwood, 1990). However, some
authors considered more than one sampling
time before and after the impact and a greater
number of locations (control-impact) to be
more efficient (designs called "beyond BACI";
see Underwood, 1994).

The main coralligenous species (Corallium
rubrum, seafans, large erect bryozoans) have
a long life span and do not exhibit great sea-
sonal fluctuations in biomass or volume, even
if some variations of biological parameter (i.e.
as feeding) are observed over a year cycle
(Ribes et al., 1999). Consequently, only one
survey per year is generally sufficient to quan-
tify the structure of populations (Garrabou et
al., 1998b).
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CHAPTER 3.

METHODS FOR MONITORING AND ASSESSING

COMMUNITY LEVEL EFFECTS OF

PROTECTION: 
FISH-URCHIN-ALGAE INTERACTIONS





INTRODUCTION

SEA URCHINS PLAY AN IMPORTANT ROLE IN DETERMINING BOTH THE COMPOSITION AND STRUCTU-
RE OF SUBLITTORAL COMMUNITIES. AS THE MAIN HERBIVORE ALONG MEDITERRANEAN COASTS,
THE SEA URCHIN PARACENTROTUS LIVIDUS CAN PRODUCE SEVERE EFFECTS ON ALGAL COMMUNI-
TIES BY OVER-GRAZING ERECT ALGAE AND INDUCING THE FORMATION OF CORALLINE BARRENS. AT

THE SAME TIME, IT HAS BEEN HYPOTHESIZED THAT THE ABUNDANCE OF SEA URCHIN POPULATIONS

IS CONTROLLED BY PREDATION, ESPECIALLY BY FISH.

THUS, ONE OF THE MORE CONSPICUOUS RESULTS OF THE CASCADE EFFECT OBSERVED WHEN

COMPARING PROTECTED AND NON-PROTECTED MARINE AREAS IS THE RELATIONSHIP BETWEEN FIS-
HES, URCHINS AND ALGAE. FISHES EAT URCHINS AND URCHINS GRAZE ON ALGAE. THE ABSENCE

OF FISHES WHICH FEED ON SEA-URCHINS LEADS TO A PROLIFERATION OF THESE ECHINODERMS

AND TO AN ALMOST COMPLETE LOSS OF ALGAL COVER. IN CONTRAST, IN MARINE RESERVES, THE

TOP-DOWN CONTROL ASSERTED BY FISHES PERMITS A WELL-DEVELOPED AND STRUCTURED VEGE-
TATION. CONSEQUENTLY, WHEN STUDYING THE CASCADE EFFECT RESEARCHERS LOOK FOR

DIRECT RELATIONSHIPS BETWEEN FISH ABUNDANCE, URCHIN DENSITY AND ALGAL RECOVERY.

THIS CHAPTER WILL REVIEW METHODS FOR STUDYING THE THREE INDIVIDUAL COMPONENTS OF

THE FISH-URCHIN-ALGAE INTERACTION. FIRST, METHODS FOR STUDYING THE MAIN ASPECTS OF

SEA URCHIN POPULATION DYNAMICS (DENSITY, SIZE STRUCTURE, RECRUITMENT AND MORTALITY)
AND BIOLOGY (REPRODUCTION AND DIET) WILL BE REVIEWED. SECONDLY, METHODS FOR STU-
DYING BOTH FISH ASSEMBLAGES AND BENTHIC ALGAE ARE PRESENTED WITH REFERENCE TO THE

FISH-URCHIN-ALGAE INTERACTION. 
SUCCESSIVELY, THE IMPORTANCE OF HABITAT STRUCTURE IN FISH-URCHIN-ALGAE INTERACTION

WILL BE DEALT WITH AND WAYS OF MEASURING HABITAT STRUCTURE IN MEDITERRANEAN LITTO-
RAL HABITATS REVIEWED. GRAZING AND PREDATION ARE THE OBJECTS OF THE SECTION DEDICA-
TED TO THE STUDY OF THE PROCESSES INVOLVED IN FISH-URCHIN-ALGAE INTERACTION. THE MOST

COMMON METHODS OF INVESTIGATION UTILISED WILL BE REVIEWED, HIGHLIGHTING WEAKNESSES

AND STRENGTHS. 
THE LAST SECTION OF THIS CHAPTER WILL DEAL WITH SAMPLING STRATEGIES. HERE THE AIM WILL

BE TO GIVE THE READER A GENERAL IDEA OF FIELD EXPERIMENTAL SAMPLING DESIGN IN BOTH DES-
CRIPTIVE AND MANIPULATIVE STUDIES.





3.1.A.1. Introduction

Sea-urchin density and the success of a popu-
lation depend not only on the pressure of
depredation and food availability, but also on
factors controlling fecundity and reproductive
success and recruitment. Echinoderm repro-
duction is controlled by a range  of environ-
mental and endogenous factors such as
photoperiod and temperature (Pearse et al.,
1986) and also by quality, quantity and availa-
bility of food resources, that affect seasonality
(Tyler and Gage, 1984), fecundity and gonad
yield (Hagen, 1998).

Furthermore, trophic status can also affect the
grazing pressure of sea urchins on algae.
Eutrophic conditions involve changes in algal
assemblage composition favouring the deve-
lopment of species with different palatability
(as Enteromorpha spp. or Ulva spp. in front of
Cystoseira spp., etc.). Regular echinoids have
a wide spectrum of food types including soft-
bodied organisms (plants and animals), hard
surfaces (rock with encrusting or boring plants
and animals) or hard animals (coral, bivalves)
and soft substrata (De Ridder and Lawrence,

1982) and, basically, they are opportunistic in
their feeding. A species may be functionally
herbivorous at a particular place or time due to
the availability of plant material but this does
not make it compulsorily a herbivore
(Lawrence, 1975). In fact, suspended materi-
als such as drift algae or seagrasses and zoo-
plankton can play an important role as food
resource. Debris are captured by spines and
tube-feet, carried to the mouth and eaten (De
Ridder and Lawrence, 1982). 

In the Mediterranean, it is not in all marine pro-
tected areas (where the absence of overfis-
hing increases the pressure of predators) that
there has been a decrease in sea urchin abun-
dance, and the also opposite applies, that in all
non-protected areas there is lesser abundan-
ce. Currently, the influence of other processes
such as the potential capacity for  reproduc-
tion, dispersal, availability of shelter or recruit-
ment is being discussed.

To improve our understanding on
Paracentrotus lividus and other dominant sea-
urchin species population dynamics is a strong
priority. Furthermore, as undisputed key-spe-
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cies, P.lividus population structure can provide
meaningful information about the state of the
whole littoral zone (Sala et al., 1998).

