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Abstract As has been shown for other ecosystems, the
ecological and socio-economic impacts of climate change

on Mediterranean intertidal habitats are highly variable in

space and time. We conducted field and laboratory mea-
surements of cellular, ecophysiological and behavioural

responses of selected intertidal invertebrates (mussels,

gastropods and sponges) and completed a literature
review to determine what is known of socio-economic

consequences of these biological changes. Results suggest

significant gaps in our knowledge that may impede a
complete understanding of likely impacts (physical, bio-

logical and socio-economic) and that sufficient data

for such an analysis are available only for mussels.

Application of ecological models for native mussels
Mytilaster minimus and invasive Brachidontes pharaonis

bivalves indicates that the current distribution of these

species is linked to the availability of food and local
temperature. Choosing Israel as a case study, the study

focused on the identification of ecosystem services and

goods provided by the Mediterranean rocky intertidal and
on the assessment of conservation approaches. Intertidal

systems were poorly represented in the socio-economic

literature, and there was low awareness of the value of
these ecosystems among stakeholders. Subsequently,

conservation efforts for intertidal communities were

minimal. While climate change will very likely continue
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to impact these systems, our predictive capacity for the

extent and locations of such impacts, and of any derived

socio-economic consequences, remains limited.

Keywords Intertidal ! Bioenergetic mechanistic

modelling ! Ecophysiology ! Ecosystem services ! Climate
change ! Invasive species ! Mediterranean Sea

Introduction

Intertidal habitats, that is the zone between the high- and

low-water marks along the world’s coastlines and the

interface between terrestrial and marine realms, are crucial
for the provision of benefits to humans and have received

considerable attention in the ecological as well as in the

socio-economic literature (Nagelkerken et al. 2000; Wilson
et al. 2005; Scyphers et al. 2011; Townsend et al. 2011).

Research shows that mangrove systems and tidal flats play

important roles in the marine environment in providing the
services for human society (Barbier 2000; Aburto-Oropeza

et al. 2008; Barbier et al. 2011). Key services provided by

these systems include protection against physical distur-
bance, support to coastal and open-water fisheries and

nutrient recycling (MEA 2005; Kareiva et al. 2011). Con-

cerns about the possible consequences of future and
ongoing climate change in the terrestrial environment and

open oceans have been extended to intertidal habitats

(Harley et al. 2006; Helmuth et al. 2006). It is expected that
changing climate (especially temperature and circulation

patterns) will significantly affect, in the next few decades,

the survival and distribution of intertidal species (Somero
2010), and changes are already being observed in many

regions of the world (Wethey and Woodin 2008; Jones

et al. 2010). As a main consequence, changes in ecological
community dynamics will eventually affect the provision

of ecosystem services from these systems (Herr and Gal-

land 2009; Barbier et al. 2011; Doney et al. 2012).
Recent research has also begun to address climate

change and its impacts in the Mediterranean region

(Mangos et al. 2010; Salomidi et al. 2012). This paper
describes the results of the EU-funded project INTER-

MED, the goal of which was to understand and model the

impact of climate change on the Mediterranean intertidal
and to identify critical knowledge gaps that may impede

our ability to predict these effects. The project considered

both the ecophysiological and socio-economic components
of climate change (Sarà et al. 2011a). The project included:

(1) assessment of the existing knowledge base and gaps;

(2) research to address the knowledge gaps identified; and
(3) where possible, forecasts of the ecophysiological and

socio-economic impacts of climate change in the Medi-
terranean region.

Materials and methods

Ecophysiological study

Research focused on selected organisms typical of the
Mediterranean intertidal; specifically mussels, gastropods

and sponges. The assessment of the existing knowledge

base for each taxonomic group included a collation of
relevant literature/databases and a meta-analytical review

of the main effects of climate-change drivers on ecophys-

iological responses. This information was then used to
design experiments intended to close knowledge gaps using

field and laboratory measurements of cellular, ecophysio-

logical and behavioural responses. Forecasts of climate-
change effects were performed in cases where a sufficient

amount of baseline information was available to develop

adequate ecological models.

Collation of relevant literature/databases

and meta-analytical review

On the basis of three earlier reviews (Scheiner and

Gurevitch 2001; Sarà 2007a, b), a formal meta-analysis
was made (following Sarà 2007a, b). The relatively

advanced understanding of impacts of environmental

effects on mussels allowed for the formulation of
advanced, specific research questions. In contrast, only

relatively general and preliminary questions could be
conceived for gastropods and sponges given the lack of

specific knowledge for these groups.

