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SUMMARY

The aim of this thesis was to assess the suitalfitvarious etho-
ecological indicators for the monitoring of impacts coastal environments,
which are worldwide subject to increasing threalse to the direct and
indirect effects of human activities. Two kinds efosystems where
considered from Mediterranean and eastern Atlasfimres, shallow coastal
lagoons and sandy beaches, which are of primasvaate both for the
numerous human activities they support and for thkiable ecological
services they provide. According to the EuropeantéNaramework
Directive (WFD, 2000/60/EC) the ecological assesgmef aquatic
environments has to focus on biotic communitiesctviare considered high-
profile indicators (by integrating environmentabalges over the time), while
the chemico-physical variables were downgraded etcorsdary indicators
(giving a snapshot of a specific moment).

In coastal lagoons, classed as transitional watdiels, the ecological
assessment based on bioindicators is often chatigng achieve; this is due
to the high variability of their living communitiesdapted to a changing
diversified environment, which does not allow teigadistinguish natural
from human-induced environmental changes. A specikcological
Evaluation Index (EEI) based on macrophyte commyualteady exists for
shallow coastal lagoons and we applied it on a Sianilagoon system, the
Ghar El Melh lagoon complex, in parallel with artiogl water classification,
which was assessed here for the first time in astabdagoon in the
Mediterranean basin. Water optical features are ngmibe main driving
forces in these shallow water bodies, where ligrgilability significantly
affects biotic communities’ features. The Ghar EIMlagoon is suffering an
increasing eutrophication, which was actually detdy the macrophyte-
based index, indicating a moderate ecological staflne same frame was
depicted by the optical classification, which henesulted to be suitable also
in the Mediterranean region. The application o§ ttmethod, based on water
Apparent Optical Properties (AOPs) and laboratogasures of Optically
Active Substances (OASSs), highlighted different rdeg of water turbidity
and light absorption in the different lagoon sestdhus also indicating the
possible impact sources. The good agreement betthieezcological and the
optical classifications represents already a netéibding, but what is more
noteworthy is the great amount of information tvas obtained analysing the
spectral features of AOPs, particularly watereethnce (R). Five kind of
spectra, corresponding to five optical classesgevieand, and the evaluation
of their shapes permitted also to identify which$3Avere more active in the
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light attenuation process. Further studies are ecbéal validate this method as
indicator of water quality for transitional wateodes, but these findings
already indicate the spectral analysis of AOPs ra®féective tool for the
monitoring of coastal lagoon systems, to integth&ebiotic characterization.
The optical measures may be easily takensitu by using a Portable
Underwater Mini-Spectroradiometer (PUMS) and thecsqal investigation
permits to avoid water laboratory analyses, whioh @ften expensive and
time-consuming. Based on our results, the parafiskssment of macrophyte-
coverage and spectral optical properties mightesgnt the best monitoring
procedure for Mediterranean coastal lagoons.

About sandy beaches, the use of bioindicators taitao their
ecological status was further motivated by the uaig@daptations of the
community inhabiting these underestimated ecosystéhrevious studies on
the key-speciesTalitrus saltator (Montagu, 1808) highlighted that these
sandhoppers (widespread on the Mediterranean aermeaAtlantic sandy
beaches and often dominant in terms of abundanodjfyrtheir behaviour to
cope with rapid environmental changes, thus oventgrtheir physiological
limitations to life in dry environments. In partiam, being subject to a
dehydration risk, sandhoppers evolved a nocturciality (allowing to avoid
the hottest daily hours) and the ability to oriéateowards the moist sand
near the shoreline to burrow into (zonal recovégsed on both an innate
solar compass and learned references). Their @caattivity rhythm may
vary depending on the habitat features, becomingenaefined in harsh
conditions, and their solar orientation for zonatavery may be influenced
by the shoreline stability, resulting more scatiesa beaches with a changing
shoreline direction. On these bases, we asses$ediberal variations of.
saltator as bioindicators of impact on two beaches thdtbeen subjected to
anti-erosive interventions. Together with sandhegpbehaviour, also the
macrofaunal community was analysed (already coreidea reliable
bioindicator of ecosystem stability), to have a tooinof behaviour-based
bioindicators. Two case study were considered, eraidal beach on the
Thyrrenian coast of Italy, where a hard-engineeririgrvention was carried
out in 2010, and a mesotidal beach on the Atlssttimre of Portugal, which
was subject to a soft-engineering dune rehabiitatibout ten years ago. In
both the cases the circadian activity rhythm resulore linked to the
climatic/tidal regimes than to the changes indutgdthe interventions,
making this adaptation unsuitable as an impachbioator. Instead, the sun
orientation gave interesting findings for the kalicase study, for which data
were available from before the seawall constructomth for T. saltator
orientation and for macrofaunal diversity. Hereethisites were considered,