Density and size structure are the first param-
eters for understanding sea urchin popula-
tions. These simple parameters give easily col-
lected but important ecological information
about the species and about the marine zone
in general (Turon et al., 1995; Sala et al., 1998,
Estes and Duggins, 1988). Because of  their
high density  and the conspicuousness of sea
urchins, these two descriptors can be easily
studied in situ, by means of underwater visual
censuses, without destructive methods.
Moreover, this non-destructive method allows
easy replicative protocols for the monitoring of
natural populations over  time.

Post-settled P. lividus population dynamics has
been largely neglected even if their earliest
phases as benthic components can be a key
bottleneck for the success of each cohort.
Thus recruitment and survival rates of post-
settled cohorts can play  an important role in
determining the magnitude of adult popula-
tions (Rowley, 1989; Ebert, 1983; Verlaque,
1987; Azzolina, 1988; Lozano et al., 1995;
Sala and Zabala, 1997; Lopez et al., 1998).

Furthermore, because of these complex inter-
actions it is also important to monitor  both fee-
ding strategies and reproductive activity and
fecundity when studying the cascade effect
through fish-urchin-algae interactions.

3.1.A.2. Evaluating populations

All methods to determine density and size
structure consist in delimiting a minimum size
area and counting all sea urchins located
there. Some authors use circular 10 m² plots
(Pearse and Hynes, 1987) or randomly repea-
ted 0.25 to 1 m² quadrats (Carpenter, 1986;
Rowley, 1989; Kenner, 1992; Watanabe and
Harrold, 1991); but in the Mediterranean area
the most widely used method to study these

two populational parameters is by way of linear
transects, 25 to 50 m long x 1 m wide (Sala,
1996; Sala and Zabala, 1996; Sala et al.,
1998; Harmelin et al., 1980; Turon et al.,
1995). In order to estimate the size-structure
population, all sea urchins >1 cm diameter
inside the transect are counted, and their dia-
meter (test without spines) measured with cal-
lipers. Alternatively, when densities are extre-
mely high, only the first 100 individuals have to
be measured (Sala et al., 1998). 

When attempting to study post-settled sea
urchin populations destructive methods (scra-
ping) are unavoidable because of the impossi-
bility of detecting accurate numbers of small
post-settlers by visual censuses (Pearse and
Hynes, 1987). Scraping is destructive and
expensive (time consuming) but it is useful to
describe the firsts steps of natural sea urchin
populations in the field. It is also feasible to
monitor natural survival over  time, and to use
population models to calculate mortality rates
(Rowley, 1990; Kenner, 1992; López et al.,
1998).

Scraped samples have proved to be useful
tools for the study of sea urchin recruitment
(López et al., 1998, Sala and Zabala, 1997;
Pearse and Hines, 1987). Alternatively, artifi-
cial collectors are useful tools and they must
be preferred for the study of  the recent arrival
of new individuals among  adult populations:
collectors represent a non-destructive sam-
pling method, faster and easier to process
than scraped samples. Moreover, supposedly
there is no natural mortality (or less than in its
natural habitat), and all individuals found in the
collectors come from the collector running
schedule.

Different types of collector have been propo-
sed: oyster shells (Loosanov, 1964), rigid plas-
tics (Tegner, 1989), plastic light diffusers (Bak,
1985; Harrold et al., 1991), artificial grass
(Ebert et al., 1991) and brushes (Ebert et al.,
1994). Brush collectors seem to have major

- 82 -



advantages over other sea urchin collectors in
not requiring special fabrication, being chea-
per and providing convenient replications of
collector surfaces.

Artificial collectors can be easily sampled and
replaced in very short time periods, allowing
long time series monitoring, and providing
very up-to-date information about recruitment
processes (Ebert et al., 1994; Harrold et al.,
1991).

Problems and limitations 

Visual census seems to be the most easy and
direct method to estimate sea urchin popula-
tions. The only restriction of this kind of sam-
pling is the impossibility of studying post-
recruits and early juvenile individuals because
of the probable high error of in situ counting of
sea urchins smaller than 1 cm (Sala et al.,
1998; Pearse and Hynes, 1987). Alternatively,
scraping methods permit the study of recruits
and post-settled phases, but apart from its
destructive and time-consuming nature,  there
are several non-controlled factors (spatial
heterogeneity, depth, algal cover, etc.) and
natural processes (mortality, accumulation of
oldest individuals, etc.) that could introduce
error in our estimations. All these factors can
be minimised with artificial collectors, that are
useful for estimating the recruitment rate but
not for natural processes occurring in natural
substrata. 

3.1.A.3. Studying the reproductive biology
in sea urchins

Reproductive biology and strategies in marine
invertebrates are studied on the basis of
gonad and maturity indices, absolute and rela-
tive fecundity and the analysis of oocyte
size/frequency data (Grant and Tyler, 1983 a
and b). Gametogenic cycles in echinoderms
are generally well understood and relatively
easy to determine from gonad indices and his-
tological examination. Gonad and maturity

indices give us information on the reproductive
periodicity and seasonality and on the size/age
of first maturity. Fecundity and the analysis of
oocyte size/frequency data give more accura-
te and powerful information on reproductive
cycles and reproductive effort.

Collection and Preparation of the Material

When assessing gonadal activity and repro-
duction, animals of different sizes are sam-
pled. Five to 10 subjective classes and 30 to
50 individuals (5 to 10 by size class) are usual-
ly used. Regular sampling, at intervals of one
month, should cover a period of at least one
year to include one annual reproductive cycle.
However, in the context of the cascade-effect
study it could be enough to include the repro-
ductive season (maturation and spawning) of
the involved species. Anyway, it must be consi-
dered that the  reproductive season can be dif-
ferent in the distinct geographical areas inclu-
ded in the study because of differences in
water temperature and climate. 

After collecting, echinoids must be fixed in 8%
seawater formaline and subsequently transfer-
red to 70% alcohol. Prior to dissection, the
whole animal must be damp dried and wei-
ghed and the test diameter and height meas-
ured. Gonads are dissected, damp dried and
weighed.

Sea temperature, quantity and quality of
nutrients and chlorophyll and benthic algal
community composition and biomass must be
recorded at each site.

Gonad index

The simplest indicator to estimate the repro-
ductive state is the gonad index (G.I.). It is cal-
culated with the equation: 

G.I. (%)=(gonad weight/total body weight)* 100
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It may be computed on a basis of wet weight
or dry weight. In the latter  case we avoid pro-
blems related to the variability of the water
content of the animals.