Field and laboratory measurements of cellular,

ecophysiological and behavioural responses

This second step aimed to help close the knowledge gaps

revealed by the systematic review process and involved

several field and laboratory experiments. While specific
questions varied according to species-specific differences,

the single general question uniting the studies was whether

variation in body temperatures of target Mediterranean
intertidal invertebrates induced by predicted climate

change would have measurable effects on ecophysiological

responses. The latter were evaluated at various levels: from
cellular to the whole-organismal level, and from popula-

tions to communities.

Thermal range of Mediterranean intertidal organ-
isms Establishing the thermal range experienced by Med-

iterranean intertidal organisms was considered essential

baseline information. Here, we specifically report data from
the Central Mediterranean Sea. We deployed thermologgers

(iButton iBCod 22L, http://www.alphamach.com; range:

-40 to 70 "C; precision: ±0.5 "C; memory: 2,048 values) to
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measure changes in thermal profiles in a variety of micro-

habitats in order to determine possible differences in the
body temperature (BT) of animals living from the upper

subtidal, the intertidal and supratidal zones. Thermologgers

were deployed in several sites in northern Sicily and in
Neretva Estuary (Croatia) from spring 2009 to winter 2010.

Loggers were attached using waterproof glue and were

programmed to record hourly data (8,760 temperature
measurements per year per microhabitat).

Physiological responses to thermal stress Physiological
responses to thermal stress were studied in bivalves (the

native species Mytilus galloprovincialis, Mytilaster mini-

mus and the invasive Brachidontes pharaonis; Sarà et al.
2000), limpets (Patella rustica, P. aspera and P. caerulea),

an intertidal snail (Echinolittorina punctata) and a sponge

(Chondrilla nucula). These species were chosen because of
their key roles in the Mediterranean intertidal, their avail-

ability and ease of manipulation. We tested target organ-

isms at different combinations of both aerial (limpets and
mussels) and submersed (all taxa) temperatures, within the

ranges measured in the field and beyond (i.e. pushing

organisms out of their normal ranges; Dong and Williams
2011). The methods followed the current approach

for ecophysiological studies of intertidal invertebrates

(Williams et al. 2011) to estimate: (1) the cellular response
as expressed by heat shock proteins (HSP) in the laboratory

and in the field (bivalves, snails); (2) feeding parameters

such as food acquisition and assimilation rates (bivalves,
sponges); (3) respiration rates (bivalves, sponges); and

(4) heart beat rates (limpets, bivalves).

Cellular responses were evaluated in bivalves
(B. pharaonis) and in the ubiquitous intertidal snail

E. punctata by the quantification of HSP. The study on

bivalves was performed in the laboratory at fixed temper-
atures from 5 to 35 "C (at 5 "C increments) on six groups

of 15 individuals from different sites of Northern Sicily.

Fifteen E. punctata were collected at two rocky shores
situated along the Mediterranean coast of Israel: Achziv,

near Rosh Ha’nikra in the north and Palmachim, not far

from Ashdod in the south. Animals were collected in the
upper intertidal (*50 cm over the lower limit at low tide)

during the mid-day. Proteins were extracted following the

established protocols (Tomanek and Somero 2002), and the
levels of heat shock proteins (HSP 70 and 90) were

determined by western blot (Halpin et al. 2002).

Feeding rates were expressed as clearance rates (CR) for
both bivalves and sponges (Sarà et al. 2008; Ezgeta-Balic

et al. 2011). Respiration rates (RR) of the bivalves,

B. pharaonis and M. minimus, and the sponge C. nucula
were determined by placing individuals in glass respi-

rometers (from 500 to 2,000 ml) containing air-saturated

seawater, which was stirred by a magnetic stirrer bar

beneath a perforated glass plate supporting the test organ-

ism (Sarà et al. 2008).
Heart beat rates (HBR) were measured in bivalves and

limpets using a non-invasive cardioplethysmographic

technique (Depledge and Andersen 1990; Dong and
Williams 2011; Sarà and De Pirro 2011).

Ecological modelling

This phase of the work was based on mechanistic eco-
physiological (biophysical, BP; Helmuth 1998, 1999) and

bioenergetic (Dynamic Energy Budget, DEB; Kooijman

2010) models to estimate life history traits of target animals
and to predict their distributions throughout study areas

under current and future scenarios of increasing tempera-

ture in the context of climate change (see also Kearney
et al. 2010, 2012; Kearney 2012; Sarà et al. 2011b, 2012).

Given the lack of sufficient baseline information for most

of the organisms examined in the present study (also
combining results from systematic reviews and new pri-

mary data), modelling could only be performed on mussels.