with different coastal dynamics, at increasingatses from the seawall; the
4000 site was under erosion, the 6000 one was taggrand the 5000 one
was in a dynamic equilibrium. The comparison higfhied that the best sun
orientation was no more displayed by the 5000 spbladion, but by the
4000 one. Looking at macrofaunal diversity, an @ase was observed at the
5000 and 6000 stations, and both the PERMANOVA thedMDS analyses
on the community composition showed a separatidhede stations from the
sectors closer to the seawall. These results iteticithat an accretion was
engendered at the 5000 and 6000 stations, favodn@gliversification of
invertebrates by furnishing additional habitatsth&t same time, the shoreline
seems to have been stabilized at the 4000 sitetodine seawall effect. Both
the phenomena were clearly detected by the orientaxperiments, which
hence were confirmed as a possible monitoring fmoshort-term impacts on
shoreline dynamics, considering that behaviouralptations may represent
the first responses to environmental variations. tBa@ other hand, the
orientation tests made on the Portuguese beachrewhe intervention to
stabilize the dune goes back ten years ago, didshowv any differences
between the impacted and the control site, locatedout 500 m of distance.
Also the community of invertebrates did not diflestween the two sites, but
a significant difference was found concerning thberalance ofl. saltator
which is likely affected by the presence of geatestbacking the beach,
preventing the sandhoppers to burrow into the saddnce, though
sandhoppers’ behaviour has resulted not suitablén&long-term monitoring
of effects due to engineering interventions on gamehches]. saltatorhas
been confirmed to be a keystone species, the ahuedd which may detect
impacts that macrofaunal analyses do not point Moteover, this was one
of the first studies assessing the long-term ingauft soft-engineering
interventions on sandy beaches; the results higtedy that, though less
impacting than groynes, seawalls or dykes, alsadegétes may produce
long-term environmental effects, which have to benitored for a correct
beach management.

The scale of pressures threatening coastal enventsmequire global
syntheses of research and interdisciplinary appesdo design management
strategies incorporating the conservation of thely ecological attributes.
Several critical gaps in our current scientific Wwhedge prevent us from
accurately measuring and predicting the impactsctffg coastal areas; in
this thesis the task was to fill some of them, wit@ aim to be instrumental in
the development of conservation and managemeriegiea to maintain the
ecological integrity of these irreplaceable ecomyst.



1. GENERAL INTRODUCTION

1.1 Importance of coastal areas and main impacts

The coastal zone is an interactive environmentesii®fl to major human impacts.
The coastal areas (the region +200 m elevation frament sea level), representing
just 20% of the Earth’s surface, hold over halthe# global human population, with
37% being within 100 km of the coastline (Denni2008). About 70% of the
world’s megacities (>1.6 million) are in this zoAeOICZ 2002), making human
densities about three times higher than the glotedn (Small and Nicholls 2003).
Moreover, this proportion is increasing due to botpulation growth and migration
to coastal regions (Crossland et al. 2005). Sortima&®s point that one third of the
world’s population will live within 100 km of thehsreline by 2020 (GESAMP
2001), others speak of three quarter within 60rkétares of the sea (Povh 2000). The
main reason making coastal areas highly attractore human activities and
settlements is their very high productivity, duethe presence of strong gradients,
both vertical and horizontal, produced by the tittorss between sediments, water
and air, both on land and at sea; these resultyirardic chemical and physical
processes(Goneng and Wolfin 2005). The coastal imoae area of major sediment
and nutrient deposition from both terrestrial andrime (microalgae, macroalgae,
coral) sources as well as a region of intense bicgemical cycling. The
transformations of major elements are particuladyive in coastal zones, which
makes them ecologically very important, as theyiol® a number of environmental
goods and services (Dennison 2008). Their dynamaiwra, resulting from the
transfer of matter, energy and living organismsadeen land and sea systems, is
driven by forces that include short-term weathangtterm climate, secular changes
in sea level and tides (McLachlan and Brown 20(dhreover, coastal areas
frequently encompass critical terrestrial and aqulabitats, like estuarine areas,
coral reefs, coastal mangrove forests, coastablagand other wetlands, tidal flats
and seagrass beds, providing essential nurserfeadthg areas for many species. It
was estimated that over 75% of global fisheriegjifggabout one billion people, are
derived from the coastal zones (LOICZ 2002). Initold, these areas support large
numbers of migratory and non-migratory waterfowtl asmorebirds and endangered
reptiles, such as turtles and alligators. In teoinglobal biological productivity, the
coastal zones contribute fully one-quarter to tloba productivity (LOICZ 2002).