Gonad histology and size/frequency data of
oocytes

Sections of gonads can be studied in order to
obtain quantitative data relating to the repro-
ductive events. The microscopic study of the
gonads is necessary as the G.I. by itself does-
n't explain reproductive cycles, gonadal
growth, cytological differentiation, spawning
and/ or fecundity. With this additional study we
can also estimate the cause/s of such gonadal
growth, gametogenesis, maturation rate, etc.

For histology, one of the gonads of each indi-
vidual must be fixed in Bouin´s fluid, rinsed in
distilled water, dehydrated in an ethanol
series, embedded in paraffin and sectioned.
Serial cross- sections (7-8 mm thick) cut
through the centre of a gonad can be stained
with haematoxylin and eosin, PAS, Sudan
Black B, or alcoholic tolouidine blue (Tyler and
Gage, 1984). The gametogenic condition was
categorised into five maturity stages based on
the morphological criteria used by King et al.
(1984) and analysed using a microscopy. 

For the on-location comparison during bree-
ding, the gametogenic status of the ovaries will
be examined in detail and recorded photo-
graphically.

In females, the sizes of oocytes can be meas-
ured using a microscope and image analysis
software. Only those oocytes sectioned
through the nucleus must be measured (up to
100 oocytes). The range of oocyte sizes found
is divided up into sizes classed according to
maturity stages. As a precaution against
heterogeneity of development within an ovary,
it is wise to measure oocyte size in several
sections and along two perpendicular axes on
each section (Grant and Tyler, 1983 a).

Fecundity

Reproductive effort can be estimated by
means of the total number of eggs produced
by one individual. Absolute fecundity (total
number of eggs by individual) and relative
fecundity (number of eggs produced by unit of
body weight) can be obtained by counting the
number of mature eggs in an aliquot of gonad
referred to the total volume.

3.1.A.4. Study of diet in sea urchins

Sea urchins exert a profound influence on the
structure of macroscopic algal communities in
temperate marine ecosystems. Their grazing
can determine directly the distribution, abun-
dance and species composition of the algae
present. In some areas of the Mediterranean,
urchin populations can become so large that
overgrazing results and all macroscopic algae
are removed, changing such habitats into a
low productivity system termed coralline bar-
rens.

The feeding preferences of sea urchins and
their effects on benthic communities have
been extensively studied in several habitats.
Urchins can adopt two principal types of diet,
grazing over the substrate or  absorbing dis-
solved organic material directly from seawater.
Some investigators have observed canniba-
lism among urchins under conditions of food
deprivation or when food resources were dras-
tically reduced.

In crust-dominated communities, urchins can
persist for several years because they can
adopt different strategies such as reducing
metabolic activity (resulting in reduced body
and gonad growth), reabsorb portions of their
bodies, eat suspended materials and/or
absorb dissolved organic material. Additionally
the can prey on benthic diatoms, coralline
algae, filamentous algae, detritus and carrion.
In the Mediterranean, Arbacia lixula and
Paracentrotus lividus appear to be mainly her-
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bivorous (Frantzis et al.,1988). They display
different feeding strategies. A. lixula is a selec-
tive browser feeding mainly on the fleshy algal
turfs and the encrusting strata, while
Paracentrotus lividus is a grazer that feeds on
the erect algae strata and particulary Padina
pavonica and Cystoseira spp. However very
little is known about the trophic plasticity of
these species under different trophic condi-
tions and their further repercussion in the cas-
cade effect. There are various hypotheses
about such strategies for  both urchins: 
- they acquire different feeding strategies
depending on competence and resource avai-
lability: filter-feeding, omnivorous- herbivo-
rous, cannibalism;
- each species can graze over different kinds
of algae and show preferences so that compe-
tition is not a problem;
- they feed on the same resources but they
avoid competition living in different micro-habi-
tats/depths (exclusion).

Qualitative and quantitative analysis of gut
contents in sea urchins can provide informa-
tion about the behaviour and kind of diet
(Verlaque and Nédelec, 1983), palatability
(Anderson and Velimirov, 1982), preference
(Hay et al., 1986), feeding rates and also the
relationship between food ration and reproduc-
tive effort (Thompson, 1982) in function of the
trophic status of the environment.

The gut contents of the captured specimens
can be examined and identified through the
microscope. Quantification of food items can
be made after centrifugation to concentrate the
solid material, drying at 80ºC for at least 72 h,
weighing and ashing at 500ºC for at least 7 h
and reweighing (Black et al., 1984) or by volu-
metric methods (Frantzis et al., 1988).
Comparisons must be made between indivi-
duals with similar test diameter. The different
species found can be classified into the diffe-
rent morphotypes (fauna, planktonic algae,
erect vegetation, turf and crust). It is also usual
to assess the preferential food by estimating

the main species digested in function of their
frequency of occurrence  or relative abundan-
ce in the gut contents (Verlaque and Nédelec,
1983; Verlaque, 1984). 
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3.1.B.1. Introduction and objectives

Despite its recent introduction, visual census
has been employed in many studies to survey
littoral fish assemblages. This method allows
suitable space-time monitoring of the observa-
ble portion (sensu Harmelin-Vivien and
Francour, 1992) of the fish assemblage and its
methodological aspects have been studied
widely (Keast and Harker, 1977; Jones and
Thompson, 1978; Christensen and
Winterbottom, 1980; Sale and Douglas, 1981;
Sale and Sharp, 1983; Thresher and Gunn,
1986; McCormick and Choat, 1987; Lincoln-
Smith, 1989; Buckley and Hueckel, 1985; St-
John et al., 1990), even compared with other
techniques (Bortone et al., 1986; Bergstedt
and Anderson, 1990; Harmelin-Vivien and
Francour, 1992; Michalopoulos et al., 1994;
Parker et al., 1994) and its application in diffe-
rent situations has been discussed (Kimmel,
1985; Sanderson and Solonsky, 1986;
Bohnsack and Bannerot, 1986; Bortone and
Kimmel, 1991; Bortone et al., 1991). For a
review of different aspects see Harmelin-
Vivien et al., (1985).