The combined BP-DEB approach requires high-resolution
data (at each location) of: (1) local water and air temperatures

(Ta and Tw, "C), tidal amplitudes (m), wind intensities (m s-1)

and directions (") [e.g. as hourly data measured by weather
buoys (ISPRA; http://www.mareografico.it/ or thermolog-

gers locally deployed for temperature)]; (2) solar irradiance

(global sky—W m-2) calculated on an hourly basis as an
average for each month of the year under clear skies (Euro-

pean Joint Research Centre—http://sunbird.jrc.it/pvgis); and

(3) food density as expressed by suspended chlorophyll-
a (lg l-1), a reliable descriptor of food available for bivalves

(Pusceddu et al. 1997; Sarà and Mazzola 2004; Sarà 2006,

2009) obtained at least as weekly or monthly frequencies (as
from satellites—the European Joint Research Center—

http://emis.jrc.ec.europa.eu/4_1_gismap.php).

BP-DEB models were run for the intertidal native spe-
cies M. minimus and the Lessepsian invasive B. pharaonis

using DEB standard parameters mostly derived from the

experiments described above and as estimated by Palmeri
(2011). We initially ran models for seven Italian localities

along a Tyrrhenian latitudinal gradient (from 35"N—

Lampedusa to 43"N Livorno—Northern Italy), two Cro-
atian localities (Dubrovnik—42"N and Split—43"N) and

three Israeli sectors (southern—31"N, central—32"N and

northern—33"N Israel). Then, we ran models to simulate a
possible effect of climate change on the fitness of intertidal

bivalves in the near future following the predictions of

IPCC (2007). Most IPCC scenarios for the Mediterranean
were based on the coupled atmosphere–ocean circulation

models (AOGCMs) predicting an average increase of water

temperature up to 2.5 "C by 2100 (Marcos and Tsimplis
2009). Accordingly, we ran DEB models simply by

Losses in coastal ecosystem integrity and services S7
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increasing the air and water temperatures by fixed quanti-

ties: ?1.0 and ?2.5 "C. This is, in fact, an oversimplifi-
cation, as we increased the mean, but did not alter the

variance of the data series. Irradiance and food densities at

every location were also maintained at the present-day
levels in the models, although an increase in eutrophication

expected for the next decades could modify current levels

of available food for secondary consumers (sensu Nixon
2009; Sarà et al. 2011c). Simulation outputs were: (1) the

maximum total shell length (TL, cm) and the dry weight
(g) achieved by bivalves as a function of body temperature

under simulated conditions—48 months from settling and

(2) the Darwinian fitness as expressed by the total number
of eggs produced per biomass unit and life span.

Socio-economic study

The socio-economic aspects of the study were originally

designed to follow the same general framework as the
ecophysiological approaches, namely assessing the existing

knowledge base, contributing to closing the knowledge

gaps identified, and forecasting the socio-economic con-
sequences of climate change on the Mediterranean inter-

tidal zone. However, the latter step could not be

accomplished given the lack of a solid baseline (both
ecophysiological and socio-economic) information neces-

sary to build the model, irrespective of the advancements

produced throughout the study herein described.

Collation of relevant literature/databases

and meta-analytical review

Following a preliminary scoping of the published peer-

reviewed and grey literature, a systematic review relevant
to the socio-economic study was carried out (presented in

Milanese et al. 2011, and summarised, Table 1).

Identification of ecosystem services in the Mediterranean

intertidal zone

A tentative list of ecosystem services and goods provided

by the Mediterranean rocky intertidal was compiled

(Milanese et al. 2011). We then focused on the assessment
of conservation approaches specifically targeting this hab-

itat, choosing Israel as a case study.

The assessment of conservation alternatives needs to be
informed by an understanding of the ecosystem functions

targeted by different alternatives, the conservation com-

munity’s priorities and the direct and indirect costs of
different alternatives. As the study was challenged by

crucial information gaps (Milanese et al. 2011), the focus

was on the generation of preliminary information needed to
conduct more extensive studies. Specifically, the objective

was to obtain input from key stakeholders in the conser-

vation community. The study consisted of a set of struc-
tured and unstructured interviews with an emphasis on: (1)

consultation to identify key stakeholders and conservation

issues; (2) characterising the extent to which stakeholders
identify the intertidal zone and its needs as distinct from

the coastal and marine zones in conservation planning; (3)

prioritising issues for the intertidal zone; and (4) assessing
conservation alternatives.