On a global scale, the dominating issue in coastaks is definitely the human
population pressure. Human alterations to hydrolegy., dams in rivers and coastal
structures such as wharves and marinas) to maintaier supply and resources to
expanding populations have a cumulative effect gladal scale. Moreover, the
global climate change, influencing sea level angelacale weather patterns, has a
large impact on coastal regions (Dennison 2008fayoabout 10 million people
experience coastal flooding each year due to ssomges and landfall typhoons and
50 million could be at risk by 2080 because of elienchange and increasing
population densities (Nicholls 2004). Two-thirds the coastal disasters recorded
each year are associated with extreme weathersthaitare likely to become more



pervasive threats because of anthropogenicallyedrshifts in Earth’s climate and

sea level rise (Aadger et al. 2005). More and madgptive responses will be
required in coastal zones to cope with the hazardsng as a result of global

environmental change (McClean and Tsyban 2001). tBese are not the only

threats affecting coastal areas: other factor®oficuing degradation include habitat
alteration and loss, eutrophication, altered sediai®n, altered salinity, invasive

species, toxic pollution, aerosol contaminants, aoceacidification, emerging

diseases, overfishing and overexploitation (Sheriarach Duda 1999; NRC 2000;

FAO 2003; Millenium Ecosystem Assessment 2005; rCedial. 2009). Here two

kinds of coastal ecosystems will be consideredanendetail, the coastal lagoon and
the sandy beaches, both having very specific feattw be preserved and strong
human pressures threatening them.

1.2 Coastal lagoons, features and main threats

Coastal lagoons are particular ecosystems, thertanpze of which has not always
been well understood; their ecological functioningst be analyzed and evaluated in
the context of a specific type of water body, with own characteristics (Pérez-
Ruzafa et al. 2010). Coastal lagoons occupy 13%hefwvorld’'s coastlines (Barnes
1980); traditionally, they are considered as titamsal systems between continental
and marine domains, defined as areas of salt akistawater separated from the
adjacent sea by a low-lying sand or shingle bafBarnes 1980). From a physical
perspective, lagoon systems are characterised éypitasence of boundaries and
transitions between land and water, between themnailumn and the sediment
layer and the atmosphere, between the lagoon andeih and, frequently, between
lagoon waters and freshwater inputs. Each boundawplves physical and
ecological gradients (Goneng and Wolfin 2005), Wwhtake these dynamic systems
characterised by frequent environmental fluctuai@Barnes 1980; Kjerfve 1994;
Zaldivar et al. 2008). Here external perturbatiofike raised temperatures,
differences in precipitation and freshwater inpatisp producing gradual changes,
generally result in radical, sudden variations obtib communities, after the
overtaking of a threshold point (de Wit et al. 208theffer et al. 2001). Also, in
most coastal lagoons, the mean depth is rarelyehighan 2 m; due to this
shallowness, lagoon bottoms are usually well iatadl, currents and hydrodynamics
are closely conditioned by the bottom topographg #re wind affects the entire
water column, resuspending materials, nutrients small organisms from the
sediment surface layer (Pérez-Ruzafa et al. 208i)all depths also make the
primary production dominated not by phytoplanktas,in oceanic waters, but by
benthonic macrophytes that here receive enough tigform the structural basis of
the nutrient cycle (McGlathery et al. 2001, 200Mpreover, coastal lagoons receive
chemical contaminants via riverine input, atmosjgheleposition, and direct or
indirect discharge of agricultural, municipal aneustrial wastes. Some of the
wastes are transported to the sea, but the relggisaded on place or stored in the
sediments, which can act as sources or sinks fmidal contaminants, depending
on external inputsjn situ processes in the water column and post-depositiona