3.1.B.2. Recommended methods

The most suitable visual census methodology
to obtain quantitative data is the strip-transect,
carried out along a defined distance and with
known width. The most used sample unit is the
50 x 5 m strip transect, although this can be
adapted according to the home-range of the
studied species. During the survey, the diver
records the number of individuals of each spe-
cies noted on a logarithmic scales with prede-
termined abundance (GBRMPA, 1978), and
estimates the size of each individual in order to
define the size structure of the fish assembla-
ge and estimated biomass. Some techniques
can be used to estimate the fish length but the
most useful and easiest is that carried out
using a ruler attached to the end of a stick
(Bohnsack and Bannerot, 1986). Training
helps to increase accuracy in fish length esti-
mates (Bell et al., 1985). If the sampling is
done by several researchers, it is absolutely
necessary that the divers train together by
doing some visual counts. A comparison of the
mean and the size estimated for different spe-
cies will make it possible to determine  the
accuracy  and to compare the reliability of the
results between divers.
In order to study the fish assemblage in with
regard to the fish-sea urchin-algae connection
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framework, the best strategy is  the use of the
50 x 5 m strip transect over infralittoral rocky
bottoms, counting all fishes observed.
The sampling design must be able to inform
about variability from spatial and temporal
sources. The  ideal is  thus to include several
hierarchized spatial (site, locality, zone) and
temporal (day, month,  season) scales. The
desirable minimum number of samples in each
level of replication should be 3 in order to
achieve  suitable statistical power.
The effects of protection should be assessed
comparing several protected and unprotected
zones. If only one protected zone is available,
the comparison can be done between this one
and several unprotected zones (assymetric
designs).
The fish data from the 50 x 5 m strip transect
could be complemented by carrying out other
sized strip transects for species with different
life-histories: e.g., small 10 x 1 m strip trans-
ects could be carried out for small cryptic spe-
cies such as Blenniidae, Gobiidae,
Tripterigiidae; or larger (e.g., 400 x 10 m) strip
transects could be done to record big highly
mobile species such as  Sparidae, Serranidae
such as  Epinephelus spp. or Carangidae.

3.1.B.3. Problems and limitations

This method could be limited by poor visibility,
bad weather or high currents. Moreover, the
training level of observers can affect the quali-
ty of data owing to underestimates of  number
of individuals and misidentification of  species.
Other problems with this technique are related
to the possibility of counting repeatedly the
same individuals, or the low sensitiveness of
this technique for recording cryptic high seden-
tary species. See Harmelin-Vivien et al. (1985)
for a review of limitations and constraints.
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3.1.C.1. Introduction and objectives

The study of benthic phytocoenoses in the
Mediterranean sea has maintained a purely
descriptive approach for decades. The high
heterogeneity of Mediterranean marine habi-
tats, and in particular of benthic phytocoeno-
ses, is probably a major constraint for the cor-
rect evaluation of ecological processes within
Mediterranean marine protected areas.

Only recently, the direct and indirect roles of
fishes in the organisation of the algal benthic
community were elucidated through experi-
mental investigations using exclusion cages
(Sala and Boudouresque, 1997), whereas
specific problems related to sea urchins and
limpets grazing on algae were dealt with using
manipulative experiments (e.g. Benedetti-
Cecchi and Cinelli, 1995).

Three different approaches may be used for
the evaluation of the effects of protection at
community level: 1 - evaluation of algal biodi-
versity as a whole; 2 - evaluation of reserve
effects on target-species; 3 - evaluation of
changes induced by protection on ecological
processes. Cases n° 2 and 3 could be approa-
ched using  the same method.

3.1.C.2. Recommended methods

Two phytocoenotic parameters could be eva-
luated before sampling: coverage and density.
The first was well described by Boudouresque
(1971) who differentiated between covering
(the surface percentage of the substratum
covered by algae without any distinction
among species and strata) and coverage (the
part of a sampled area covered by a single
algal species, expressed as surface percen-
tage). 

Covering can be estimated using quadrats of
standardized surface (from 100 to 2500 cm²,
less frequently to 1 m²) in which the total sur-
face covered by algae is estimated and refer-
red to 1 m². 

Coverage can be estimated by the projection
of each algal species on the sampling surface.
Total coverage is then different from covering
because it represents the sum of the specific
coverages, divided in strata, and often it could
exceed 100%.

A similar technique can be used to assess
density (the mean number of algal stands per
square meter) for each species. In this case,
the number of stands for each algal species is
counted in a statistical number of quadrats
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(random replicates) of known surface and
reported as mean number of stands per squa-
re meter.

1 - For the complete evaluation of the whole
algal diversity, collection of sample scrapings
off algae from the substratum is recommen-
ded. In this case, we should first define the
minimum sampling surface using the rarefac-
tion curve of the area/species ratio. The pro-
blem of minimum sampling area in
Mediterranean phytobenthos was exhaustively
discussed by Boudouresque (1971) and
Ballesteros (1986). In these papers, areas bet-
ween 140 and 600 cm² were taken into consi-
deration and evaluated.

Algal samples should be collected on surfaces
homogeneously carpeted by the same algal
species (the dominant one in terms of surface
covered), avoiding discontinuities, with the use
of chisel and hammer to lever the holdfast's
attachment to the substratum. In the laborato-
ry, samples are sorted and identified at spe-
cies level. 

This destructive method was first proposed for
the Mediterranean sea by Bellan-Santini
(1969) and Boudouresque (1971). More
recently, this technique was also used by Sala
and Boudouresque (1997) studying the role of
fishes in organising Mediterranean benthic
communities: collection of samples was per-
formed by scraping off all the algae from the
substratum on a surface of 250 cm². This sur-
face encompasses in their opinion the whole
range of  variation due to the extreme miniatu-
risation of phytocoenoses into the
Mediterranean Sea.

As for the shape of samples, Littler and Littler
(1985) suggested using  rectangular quadrats,
with long axis parallel to the axis of environ-
mental gradient, because they tend to incorpo-
rate a greater diversity than square quadrats
but there is no  consensus among researchers
on this assumption. 

2 - No-impact sampling procedures may be
used for the evaluation of ecological proces-
ses involving algal assemblages or the reser-
ve effect on target-species. In these cases
underwater photos or visual censuses are
commonly used. The photogrammetric method
is a no-impact sampling technique involving
permanently marked locations. This technique
is generally used to obtain detailed and quan-
titative data (coverage, frequency and density)
for a given algal species (case 2) or the whole
assemblage (case 3). The advantages of the
use of underwater photos to study benthic phy-
tocenoses are multiple: precision (i.e. fixed
quadrats), reproducibility (different spatial sca-
les), ethical considerations (easily feasible
within no-take areas). 

3 - More recently, Garrabou (1997) correctly
reported the problems arising in algal-domina-
ted benthic communities due to the complexity
of the assemblages and proposed an alterna-
tive method for the accurate evaluation of the
algal assemblages' diversity as a whole. He
conducted a detailed analysis by scraping off
areas of 400 cm² in order to define the compo-
sition and structure of the phytocenoses and to
improve the results of photo-sampling. With
this integrated technique the dynamic of 15 dif-
ferent algal species has been identified and
monitored over  time.