Results and discussion

Ecophysiological studies

Collation of relevant literature and database
and meta-analytical review

The current knowledge about the effects of climate change
(here mainly identified with increased temperature) on

selected target organisms is highly heterogeneous (syn-

thesised in Table 1). Among the invertebrate groups, we
addressed knowledge in this area appears relatively well

established only for mussels (i.e. a baseline that is strong

enough to inform and design experiments addressing spe-
cific and well-defined research questions). Thirty-one peer-

reviewed papers were ultimately used to report on the

effect of temperature on the feeding behaviour and eco-
physiological aspects of bivalves. This number of papers

was considered sufficiently reliable to estimate the true

effect as supported by a very high Rosenthal Index
(R = 73,478.4; Sarà 2007a).

The review process revealed that most bivalves did not

display a specific scheme of altered feeding as a function of
changing body temperatures, as would have been expected

according to classic theory (Kooijman 2010) where the

bigger the difference in temperature between two clearance
rate (CR) values, the bigger is the expected effect size.

Such a relationship was only valid for B. pharaonis and

Hiatella sp. The lack of a clear relationship is probably due
to the effect of secondary sources of variability affecting

clearance rates (e.g. diet type, acclimation and sampling

period). Our findings imply that although the relationship
with temperature is expected to be clearly determined, data

from the existing literature do not describe the phenome-

non appropriately due to the significant experimental
interference of other factors.

Sponges, via their filtration/pumping activity, are among

the most important players in shallow benthic ecology
(Bell 2008). Our review addressed this main trait, that is

their filtration/pumping activity, with emphasis on the

effect of temperature. A total of 506 literature sources were
retrieved over the period 1892–2010, of which 68 included

S8 G. Sarà et al.
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relevant primary data (Table 1). The study revealed a high

level of variability in the research that has addressed this
topic in terms of species, localities, scope, technique and

overall aims. This variability is due to the different goals of

the research, which included not only basic but also applied
studies of sponge biology (e.g. cultivation, bioremedia-

tion). The extreme diversity of the phylum and the complex

ecology of sponges harbouring associated micro-organisms
further complicate this situation. With no prejudice on the

value of the sources retrieved, the literature does not pro-
vide evidence-based information to predict responses to

climate-change-driven temperature increase, nor advice on

the ideal experimental methodology to address this poten-
tial threat.

The decision to consider marine gastropods as the target

group to review led to mixed outcomes. On the one hand, it
allowed for the retrieval of a large number of sources

(Table 1). On the other hand, the great number of sources

were very heterogeneous and did not allow processing with
meta-analytical tools. The future use of more specific

questions would allow for more informative research for

this group.

Field and laboratory measurements of cellular,

ecophysiological and behavioural responses of key
Mediterranean intertidal organisms

Thermal range of Mediterranean intertidal rocky habi-
tats Annual temperature fluctuations on an hourly basis

measured by thermologgers showed that temperatures

ranged from about 5 "C to over 45 "C in supratidal habi-
tats, from about 7–10 "C during low tides in winter at

night, to 32–35 "C during low tides in summer at mid-day

in the intertidal (Fig. 1). This dataset was used as the
baseline to ground our field and mesocosm experiments,

the latter aiming to detect and validate the metabolic break

points which would indicate a general collapse of meta-
bolic functioning. No historical information was found

concerning temperature fluctuations of Central and South-

ern Mediterranean intertidal sites. Most available data are
from the western (Helmuth et al. 2009) and eastern (Jones

et al. 2010) coasts of the United States and from western

European coasts (Seabra et al. 2011) with some limited
information from eastern Asia (Williams and Morritt

1995). Temperature data suggest intertidal habitats of the

Mediterranean are highly stressful for organisms which are
frequently pushed far from their tolerance limits. Our

results also confirm that air temperatures are not indicative

of thermal stress experienced by organisms on rocky sub-
strates, where solar radiation and geothermal heating are

likely to be more important in determining the thermal

environment the organisms will encounter (substrate tem-
peratures are much higher than air temperatures, Fig. 1,T
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also see Marshall et al. 2010). This has important reper-
cussions on the fitness of these organisms as these condi-

tions impair physiological and metabolic traits of most

ectotherms living on the edge of their tolerance ranges
(Somero 2010).

Physiological responses to thermal stress HSP measure-

ments from intertidal snails from Israel showed a clear
increase in mean HSP70 values (Fig. 2a) from winter to

summer at both Achziv and Palmahim sites, with a more

pronounced increase at Achziv. In Achziv, there was a
significant correlation between ambient field temperature

and HSP70 levels, whereas in Palmachim, this relationship

was not present. Although these findings may seem unu-
sual, considering the distance between the two study sites is

less than 200 km, we propose that the snails at the northern

(Akhziv) site were more susceptible to heat stress than
those in the south (Palmachim) as a result of subtle dif-

ferences in the local climate which are related to factors

such as the strength, direction and duration of prevailing
winds which can have substantial effects on local coastal

temperatures (Helmuth et al. 2002).