7



alterations in sediments (De Backer et al. 2015p0tan et al. 2013). Because of all
these characteristics, these environments hous¢adln high biodiversity, provide
habitat for many species and serve as nursery areh$eeding grounds for marine
estuarine opportunistic fishes (Pérez-Ruzafa e2@l0). The coastal lagoons also
provide goods and services: they support importhstieries, are used for
aquaculture exploitation, provide key tourist aedreational services (like nautical
sports, swimming and health care) and also offelbdwa and navigation facilities.
At present, these ecosystems are considered aakbyr fin regional development
plans (Pérez-Ruzafa et al. 2007, 2010) but, wiiting as important engines for the
economy, the close relation of coastal lagoons teittestrial ecosystems make them
especially vulnerable to human impact, generallytia form of terrestrial and
freshwater inputs increasing the sedimentationsrated the risk of eutrophication
and pollution (Géneng¢ and Wolfin 2005; Pérez-Ruztfal. 2007, 2010). Coastal
lagoons are among the water bodies with a morelaese human and historical
dimension; this long-term anthropogenic influenteady produced environmental
degradation in most of the lagoon ecosystems, lamddcial awareness on the need
to protect and manage them is increasing. As tkegive continental freshwaters
from their catchment area and have scarce exchamigeshe sea (especially the
chocked and restricted coastal lagoons, see Kjer®&6), in most of the cases a
severe degradation of water quality has occurrethénform of pollution and/or
eutrophication (Lacaze 1996; GESAMP 2001; Benrjeth Romdhane 2002). This
makes the definition of an effective monitoring gedure a priority in order to
achieve the sustainable management of coastallagy®iems.