3.1.C.3. Problems and limitations

A general problem, common to the three
methods, is the objective difficulty of identifying
algae. There are few researchers who are spe-
cialized in benthic algae  and not many of them
are able to identify algae from a photo alone.
This kind of problem could bias description of
the composition of algal assemblages and
their biodiversity value.

A limitation in the use of coverage estimation
derives from geometric problems: algae with a
regular shape or crustose are easily evaluated
but an arborescent shape (as Cystoseira or
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Sargassum) is difficult to measure, requiring
other more complicated methods (Ballesteros,
1986). 

1 - There are also problems associated with
the use of the destructive sampling. The first is
ethical: in no-take areas, this kind of sampling
must be banned because of its heavy impact
on benthic communities. The reversibility time
is unclear but probably could be more than two
years. A second limitation concerns the defini-
tion of the right dimensions for the choice of a
minimum sampling area. This area could vary
considerably between assemblages, depend-
ing on size and density of dominant algae, pre-
sence or absence of erect macroalgae, depth,
pollution, light, etc.

2-3 - There is strong evidence that the low
level of resolution in rich phytocenoses may be
a major problem for the use of photogramme-
tric techniques or visual censuses. Erect
macroalgae or in general upright forms canopy
may conceal the amounts of underlying low
profile species or turfs, detracting from the
reliability of the assessment of the entire algal
community. To overcome this problem of
incomplete knowledge of the whole algal
assemblage, some authors suggest cutting or
temporally dislodging the upper macroalgal
canopy to allow identification of the lower-level
species (Littler and Littler, 1985). This method
met with little success since it was simply not
feasible in the field.
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3.2.1. Introduction

The importance of spatial variations of habitat
structure for the understanding of the dyna-
mics of marine coastal populations is increas-
ingly acknowledged (Sebens, 1991). Variation
in habitat structure can interfere with predation
by facilitating predator avoidance (e.g.
Beukers and Jones, 1997) or with competition
by facilitating co-existence (e.g. Ives, 1995). If
we consider habitat structure from a functional
perspective, by including in this category any
physical or biological, spatially recognizable
attribute of the environment offering some kind
of resource (food, shelter, orientation, etc.) to
the organisms concerned at a given spatial
scale (McCoy and Bell, 1991), then the pro-
blem involves ascertaining what features of
this habitat are relevant to these organisms,
what resources these features offer them, and
how the organisms respond to spatial and tem-
poral variations of habitat (García-Charton et
al., in press).

The influence of habitat on fish assemblages
has been established in temperate as well as
tropical areas (see references in García-
Charton et al., in press). In an analogous way,
Mediterranean littoral fishes respond to small-
to-medium scale variations of habitat structure
(García-Charton and Pérez-Ruzafa, 1998;

García-Charton, 1999). Habitat structure clear-
ly exerts a functional effect on sea-urchins as
a response to their predators (fishes and
macroinvertebrates), so that they can be pres-
ent in sites with strong predation pressure, but
where shelters are available (Sala, 1996; Sala
and Zabala, 1996). This relationship between
abundance of sea-urchins and habitat structu-
re in the presence of predators have long been
recognized in other seas (e.g. Bernstein et al.,
1983; Mann, 1985; Andrew, 1993). The impact
of grazers (mainly gastropods and sea-
urchins), governing the dynamics of macroal-
gae, causes a shift from erect algal facies to
coralline barrens, both in Mediterranean
(Verlaque, 1984; Sala, 1996) and non-
Mediterranean regions (Levitan, 1988;
Morrison, 1988; Andrew, 1991). Habitat struc-
ture favours this effect by providing shelter for
grazers against natural predators, so that the
occurrence of barren areas is possible even in
sites where predators are abundant (Sala,
1996).

Following Jones and Andrew (1992), when
considering the biological component of habi-
tat we can make the distinction between 'habi-
tat formers' -those species that characterize a
habitat, which are subject to an array of ecolo-
gical processes governing their distribution
and persistence (Kingsford and Battershill,
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1998)- and 'habitat determiners' -those spe-
cies capable of influencing the distribution of
habitat formers, usually through predation or
grazing. In the case of Mediterranean rocky
substrates, algae, sponges, bryozoans, cnida-
rians, or vermetids can be considered as habi-
tat formers, while fishes or sea-urchins are
habitat determiners (García-Charton et al., in
press). Trophic cascades (e.g. fish-sea
urchins-algae) are typical examples of the
effect of habitat determiners (fish and sea-
urchins) on habitat formers (algae).

3.2.2. How to measure habitat structure in
Mediterranean littoral habitats?

When measuring habitat structure it seems
worthwhile to distinguish between heteroge-
neity and complexity of habitat, defined by
McCoy and Bell (1991) as the relative abun-
dance of different structural components, and
the absolute abundance of individual structural
components, respectively.

Habitat heterogeneity

A kind of habitat heterogeneity at large spatial
scale is that determined by the mosaic of diffe-
rent bottom types (soft bottoms, seagrasses,
rock) forming the seascape (García Charton et
al., in press). At smaller scale, taking the rocky
substrate as example, habitat heterogeneity
would be the proportion of patches of sand and
clumps of Posidonia oceanica embedded in
the rocky matrix (Sebens, 1991; García-
Charton et al., in press), or even the difference
between coralline barrens and foliose algal
facies, determined by variability in grazing
pressure or other physical disturbances.

Percentage cover by different bottom types
inside a given sampling unit can be measured
using more or less "objective" methods -pho-
tography, video, image processing, 'point-qua-
drat', 'intersected-length', etc.- (Foster et al.,
1991; Leonard and Clark, 1993; Garrabou,
1997; Robbins, 1997; Kingsford and

Battershill, 1998; Pasqualini et al., 1999), or by
estimating visually the relative surface covered
by each type (e.g. García Charton and Pérez
Ruzafa, 1998). Although the latter method can
be biased due to the observer's subjectivity
(Baker and Little, 1989), its accuracy has been
advocated when the observer is well trained
(Dethier et al., 1993), as well as being much
simpler and faster, both useful attributes in
underwater field work (García Charton and
Pérez Ruzafa, 1998).

Habitat complexity

Habitat complexity is the physical topography,
bottom relief, and number and size of fissures,
crevices and holes, considered at different,
hierarchically arranged spatial scales, due to
the fractal geometry of coastal habitats
(Bradbury and Reichelt, 1983, Bradbury et al.,
1984; Williamson and Lawton, 1991).