Experiments on bivalves in laboratory mesocosms
showed that heat shock protein production was induced in

B. pharaonis at the lowest tested body temperature (5 "C

HSP; Fig. 2b). The production of HSP70 reached a maxi-
mum at 32 "C, corresponding to the beginning of a decline

in clearance rate in the invasive bivalve, B. pharaonis

(Fig. 4b). The production of HSP90 peaked at 25 "C and
remained constant up to 32 "C. Heart beat rate (HBR)

changed significantly as it increased linearly with

temperature in both B. pharaonis and M. minimus (Fig. 3;
pooled data due to no significant difference between the

two species). There were no differences between HBR in

the range 5–15 "C and no differences between HBR at 20
and 32 "C; however, HBR varied between low and high

temperatures (5–15 "C vs 20–32 "C). The lowest temper-

ature to induce the total arrest of HBR in both B. pharaonis
and M. minimus was *5 "C. The native species M. mini-

mus’ heart started to reduce beating at 30 "C, while the

invasive B. pharaonis HBR showed no alteration compared
to the previous temperature (25 "C). Temperature had a

significant effect on feeding rates (CR) and metabolic

consumption (respiration rates, RR) in both M. minimus
(Fig. 4a) and B. pharaonis (Fig. 4b). In general, the shape

of the species’ response curves with respect to temperature

was similar, but tolerance limits were significantly differ-
ent, with Arrhenius break point temperatures estimated for

CR at *30 and *32 "C respectively; and RR at *25 and

*28 "C, respectively for B. pharaonis and M. minimus.
The sponge C. nucula was able to withstand emersion in

the low-intertidal zone when canopy-forming algae were

present. CR and RR for the sponge showed significant
differences between 15 and 19 "C, and between 26 and

Fig. 1 Thermologger hourly data deployed in several localities of
Northern Sicily (Southern Tyrrhenian Sea) showing the thermal limits
of intertidal habitats in comparison with supratidal (as expressed by
thermologgers deployed higher on the shore), subtidal (as expressed
by seawater temperatures) and terrestrial (as expressed by air
temperatures)

Fig. 2 Measurement of heat shock proteins (HSPs). a HSPs mea-
sured (errors bars are standard deviations) in the intertidal snail
E. punctata in winter and in summer for Achziv and Palmahim
(Israeli coast); b HSPs at various temperatures as measured in
bivalves (e.g. B. pharaonis)
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28 "C. Plotting clearance rates versus temperature values

showed a normal, bell-shaped curve, with maximum CR
between 20 and 26 "C. The relationship between RR and T

reflected the typical metabolic response of RR increasing

with temperature, with the peak values between 28 and
32 "C (Fig. 5). Maximum seawater surface temperatures

were in August–September 2009 (26–28 "C, values from

EMIS—Environmental Marine Information System, Euro-
pean Commission). These environmental values are,

therefore, still within the physiological limits of C. nucula.
However, climate-change-driven increases in sea-surface

temperature have the potential to impair the physiology of

this species, with possible consequences on its vertical
and/or geographical distributional range throughout the

Basin. Preliminary studies suggest that C. nucula may play

a structuring role, enhancing biodiversity and partial
recovery in benthic communities overgrazed by sea urchins

(so-called barrens, Fanelli et al. 2003). Although our

physiological findings may not be extended to all Medi-
terranean sponge species, they confirm the susceptibility of

Fig. 3 Relationship between heart beat rate (beat s-1) and air
temperature in bivalves (data from M. minimus and B. pharaonis
were pooled due to no significant difference between those two
species)

Fig. 4 Relationship between feeding, clearance (CR) and respiration
rates (RR) at varying temperatures in a M. minimus and b B. pharaonis
(K kelvin temperature; ABT Arrhenius Breakpoint Temperature; that
is, the temperature threshold at the metabolic break indicating a
general collapse of metabolic functioning; Somero 2010)

Fig. 5 Relationship between feeding (CR, a) and respiration rates
(RR, b) at varying temperatures in the sponge C. nucula
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these organisms to stochastic environmental changes as

evidenced by recurring mortality events (Cerrano et al.
2000; Webster 2007; Garrabou et al. 2009).