1.3 Sandy beaches, peculiarities and main impacts

Sandy beaches make up two thirds of the world'dree coastlines (McLachlan and
Brown 2006), which make them among the most immbr@vironments for human
activities (Schlacher et al. 2008). The traditionadw of sandy beaches largely
underestimates their value as ecosystems, theidivieisity and the critical
ecosystem services which they provide (Dugan e2@l0; Schlacher et al. 2006).
Actually, a single beach can harbour several huhdspecies of invertebrates
(Armonies and Reise 2000). The porous sand bodyohbes interstitial organisms
such as bacteria, protozoans and small metazaansnf) a distinct food web, while
larger macrobenthic invertebrates burrow activatgl anclude representatives of
many phyla (mainly polychaete worms, clams, whellkd crustaceans), which can
be scavengers, predators, filter- or deposit feed®efeo et al. 2009). These
invertebrates can reach notable abundances (cadQind nt) and biomasses
(>1000 g 1), thanks to their unique adaptations, includingbility, burrowing
ability, protective exoskeletons, rhythmic (e.gdati circadian, semilunar, lunar,
seasonal) behaviour, orientation mechanisms andvimiral plasticity (Chelazzi
and Vannini 1988; Scapini et al. 1995; Brown 1986ares 1999; Scapini 2006).
Beach species include marine forms (below the @n&) and air-breathing forms
(around and above the drift line), most of whicmruat be observed in any other
environments (Schlacher et al. 2008). Supralitteaales are important nesting areas
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for turtles and shorebirds, while the fauna of tbeier beach may extend its
distribution seawards into the surf zone, thus mgkt an important nursery and
foraging area for fishes that, together with birdepresent the top consumers in
sandy beach food webs (Defeo et al. 2009). On shadghes the composition and
abundance of invertebrate assemblages are codtrptienarily by the physical
environment, particularly sand, wave and tide regnThese features permit to class
beaches as dissipative beaches (accretional, wide flat), reflective beaches
(narrow and steep with an erosional nature) orrimgeliate between these two
extremes (McLachlan and Brown 2006). Generally, enspecies can colonise
dissipative beaches, while fewer, mainly robust staceans, can establish
populations in the harsh conditions of reflectieathes (McLachlan et al. 2013). As
well as supporting biodiversity, sandy beaches idewnique ecological services,
many of which are essential to sustain human utesastal areas. Among these,
there are the filtration of large volumes of seawahrough the porous sands,
processing organic materials and recycling nutsiebaick to coastal waters
(Kotwicki et al. 2005; Schlacher et al. 2007; Mchkm et al. 2013), the functional
links between terrestrial and marine environment®e sediment storage and
transport, the wave dissipation and associatedebnff against extreme events
(storms, tsunamis), the dynamic response to sehime (within limits), the water
storage in dune aquifers and groundwater dischdmgrugh beaches, the scenic
vistas and recreational opportunities (Defeo eP@09) The ecological functions of
beaches are often perceived as secondary to ttwiomic value, which is alarming
when considering the strong human presence on tkepecially in the last two
centuries (Nordstrom 2000). Globally, burgeoningydation growth in coastal areas
is placing escalating pressures on sandy beacHgshwattract more tourists and
recreational users than any other coastal ecosydeown and McLachlan 2002;
Maguire et al. 2011). The physical environment ehd¢hes is being impacted both
by immediate human activities and by the long-texffects of climate change
(Nordstrom 2000; Defeo et al. 2009).non-exhaustive directory of the main direct
impacts includes recreational seashore activitigodyucing effects mainly as
trampling, camping or car driving on the beach)atesl beach cleaning and
grooming (often with heavy mechanical equipmentgny kind of pollutions (solid
waste, wastewaters and sewage, oil spills), ovenijs accidental introduction of
invasive species, mining (sand for building, heavperals, diamonds, etc.), beach
nourishments and coastal armouring against erdsioaview in Defeo et al. 2009).
On this last point, a strict connection exists wiitle major issue of the long-term
climate change effectavhile unconstrained beaches are resilient, as theypge
shape and extend naturally in response to stormhvarations in wave climate and
currents, human modifications of the coastal zamsedeverely limited this flexibility
(Nordstrom 2000), trapping beaches in a ‘coastaksge’ between the impacts of
urbanization on the terrestrial side and manifestat of climate change at sea
(Schlacher et al. 2007, Defeo et al. 2009, Doney}.é2012). Approximately 50 m of
beach retreat are expected for every 1 m riseeoéa level (Schlachler et al. 2007)
and the worst scenario projects a sea-level ris@s5otm by the year 2100 (IPCC
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2007) which, together with the already observedease of storm activity and/or
intensity, has as a main result that coastlinesgarerally migrating inland. Even
more significant than the loss of land are the remti consequences, including
damage to coastal infrastructure, salinization efisy suboptimal functioning of the
sewage system of coastal cities (with resultingthdmpacts), and loss of littoral
ecosystems and loss of biotic resources (Slottl.eR@06). As eroding beaches
become narrower, habitat disposability decreasess towering the diversity and
abundance of the biotic community (Dugan and Hubht28106; Dugan et al. 2008;
Defeo et al. 2009). An effective management hasinecnecessary in most of the
cases, and worldwide coastal authorities havevieted using either ‘*hard’ or ‘soft’
engineering solutions. The last interventions hafeen resulted in negative
ecological effects, as the loss of biodiversitypdarctivity and critical habitats, as
well as maodifications of the subtidal zone, whishan important recruitment zone
for many sandy beach animals (Dugan and Hubbard;2Péterson et al. 2006;
Speybroeck et al. 2006). Hard engineering strustwgch as seawalls, groynes,
piers, etc. have traditionally been used for traqmtion of developments within the
coastal zone, but they are expensive and tend dmgie erosion, possibly by
modifying the wave and sediment processes (Phidlip$ Jones 2006; Dugan et al.
2011). They will generally change wave directioribe shore and interrupt or stop
longshore and/or shore-normal sediment transpartictires built on and at the
back of the beach, particularly seawalls, will exthate beach erosion when exposed
to waves and prevent the backing dune store of &&md being utilized during
erosion events (McLachlan et al. 201Bgcause of the problems associated with
hard engineering, not least cost and maintenankternative soft engineering
techniques working in conjunction with natural peses are increasingly being
used, including beach nourishment, dune restoratidforestation’ or reforestation
and approaches such as the construction of aatifieefs or seaweed$hese soft
measures seek to protect the shore zones whilge®eng beach characteristics and
till now have resulted to be long-lasting and egalally sound options (Phillips and
Jones 2006; Cisneros Linares 2013). However agtutie ecological effects of
some recently developed methods are not stilllyotaiderstood, which makes the
monitoring of such interventions an important figlfl study in view of a correct
management of sandy beaches all over the world.