Different descriptors of complexity should be
used at each spatial scale (García Charton et
al., in press). For large spatial scales (?102 m),
descriptors such as verticality (García
Charton, 1999) or vertical diversity (Helvey
and Smith, 1985) are suitable variables. At
intermediate scales (100-101 m), counting the
number of rocky boulders classified by size
(from pebbles to large boulders) has been
shown to be useful for quantifying the rela-
tionship between fishes and complexity of
Mediterranean rocky habitats (García Charton
and Pérez Ruzafa, 1998, in prep.), and can be
a way to approach the number and size of cre-
vices opening to the surface - analogously to
that modelled by Barry and Wickins (1992) and
Wickins and Barker (1996) - when direct
measurement is impractical. At smaller spatial
scales (<100 m), rugosity has often been used
as a measure of complexity (Kingsford and
Battershill, 1998). Basically two methods have
been performed: 'rope-and-chain' (e.g.
Luckhurst and Luckhurst, 1978; Leum and
Choat, 1980; Grigg, 1994; García Charton and
Pérez Ruzafa, 1998), and 'profile-gauge' (e.g.
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McCormick, 1994). It has been frequently
shown that organisms responded to variations
of different descriptors according to their body
size and life-characteristics (García Charton et
al., in press).
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3.3.A.1. Introduction and objectives

Fishing bans in MPAs potentially can produce
changes in the phytobenthos, either in abun-
dance, species composition and/or ecological
processes (Hay, 1984; McClanahan and
Shafir, 1990; McClanahan et al., 1994; Sala,
1996, Sala and Boudouresque, 1997). The
increase in numbers of fishes may cause
changes in grazing pressure, directly or by
cascading effects, by reducing sea urchin
populations or by changing their behaviour.
Fish herbivory has a major role in tropical seas
(e.g. Carpenter, 1986), but in temperate seas
(and in the Mediteranean area) fish are not
considered to be the principal herbivores: most
studies suggest they have a negligible effect
on algal abundance and diversity (Lundberg,
1980; Verlaque, 1990; Lundberg and Golani,
1995), but little attempt has been made to eva-
luate this effect experimentally (Sala and
Boudouresque, 1997). 

3.3.A.2. Recommended methods

There is an initial descriptive step for estima-
ting the grazing pressure by fish and sea
urchins in sublittoral communities. By asses-

sing fish, sea urchin density, algal coverage
and algal species composition, we can get
some idea of the grazing pressure in zones
with different densities of fish and sea urchins
(Sala, 1996); but an experimental approach is
needed to record and quantify the relative
importance of each agent in the overall effect. 
Changes in both structure and composition of
algal communities in caging experiments make
it possible to distinguish  between the effect of
fish and sea urchins (Lewis, 1985; Carpenter,
1986; Foster, 1987; Morrison, 1988). Due to
their restricted mobility, sea urchins are easily
handled inside small enclosures consisting of
plastic nets  (just 20 cm high) sealed to the bot-
tom. In contrast, only big enclosures, which
are enormously expensive and time consu-
ming to maintain, can provide reliable data on
the grazing pressure of fish populations. On
the other hand, removals are also used  to
remove species for a limited amount of time
and thus facilitate studies of grazer competi-
tion (Sammarco, 1982; Lessios et al., 1984;
Carpenter, 1990a,b; Robertson, 1991).
An alternative group of methods, which have
been successfully used in tropical seas (and
recently tested in the Mediterranean), is herbi-
vory assays (Hay, 1981). By providing a num-
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ber of controlled (species, size, etc.) prey to
predators, by means of baited long lines or
inside selected patches, these methods make
it possible both to identify the nature of grazers
and quantify the losses in biomass with consi-
derable sensitivity.
A more complete experiment consists in com-
bining caging experiments with herbivory
assays, which makes it possible to quantify the
separate effect of fishes and sea urchins
(Lewis, 1986; McClanahan et al., 1994), and
also microherbivores (Carpenter, 1986).

3.3.A.3. Problems and limitations

Descriptive methods are useful for studying
zones with different densities of herbivores,
but avoiding possible biogeographical differen-
ces, for more complicate designs (e.g. combi-
ning the effect of fish and sea urchins) could
involve serious limitations in the availability of
experimental situations. 
Caging experiments suit more complete
designs and numbers of species within and
outside cages can be regulated to determine
their impact. However caging designs are
expensive, produce caging effects, are fre-
quently small scale and are rarely replicated.
Herbivory assays may involve different prey
preferences, and can complicate detection of
total herbivory rates when only one or a few
prey species are used for feed in the assay.
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3.3.B.1. Introduction and objectives

Why are predators of sea urchins important?

The absence of sea urchin predators (i.e. fish,
star fish, decapods, gastropods and mammals,
including humans) can cause an strong
increase in sea urchin population and an ove-
rall increase in grazing intensity in the concer-
ned area (Estes and Duggins, 1995; Mann,
1982; McClanahan and Kurtis, 1991; Sala et
al., 1998). As a result, in areas with dense sea
urchin populations the seascape is characteri-
sed by large barrens dominated by coralline
algae (Mann, 1982; Sala and Zabala, 1996). In
contrast, when sea urchins are not plentiful,
that is when their predators are present, luxu-
riant vegetation is generally found
(McClanahan, 1999; Sala and Zabala, 1996;).
Sea urchin predators are thus important
because they maintain a balance within the
overall community between their preferred
prey and species that are competitively domi-
nated by these prey species (Barkai and
McQuaid, 1988; Sala and Zabala, 1996). The
interaction between sea urchins, their prey
(algae) and predators generates a three-tro-
phic-level cascade (Estes and Duggins, 1995). 
The removal of a powerful grazer such as the
sea urchin from a community can result in a

radical change in the community structure
(Mann, 1982). This gives many sea urchin
species the role of key species, able to control
the dynamics of seaweed and seagrasses
(Sala and Zabala, 1996) and thus control mari-
ne benthic assemblages in shallow waters.  

What are the most common sea urchin preda-
tors in the Mediterranean Sea?

In the Mediterranean Sea there are at least
two important sea urchin species which can
take part in the cascading process: Arbacia
lixula and Paracentrotus lividus. Most research
has been carried out on these species, parti-
cularly on P. lividus (Sala et al., 1998). Among
the predators of these sea urchin species we
can list a number of fish, including Labridae,
Blenniidae, Gobiidae and Sparidae species,
which consume sea urchins mainly at the juve-
nile stage (Sala, 1997; Sala et al., 1998),
consuming the prey whole. Some fish species,
such as the large-sized Diplodus species,
Sparus aurata and sometimes Dentex dentex
and Pagrus pagrus together with Balistes
carolinensis, are able to feed on large-sized
sea urchins. Some gastropods such as
Trunculariopsis trunculus also feed on sea
urchins, perforating the shell (Sala and Zabala,
1996) to suck the internal fluids and gonads.