The limpets P. rustica, P. caerulea and P. aspera

occupy different vertical zones on the shore with regard to
tidal range, and it is expected they will have different

physiological responses to thermal stress. The Arrhenius

Breakpoint Temperatures measured in our study showed
that P. aspera is the most sensitive to temperature increase,

as would be expected since it inhabits the lower intertidal
zone (Fig. 6). On the other hand, P. rustica, inhabiting the

upper intertidal zone, is the most tolerant to temperature

rise (Prusina, in preparation; Prusina et al., submitted).
However, in spite of a difference in the vertical zones

inhabited by these species, the narrow tidal range of the

Mediterranean de facto seems to force these organisms to
experience similar thermal regimes. Further investigation is

therefore needed to determine the relative influence of tidal

height on the thermal tolerance, energy allocation and
possible chronic impact of temperature stress on these three

species.

Ecological modelling

Ecological modelling could only be implemented for
mussels, as only for this group was a sufficient amount of

relevant information available following the combination

of the two research steps mentioned above. Results of
BP-DEB modelling for Italian, Croatian and Israeli local-

ities, simulating the effect of increasing temperature on the

Darwinian fitness for native M. minimus and invasive
B. pharaonis bivalves, indicate that the presence of each

species (Table 2a, b) is partly linked to site-specific con-

ditions of availability of food and local body temperature.

While fitness of M. minimus tends to reduce with increas-

ing temperature (Table 2b), the invasive Brachidontes
shows the opposite trend, in line with recent observations

along the Israeli coast (Rilov et al. 2004). In Sicily, the

increase in gamete release for the ?1.0 "C increasing
temperature scenario was *122 % as compared to the

current conditions in the Tyrrhenian Sea, and over 220 %

for temperatures up ?2.5 "C. Results suggest that in
Croatia, B. pharaonis may not be able to maintain viable

populations over time, as the simulation suggests this
species will not be able to produce eggs, while in Israel, it

should be capable of increasing its gonadal output by *9

and 27 % for ?1.0 and ?2.5 "C of air and water temper-
ature increase, respectively. This simple example was

based on coarse simulations using the simple increase of

body temperature. However, the outcome shows how
powerful the BP-DEB approach (Kearney et al. 2010; Sarà

et al. 2011b; Kearney 2012) can be to investigate the effect

of environmental variability induced by climate-change
drivers on important elements of Mediterranean benthic

biodiversity. This study is one of the very first attempts

carried out in aquatic habitats to predict the fitness of
animals in the context of climate change (Sarà et al.

2011b). The combined BP-DEB approach could be very

useful in this perspective, and we expect that future
research on the effects of climate change will rely on

similar, mechanistic procedures (Kearney 2012).

Socio-economic study

Collation of relevant literature/databases and meta-
analytical review

A thorough systematic review of ecosystem services and
benefits from, and values attached to, the Mediterranean

intertidal yielded few results (Table 1, Milanese et al.

2011). Even today, in the light of the most recent work
published on Mediterranean ecosystem services (Mangos

et al. 2010; Salomidi et al. 2012), no further data for the

intertidal habitat seem to be available.

Identification of ecosystem services in the Mediterranean

intertidal

In spite of the dearth of knowledge mentioned above, a

tentative list of ecosystem services and goods provided by
the Mediterranean rocky intertidal ecosystems was com-

piled (for the first time) on the basis of information espe-

cially derived from studies performed outside the
Mediterranean basin (Milanese et al. 2011).

When assessing conservation approaches for the inter-

tidal with Israel as a case study, most stakeholders inter-
viewed acknowledged the need to anticipate and manage

Fig. 6 Breakpoint temperatures (ABT) of heart beat rates for
representative individuals of P. rustica (37.86 ± 2.07 "C), P. caeru-
lea (35.92 ± 2.60 "C) and P. aspera (32.20 ± 2.32 "C) were signif-
icantly different (ANOVA, P = 0.007; n = 5 for each species)
(Prusina, in preparation; Prusina et al., submitted)
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climate-change impacts generally, but had little awareness

of the intertidal zone and the ecosystem services it pro-
vides. Not surprisingly, there was little or no specific

provision for managing intertidal communities besides the

general conservation frameworks implemented in the
existing protected areas. Currently, only a very limited

share of the Israeli Mediterranean coast is protected, but

plans for a significant increase are under way. When
speaking of broad conservation frameworks, all stake-

holders interviewed indicated that marine-protected areas

(MPA) are a preferred direction. This direction was sig-

nificant since, although MPAs are the workhorse of the
conservation community, in some cases, they have been

shown to be inadequate for the needs of the intertidal zone

(Hall et al. 2002). This has serious implications for domi-
nant bio-geomorphological features of the coast such as