1.4 Aims and objectives of the thesis

The need for an approach implementing the manageaieroastal ecosystems in
support of resource development and sustainabdigund the globe has been
recognized from a strategic perspective (Taylor &dom 1989; Sherman and
Duda 1999). A combination of weak governance, dleagon of markets, fishing
pressure and climate change has exacerbated Linab$tgpractices in many coastal
areas; under such pressing conditions of change wamzkrtainty, adaptive
management systems and effective governance ndslitoplemented (McLachlan
et al. 2013).The United Nations Conference on Emvitent and Development
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(UNCED) encouraged coastal Countries to establigiyrams for assessing and
monitoring coastal ecosystems so as to enhancability of national and regional
management organizations to develop and implementedial programs for
improving the quality of degraded ecosystems.drdéclaration on oceans, UNCED
recommended that coastal nations: (1) prevent,ceedand control degradation of
the marine environment; (2) develop the potentiaharine living resources to meet
human nutritional needs, as well as social and @oangoals; and (3) promote the
integrated management and sustainable developrhentstal areas and the marine
environment. In the European Union the DirectiveO®@B0/EC (European
Community 2000), known as Water Framework Direct{VéFD), established a
framework for community action in water policy andinagement concerns, which
applies to groundwater, inland surface waters,tabasd transitional waters. WFD
assumes as an essential starting point the thoraugterstanding of aquatic
ecosystems, through a targeted monitoring, basexheror more specific indicators.
Aquatic (particularly coastal) systems are comphexi there are many problems
associated with monitoring their ecological qualilye to a great variability both on
a temporal and geographical scale, making diffiemly inference (Crossland et al.
2005). In coastal systems, the interactions betweawes and currents, climate,
geomorphological processes and fluxes of chemiaats nutrients from/to land,
atmosphere and oceans are still imperfectly unoedsthence, WFD does not
mandate the use of a particular set of monitorieghads, as in some countries and
ecosystems single stressors may predominate (erganio pollution or
eutrophication), while in other cases a complextunx of stressors may affect water
bodies (e.g. nutrient enrichment, hydromorpholdgiesgradation, toxic substances,
overfishing). WFD aims at establishing an adequadaitoring programme based on
various ‘quality elements’, including physico-cheali hydro-morphological,
biological and chemical parameters (Allan et al0&0 The real novelty is that
aquatic ecology has been put at the base of theageament decision; biotic
communities have become the primary focus to asflassstatus of aquatic
ecosystems (Hering et al. 2010). The Directive thas changed management
objectives from merely pollution and/or erosion ttohto ensuring ecosystem
integrity as a whole, and the response of the biata been recognised as an
integrative way to measure ecological quality (Rogbfile indicator), before
changes in physical or chemical variables thatarsidered as secondary indicators
(Ferreira et al. 2006). Thus, different assessnsystems have evolved across
Europe, reflecting the diversity of water bodiepey and pressures. But, in the
context of the Mediterranean basin, the monitoang management efforts of the
EU countries should be coordinated with the actiohshe non-EU countries,
countries, to undertake consistent supranationabigement decisions incorporating
both the small (ecosystem) and the large (Medieaa Sea) spatial scale. The
importance of governance of water resources waaayr politically recognized in
the Mediterranean area, but an acute water crégsalidely impeded the sustainable
development for most of the arid and semiarid senthCountries of the region
(AQUASTAT 2012; Hamdy and Choukr-Allah 2012). Theetiterranean Countries
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are also vulnerable to global climate change, aeraéstudies pointed out that the
region is expected to deal with more forest fitess of agricultural land and with
more frequent and severe water shortages thantaey iegion in the world (IPCC
2007; Senatore et al. 2011; Garcia-Ruiz et al. ROHignce, the management of
water resources in the Mediterranean region is alerige of primary relevance;
governments, civil societies and private sectorehy participate in and promote
interaction and dialogue, starting from the mommgrprocedures to adopt for the
correct management of coastal ecosystems acrodddtiterranean shores. In this
work, the monitoring of two kind of coastal ecosyss has been considered,
shallow lagoons (section 2) and sandy beachesdse®} from Tunisian, Italian and
Portuguese coasts.

Concerning the coastal lagoon ecosystems, on dedlseir high productivity makes
difficult to distinguish between natural and cudtlureutrophication (Nixon1995;
Alongi 1998) and, on the other side, the variabltew characteristics prevent to
distinguish chemical stressor effects on biotic oamities from natural variability
(Verissimo et al. 2013). This is the ‘Estuarine [@udParadox’ described by Elliott
and Quintino (2007), who noted that estuarine b{atad all the transitional ones,
including coastal lagoons), being exposed to difiedsand changing water quality
conditions, have a relatively high degree of talemadaptation. This poses an
additional constraint in determining ecosystemustdtom biological responses and
in assessing cause—effect relationships betweernamamants and biological
endpoints. For these reasons, a monitoring basediabogical surveys in coastal
lagoons needs to account for natural changes awver and space, which makes
reference comparisons typically not realisticalhsgible (Barbone et al. 2012). The
recognition of the uncertainty due to multiple amniding factors in transitional
waters (Chapman et al. 2013) make preferable thasmmement of multiple
variables, using different methodologies; the iraéign of different measures to
provide the best information for decision-makingeéssential, given the natural
complexity of these ecosystems (Chapman et al 2(H8jhce, it is not easy to
identify the best monitoring procedure for shallowastal lagoons. Some methods
developed in Europe were considered too complexséMvi al. 2003); Peeters et al.
(2009) proved that water transparency was enougtidtermining the trophic status
of lakes, but only a restricted set of very shajltawland lakes were analysed. On
the other side, Reinart et al. (2003) found a revfgrt overlapping between optical
and trophic properties of coastal waters and ldakeEstonia and south Finland,
particularly concerning the most turbid waters.cOfirse, water transparency (or its
counterpart, water turbidity) represents a keytfigmtn shallow coastal lagoons, but
it cannot encompass all the range of impacts aed thiotic effects. For these
reasons, several efforts have still to be madeind in adequate monitoring
procedure, suitable for a wild range of lagoon emnents. In this work, a
procedure was assessed where a biotic index, defiven EEI by Orfanidis et al.
(2001), based on benthic macrophytes, was coupldd am optical classification
method (Reinart et al. 2003), considering wateicaptproperties and contents of
optically active substances. The method and thdtseare discussed in two papers,
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the first one already published (section 2.2), skeond currently in preparation
(section 2.3).