3.3.B. PREDATION 
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Martasterias glacialis among starfish and
Eriphia spinifrons, Maja squinado and
Palinurus vulgaris decapod crustaceans are
other sea urchin predators in the
Mediterranean. 
In some areas of the Mediterranean humans
are another important predator of P. lividus
adults, selectively consuming large-sized indi-
viduals (Sala et al., 1998).

3.3.B.2. Recommended methods 

There are a series of methods that have been
used to assess the impact of predators on sea
urchins. We can distinguish roughly between
direct, indirect and manipulative methods. This
distinction is useful for schematic purposes,
but in reality most of these methods are used
together. Before any method is used it is
essential that both the sea urchin population
structure and those of its potential predators
are analysed following appropriate methods.

Direct methods

These methods probably represent the most
basic and straightforward approach. They are
based on the direct observation of sea urchin
and their potential predators (McClanahan and
Muthiga, 1992). It is possible to observe and
compare areas with higher and lower sea
urchin density, making correlations based on
the presence, abundance and feeding pressu-
re of predators. Observation can be carried out
either by divers or using an underwater came-
ra. In some cases it is also possible to obser-
ve and document the predatory activity of
some species (McClanahan, 1998; Sala,
1997). These observations are generally suc-
cessful when large-sized predators are
observed. However, the availability of under-
water digital cameras equipped with high reso-
lution and magnification now also allows the
observation of smaller predators.
Visual observation is also used to assess the
results of manipulation such as the removal of
predators from the environment, or to follow

the activity of tagged predators (Cowen, 1983;
McClanahan, 1995)

Indirect methods

The most common technique is that of exami-
ning the stomach contents of all the potential
sea urchin predators.  In this way it is possible
to ascertain whether or not a certain species of
a certain size feeds on sea urchin. The size of
the sea urchin prey consumed can also be
determined by measuring certain components
of its shell, provided that the relationship bet-
ween such parts and the size of the sea urchin
species are known. This procedure is not pos-
sible for those species which do not consume
urchin whole but break the shell and consume
the eggs. An exhaustive review of studies on
gut contents of sea urchin predators is in Sala
et al. (1998)
Once the sea urchin, or a part of it, is identified
in the stomach contents it is possible to assess
its importance in the diet of the predator. The
most common methods classify prey importan-
ce by assigning either a value of occurrence or
of importance such as number, weight or volu-
me percentage of the entire stomach contents
(see Hyslop, 1980; Rosecchi and Nouaze,
1987; Tirasin and Jorgensen, 1999; for a
review). Lastly, it is possible to assess the pre-
ference for sea urchin of the predator, provided
that the availability of the prey in the environ-
ment is known, using one of the prey selection
indices available from the literature, such as
the Ivlev index of electivity, the selection indi-
ces of Strauss or that of Pearsson (Unger and
Lewis, 1983; Wootton, 1998). The same indi-
ces can be applied to discover whether a par-
ticular prey size class is selected.

Manipulative experiments

Manipulation is among the most widely used
techniques for assessing the "algae - sea
urchin - sea urchin predators" dynamic. Fish
predators and scavengers of sea urchin have
been investigated by removing small urchin



from their natural site and placing them in an
area observed by divers (McClanahan, 1995;
Sala, 1997). Using this method it has been
possible to identify predators, to assess their
guild, the way they attack and eat prey and the
prey size selection of each predator. 
The rate of sea urchin predation has been esti-
mated by McClanahan (1998; 1999) in a series
of tethering experiments using several sea
urchins. Sea urchin individuals were pierced
with a hypodermic needle and threaded with
monofilament line. A series of these threaded
urchins was used in experiments which consis-
ted mainly of visiting the study area and count-
ing the number of dead urchins to calculate the
predation rate.
The rate of herbivory by sea urchin and fish
has also been studied by collecting a number
of fleshy, unbitten algae species as assays
and placing them in control areas. The assays
were then regularly visited to assess their inte-
grity or count the number of bites, the latter
then being classified as either fish or sea
urchin bites (McClanahan, 1999). 
In some cases predators are removed comple-
tely from a certain area and sea urchin number
and microhabitat utilisation can subsequently
be monitored for several months using fixed
transects (Cowen, 1983).
Caging has been used to examine the effects
of potential sea urchin predators on the survi-
val of juveniles and small adult sea urchins
(Scheibling and Hamm, 1991). A number of
sea urchins are put in a cage together with
some individuals of one of the potential preda-
tor species. Sea urchin survival is checked
over time. Cages can be put on different sub-
strata (e. g. with or without suitable refuges) in
order to assess the effects of rugosity, presen-
ce of refuges and the like on sea urchin survi-
val. To examine the role of refuges, in some
cases transplantation experiments have been
carried out  (Scheibling and Hamm, 1991). In
these cases a natural and complex substratum
(e. g. a large boulder with holes and crevices)
is transplanted onto a simpler substratum
(sand) to examine the effect of more complex

substrata as refuge. 
Finally another class of methods involve labo-
ratory experiments. They are generally aimed
at assessing behavioural responses (e.g.
aggregation, flight, hiding) of sea urchin to
predators (Scheibling and Hamm, 1991). 

3.3.B.3. Problems and limitations

It is important to stress that manipulation, con-
ducted either by altering the natural conditions
of the environment or through experiments in
aquaria, can give misleading results. This is
because the data produced can either be a
consequence of environmental factors or sim-
ply a result of the manipulation itself (e.g.
caging, tanks, removal of organism, and the
presence of the observer and the like).  There
are a number of precautions to take in order to
ensure the proper design of experiments and
avoid misleading results (see McClanahan and
Muthiga, 1992; Underwood, 1997).
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3.4.1. Introduction