Vermetid reefs as they are very sensitive to climate-change

impacts, for example wave erosion (Safriel 1974; Tzur and
Safriel 1978; Chemello and Silenzi 2011) and require

protection. There also appeared to be very little interaction

Table 2 Life history traits as estimated under intertidal conditions by
running DEB models (the approach was the same as reported in Sarà
et al. 2011b) for (A) the invasive bivalve, B. pharaonis and (B) the

native bivalve, M. minimus at different latitudes for the Mediterranean
Basin and under different scenarios (current 2006–2010 vs ?1 "C vs
?2.5 "C) of air and water temperature increase

LAT LOC Current scenario Pr Scenario ?1 "C % Scenario ?2.5 "C %

Lmax R Lmax R Lmax R

(A)

Italy, Tyrrhenian Sea

35 Lampedusa 1.01 156 y 1.04 175 12.67 1.08 194 24.86

37 Catania 0.69 0 y 0.72 0.01 -89.90 0.77 0 61.21

38 Palermo 0.81 5 y 0.84 37 653.69 0.88 50 898.92

38 Stagnone di Marsala 1.68 1,443 y 1.74 1,738 20.46 1.81 2,253 56.12

39 Palinuro 0.97 318 y 1.00 372 17.38 1.04 445 39.99

41 Napoli 0.74 0 n 0.76 0.00 – 0.79 0 –

43 Livorno 0.82 43 n 0.85 94 117.72 0.91 145 234.81

Croatia

42 Dubrovnik 0.38 0 n 0.40 0 – 0.42 0 –

43 Spalato 0.55 0 n – – – – – –

Israel

31 South Israel 1.25 593 y 1.28 633 6.69 1.33 722 21.61

32 Mid Israel 1.33 764 y 1.37 808 5.91 1.42 932 22.01

33 North Israel 1.27 725 y 1.31 819 13.08 1.35 993 36.92

(B)

Italy, Tyrrhenian Sea

35 Lampedusa 0.72 66 y 0.72 55 -16.6 0.72 46 -30.3

37 Catania 0.61 22 y 0.61 17 -22.7 0.62 12 -45.5

38 Palermo 0.60 30 y 0.60 30 -0.6 0.61 30 -2.4

39 Palinuro 0.65 92 y 0.65 91 -0.7 0.65 84 -8.4

41 Napoli 0.58 35 y 0.58 38 7.3 0.59 40 12.5

43 Livorno 0.77 55 y 0.78 60 8.1 0.80 86 55.2

Croatia

42 Dubrovnik 0.43 0 n 0.44 0 – 0.44 0 –

43 Spalato 0.59 25 n 0.6 28 12.0 0.6 30 20.0

Israel

31 South Israel 0.82 159 y 0.82 138 -12.84 0.83 127 -20.13

32 Mid Israel 0.87 206 y 0.87 178 -13.43 0.88 163 -20.76

33 North Israel 0.84 206 y 0.85 163 -20.79 0.85 177 -14.13

LAT = latitude, LOC = locality, Lmax, cm = total length maximally reachable under specific conditions of temperature and food availability; R,
# eggs = the Darwinian fitness, that is, number of eggs, produced per gram of body mass per life span (4-years); % = incremental change in
fitness as expressed by the increasing number of eggs with respect to the current 2006–2010; Pr = presence in the intertidal; y = ascertained
presence in the intertidal through literature or anecdotal reporting; n = not ascertained presence in the intertidal. Since the Stagnone di Marsala is
a hyperaline area, DEB was run only for B. pharaonis according to Sarà et al. (2008) and Sarà and De Pirro (2011)
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among different stakeholders with interests in the intertidal

zone (i.e. conservation and non-conservation), and this
highlights the potential for conflict in identifying priorities,

developing policy and implementing it effectively.

Conclusions

The present study highlights the significant knowledge

gaps in our understanding of the ecophysiological and
socio-economic characteristics of the Mediterranean

intertidal zone. These knowledge gaps hamper our ability

to predict the susceptibility of the Mediterranean intertidal
to climate change, and any derived socio-economic con-

sequences. Nevertheless, and building upon the research

undertaken to improve such limited understanding, results
indicate that climate change (and in particular temperature

increase) will impact Mediterranean intertidal ecosystems

by impairing the physiology of key-organisms and
favouring the survival of alien, invasive species. Further

studies ranging from basic physiological measurements up

to the testing of cascade-effects are, therefore, necessary to
predict and quantify these impacts. Furthermore, the study

highlighted the limited knowledge of the socio-economic

processes which are important to understand the benefits
associated with intertidal ecosystems.