About sandy beach ecosystems, coastal biologistsnaw recognising their high
ecological significance (Schlacher et al. 2006, 20@ut beach management still
often focuses only on physical attributes and @eses, particularly those related to
managing sand budgets and the stability of the ediner (Schlacher 2008). In
contrast, impacts on ecosystems are rarely inclinldzeach routine management
(McLachlan et al. 2013). One of the reasons is, timtmany situations, there are
critical gaps in basic ecological information raedi for conservation planning on
beaches, and coastal managers are not enough dngilgecologists (Schlacher et
al. 2008). In the long term, robust and efficacimenagement interventions must be
founded in a more comprehensive ecological undedstg of beaches. Pressure
disturbances are increasing and many of them pesimpacts at the scale of tens
to hundreds of kilometres, which can last from rhertio years (Defeo et al. 2009.
Their cumulative effects may extend to regional glubal scales for developed and
urbanised coasts, intensively used for recreattwoper and McKenna 2008; Defeo
al. 2009). However, long-term data sets descrilgitiger the natural dynamics of
beach systems or the magnitude of human impactghem are scarce and
fragmentary. Thus, the research priority is to enpént long-term monitoring
programs that quantify the dynamics of key ecolalgattributes of sandy beaches at
different levels, from individuals to ecosystems,veell as to compile regional and
global databases of empirical measurements of stargy condition. Multiyear,
large-scale data sets might help to assess thentegferange contractions or
expansions and even the potential extinction ofesgpecies and to detect regime
shifts and their corresponding drivers (Carpen@l8 Schlacher et al. 2008; Defeo
et al. 2009). The latter have been increasinglyudwmnted for some terrestrial,
freshwater and marine systems but not for sandghasayet (de Young et al. 2008).
Another pressing issue is to better distinguishvben natural variability and human
impacts (Peterson and Bishop 2005). It can be meie difficult to separate the
individual effects of different impact sources, tor find unaffected beaches that
could act as truly independent controls in expentsieBecause good control sites
are very difficult to find, distinguishing naturalariability from anthropogenic
impacts can only be attempted by modelling gradiamtay from the impact sources,
as shown by long-term and large-scale field stu(iefeo et al. 2009). As already
said (section 1.3), one of the most immediate @&vere threats for sandy beachesis
the accelerated erosion rd&lott et al. 2006), but often the interventionsckhwere
realized to counteract it had negative ecologiaisequences (Schlacher et al.
2008). Adaptive responses to erosion should inste@drporate ecologically
sustainable environmental outcomes, which will reglose cooperation among
scientists, managers and policy makers at locglponal, national and international
levels, starting from the methods used in the nooim¢g phase. In this study, we
analysed further the possibility of using a beharab bioindicator that had been
already proposed to monitor the impacts of intetiomis affecting shoreline stability
(Scapini et al. 2005, Fanini et al. 2009; Ketmaieal. 2010). Hence a first published
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paper is presented (section 3.1.1) that summatizesframework in which this
research was developed. Here the motivations aseridbed why the behavioural
adaptations of the sandhoppEalitrus saltatormay be proposed as indicators of
impact in the temperate coastal areas. Then, taceise study was considered, of a
microtidal sandy beach in Italy (Collelungo beddlaremma Natural Park), where a
gradient from erosion to accretion is observabbeflone extremity to the other of
the 6 km extended beach. In section 3.2.1 we amdlylse circadian rhythms of
locomotor activity of three sub-populations of dampers subject to different
morphodynamics (paper in preparation), to propbsthm variation as a possible
indicator of shoreline stability. We also analysathng the same beach, the sun
orientation of sandhoppers. In section 3.2.2 a pépeder review) considered the
seasonal variations of this behaviour in an ecohligberspective, focusing on the
role of behavioural adaptations in harsh envirorisidike sandy beaches. In the
paper of section 3.2.3, which is still in preparati the possibility of using sun
orientation ofT. saltatoras an early impact indicator was analysed, by ewimg
data obtained on this beach before and after thetaation of a seawall against
erosion. Close to the sandhoppers’ behaviour, ats@rofaunal diversity was
compared, as this was recognized as a suitablediaitor of beach ecosystem
stability (Mattoni et al. 2000; Longcore 2003), shiurnishing a medium-long term
control. Finally, a second case study was congifjeaemesotidal beach on the
Portuguese Atlantic coast (Leirosa beach), whessfa engineering intervention
with geotextile tubes had been carried out, moaa tlour years ago, to recover an
eroded dune-system. In the first published papecti@ 3.3.1) both circadian
rhythmicity and sun orientation of sandhoppers weEnapared between a site close
to the impact and a site further from it, focussimgthe effectiveness of the recovery
intervention and on the adaptive meaning of theenlesl behaviours. In the second
published paper (section 3.3.2) both sandhoppetigntation and macrofaunal
diversity were compared at the two sites (impaetednot impacted), to check the
suitability of sun orientation as a bioindicatosalfor long-term effects on beach
stability.
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2. OPTICAL CHARACTERIZATION OF MEDITERRANEAN COASTA L
WATER BODIES