When studying trophic cascades, the hypothe-
sis to be tested is that overfishing removes top
predators (fishes), leading to an increase in
abundance of sea-urchins, that in turn causes
large erect algae to deplete due to intense
grazing. Therefore, the main factor to be inves-
tigated is the abundance of predators (which is
equivalent, to some extent, to the level of pro-
tection from fisheries). This hypothesis is
based on previous studies by Sala (1996) on
the Catalan coast. However, other environ-
mental factors can also affect the population
dynamics of the organisms involved in the cas-
cade  (Sala et al., 1998). An additional problem
is the fact that these species (fishes, sea-
urchins, algae) operate at different spatial sca-
les. This problem can be studied using sam-
pling strategies that are complementary (see
previous sections). Numerous authors have
reviewed different aspects of the design of
sampling strategies (e.g. Green, 1979;
Frontier, 1983; Andrew and Mapstone, 1987;
Underwood, 1990, 1997; Legendre and
Legendre, 1994; Schmitt and Osenberg, 1996;
Kingsford and Battershill, 1998; Krebs, 1999).
Generally, we can distinguish between experi-
mental and observational studies, based on

the capability of the observer to control the fac-
tors under investigation (Eberhardt and
Thomas, 1991). A study is said to be experi-
mental when the factor is manipulated and
replicated, so that causal relationships can be
established (Underwood, 1990, 1997). If the
factor cannot be controlled, then we have to
undertake descriptive observational studies,
oriented to characterize a pattern of change in
space and/or time of the variable of interest,
and to infer a catalogue of possible explana-
tions of the observed pattern. A kind of inter-
mediate situation can be found in the case of
unreplicated events, either under the experi-
menter's control (unreplicated experiments) or
not (intervention analysis, impact assessment
field studies).

3.4.2. Descriptive studies: field experimen-
tal sampling designs

A way of studying a complex situation such as
the cascade effects of protection is via mensu-
rative experiments (sensu Hurlbert, 1984),
where the factors are spatially localized in the
field, profiting from the variation of environ-
mental conditions throughout the
Mediterranean coast. It is worth considering
adopting hierarchical sampling designs, aimed
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at measuring spatial variability at a variety of
scales. Then, data can be analysed using hie-
rarchical (nested) analysis of variance
(Underwood, 1997). This procedure allows the
components of variation to be partitioned
among spatial scales, and then the scales that
contributed most to the total variation to be
identified (Morrisey et al., 1992, Lindegarth et
al., 1995). Testing of hypotheses implies a sta-
tistical decision of rejecting or accepting a null
hypothesis H0 establishing that there is not a
significant effect of a given treatment when
compared with a control, by determining the
probability that the detected average differen-
ce among treatments is actually due to chan-
ce. When this probability is lower than a given
level ? (usually ? =0.05) we reject H0, thus
concluding that the factor under investigation
exerts an effect on the variable of interest. In
this case, H0 is that there is no spatial variation
of abundance, except that due to chance. The
error committed when we reject a true H0

(Type I error) is determined by ? , so that by
diminishing its value (e.g. ? =0.01) we make
the analysis conservative. But minimizing Type
I error is done at the expense of maximizing
Type II error, determi-
ned by the probability
? of accepting a false
H0. The power (1-?) of
the analysis, for a
given level of preci-
sion, has to be esta-
blished prior to sam-
pling (Peterman, 1990;
E b e r h a r d t a n d
T h o m a s , 1 9 9 1 ;
Fairweather, 1991;
Shrader-Frechette and McCoy, 1992;
Osenberg et al., 1994; Underwood, 1994,
1997; Kingsford, 1998).

Example.- Consider both PROTECTION STA-
TUS (MPA vs. NRA), replicated (several
LOCALITIES under each PROTECTION STA-
TUS). In each LOCALITY (protected or not) we
randomly select 3 SECTORS separated by

thousands of meters. For each SECTOR we
select (again randomly) 3 ZONES situated
hundreds of metres apart, and in each ZONE
we perform 3 TRANSECTS (50 x 5 m) for fish
UVC. We introduce the constraint that the
ZONES have to be located on "pure" rocky
bottoms, composed of rocky boulders, and
situated 8-10 m deep. Along each TRANSECT
we place 5 RECTANGLES (5 x 1 m) for count-
ing and measuring sea urchins (Arbacia lixula
and Paracentrotus lividus), and inside each
RECTANGLE we place 4 QUADRATS (50 x 50
cm) for algal % cover (algal species grouped
by ecomorphotypes). Then, the data can be
explored using nested ANOVA, considering
the following factors: PROTECTION STATUS
P, LOCALITIES nested in P L(P), SECTORS
S(L(P)), ZONES Z(S(L(P))), and TRANSECTS
T as residual term. Variability of habitat struc-
ture can govern a substantial part of the
observed small-to-medium scale spatial varia-
bility (see Section 3.2). Therefore, habitat des-
criptors should be measured, and their effect
quantified in order to correctly interpret data. In
this example, in the case of fish data the mixed
analysis of variance would be as follows:

3.4.3. Descriptive studies: correlative evi-
dence

Further to describing the spatial variation of
the different variables considered, one may be
interested in exploring the observed relations-
hip among these variables. This can be achie-
ved by performing regression analyses
(Jongman et al., 1987, Underwood, 1997) bet-



ween abundance of organisms (fish-urchins,
or urchins-algae), or among these abundance
and habitat structure descriptors (see Section
3.2). The framework for this type of analysis is
the theory of Generalized Linear Models
(GLM), which comprises a series of different
techniques (e.g. linear, log-linear, Poisson,
probit, logistic, etc.) (Dobson, 1983; McCullagh
and Nelder, 1989).

3.4.4. Manipulative experiments

Small-scale processes can be investigated
through manipulative (sensu Hurlbert, 1984)
experiments, including caging, removal/addi-
tions, transplants or tethering (Kingsford and
Battershill, 1998) (see Section 3.3). A recurrent
problem in such an approach is the possibility
that manipulation induces artifacts on the
investigated process (Peterson and Black,
1994). Usually, the data arising from these
experiments are to be analyzed using analysis
of variance (Underwood, 1981, 1997). When
proportions are to be used for comparing two
qualitative factors, contingency tables (? ² test)
are more suitable  (Zar, 1996). Some hypothe-
ses require comparisons of the same sampling
units through time, that have to be analyzed
performing repeated measures ANOVA
(Green, 1993). A particular case of predation
experiments is that of multi-choice feeding
experiments, in which consumption of one
type is not independent of consumption of
other types held together (e.g. simultaneously
offering to predators juveniles of urchins on
vegetated and unvegetated substrates). This
kind of design cannot be analyzed by usual
procedures (Peterson and Renaud, 1989),
and, although several authors have chosen to
present their data without statistical analysis
(Hay et al., 1986), specific statistical tech-
niques can be applied, such as one-sample
Hotelling's T2 (Roa, 1992; Manly, 1993;
Lockwood, 1998; Giménez-Casalduero et al.,
1999). 
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