We recommend that a more exhaustive list of benefits be

compiled and associated values estimated, which would
promote a more effective management strategy, including

conservation approaches which consider longer-term trends

in climate.
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N, Sarà G (2011) An energy budget of the subtidal bivalve,
Modiolus barbatus (Mollusca) at different temperatures. Mar
Environ Res 71:79–85

Fanelli G, Portacci G, Boero F (2003) Patches of Chondrilla nucula:
high-biodiversity spots within low-biodiversity barrens. In:
Proceedings of the 38th European marine biology symposium,
Aveiro, September 8–12 2003, abstract book: 115–116

Garrabou J, Coma R, Bensoussan N, Bally M, Chevaldonne P,
Cigliano M et al (2009) Mass mortality in Northwestern
Mediterranean rocky benthic communities: effects of the 2003
heat wave. Glob Change Biol 15:1090–1103

Hall D, Hall J, Murray S (2002) Contingent valuation of marine
protected areas: Southern California Rocky intertidal ecosys-
tems. Nat Resour Model 15:3

Halpin PM, Sorte CJ, Hofmann GE, Menge BA (2002) Patterns of
variation in levels of Hsp70 in natural rocky shore populations
from microscales to mesoscales. Integr Comp 42:815–824

Harley CDG, Hughes AR, Hultgren K, Miner BG, Sorte CJB,
Thornber CS, Rodriguez LF, Tomanek L, Williams SL (2006)
The impacts of climate change in coastal marine systems. Ecol
Lett 9:228–241

Helmuth BST (1998) Intertidal mussel microclimates: predicting the
body temperature of a sessile invertebrate. Ecol Monogr
68:51–74

Helmuth BST (1999) Thermal biology of rocky intertidal mussels:
quantifying body temperatures using climatological data. Ecol-
ogy 80:15–34

Helmuth BST, Harley CDG, Halpin P, O’Donnell M, Hofmann GE,
Blanchette C (2002) Climate change and latitudinal patterns of
intertidal thermal stress. Science 298:1015–1017

Helmuth BST, Mieszkowska N, Moore P, Hawkins SJ (2006) Living
on the edge of two changing worlds: forecasting the response of
rocky intertidal ecosystems to climate change. Annu Rev Ecol
Evol Syst 37:373–404

Helmuth BST, Broitman BR, Yamane L, Gilman SE, Mach K, Mislan
KAS, Denny MW (2009) Organismal climatology: analyzing
environmental variability at scales relevant to physiological
stress. J Exp Biol 213:995–1003

Herr D, Galland GR (2009) The ocean and climate change. Tools and
guidelines for action. IUCN, Gland

IPCC (2007) Climate change 2007 contribution of working groups I,
II and III to the fourth assessment report of the intergovernmen-
tal panel on climate change core writing team. In: Pachauri RK,
Reisinger A (eds) IPCC, Geneva, Switzerland

Losses in coastal ecosystem integrity and services S15

123



Jones SJ, Lima FP, Wethey DS (2010) Rising environmental
temperatures and biogeography: poleward range contraction of
the blue mussel, Mytilus edulis L., in the western Atlantic.
J Biogeogr 37:2243–2259

Kareiva P, Tallis H, Ricketts TH, Daily GC, Polasky S (2011) Theory
and practice of mapping ecosystem services. Oxford University
Press, Oxford

Kearney M (2012) Metabolic theory, life history and the distribution
of a terrestrial ectotherm. Funct Ecol 26:167–179

Kearney M, Simpson SJ, Raubenheimer D, Helmuth BST (2010)
Modelling the ecological niche from functional traits. Proc R Soc
B Biol Sci 365:3469–3483

Kearney M, Matzelle A, Helmuth BST (2012) Modelling the
biomechanics meets the ecological niche: the importance of
temporal data resolution. J Exp Biol 215:922–933

Kooijman SALM (2010) Dynamic energy budget theory for meta-
bolic organisation, 3rd edn. Cambridge University Press,
Cambridge

Mangos A, Bassino J-P, Sauzade D (2010) The economic value of
sustainable benefits rendered by the Mediterranean marine
ecosystems, Plan Bleu, Valbonne (Blue Plan Papers) 8.
http://www.planbleu.org/publications/Cahier8_marin_EN.pdf

Marcos M, Tsimplis MN (2009) Comparison of results of AOGCMs
in the Mediterranean Sea during the 21st century. J Geophys Res.
doi:10.1029/2008JC004820

Marshall DJ, McQuaid CD, Williams GA (2010) Non-climatic
thermal adaptation: implications for responses to climate change.
Biol Lett 6:669–673
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Sarà G, Mazzola A (2004) The carrying capacity for Mediterranean
bivalve suspension feeders: evidence from analysis of food
availability and hydrodynamics and their integration into a local
model. Ecol Model 179:281–296
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