2.1 Introduction. The Ghar El Melh coastal lagoon

The research on lagoon ecological processes iM#uditerranean has suffered its
ups and downs in the last few decades. After baggnim the 1970-1980s (see for
example, Lasserre and Postma, 1982; Kapetsky asskblra 1984; UNESCO 1986;
Carrada et al. 1988), it is only in the last 10rgethat the number of publications
appearing in high impact journals has increasedifsgntly, with more than 50
Mediterranean lagoons for which some data have lpedolished in the recent
scientific literature (Pérez-Ruzafa et al. 2011heTMediterranean coastal zone is
one of the world’s most densely populated areapdfnnis and Salathé 1999),
with over 130 million inhabitants concentrated iore than 50 coastal cities with
populations above 100,000. In 1921 23% of Tunitiéal population were classified
as urban. By 2004 this had increased to 64% oftated population (INS 2005),
while more than 5 million tourists visit the countach year (INS 2003; Guillaume
and Comeau 2005), the majority being accommodatedoastal resorts (Ghali
2002). Similar pressures are escalating through tlal south Mediterranean
countries, where the population doubled in the thste decades of the twentieth
century and is expected to increase by a furthen@l®n by 2025 (Guillaume and
Comeau 2005). This rapid growth engendered a demtiah impact also on the
structure of lagoons’ specific biological assembk@nd dynamics: some of the
changes have been induced by coastal work forsimufacilities, while others relate
to changes in agricultural practices in the watedslincreasing agricultural wastes
and nutrient input into lagoons (Pérez-Ruzafa e2@11).The degradation of water
quality overlaps, in Tunisia and in the other seathMediterranean countries, with
water scarcity issues (AQUASTAT 2012). Here theekeable water resources are
less than 1000 frwater/inhabitant/year (Hamdy and Lacirignola 2Q0&gularly
distributed in time and space, while 76% of prdafjpons and 85 % of renewable
resources of the whole basin are concentrated én nbrthern Mediterranean
countries including Turkey. Due to the describednges, the demand for freshwater
is rapidly growing (Thomson et al. 2009) and thastf together with the expected
effects of global climate changdRCC 2007; Senatore et al. 2011; Garcia-Ruiz et
al. 2011), make Tunisian shallow lagoons among st sensitive areas to
environmental stresses (Romdhane 2001; Turki anehzZda2001).Understanding
ecosystems’ functioning through monitoring and nfibap is an important
prerequisite for the development of common Meditegan management policy for
coastal lagoons (Thompson et al 2009).

The 34 knmi Ghar EI Melh lagoon is located on the north-westide of the Gulf of
Tunis (37°06’-37°10'N, 10°08’-10°15’E), between R&arf (Cape Farina), and the
estuary of Majerda River. Maximum depth in the lagds 3.8 m, with an average of
0.8 m; the bottom is relatively flat and muddy (Rassen et al. 2009). A 10-70 m
wide channel (1.5 - 2.5 m deep), named El Bougb@aznects the water body to the
sea. The water body consists of a complex of tiuetdands: the main lagoon or EI
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Bhira (26.7 km), Sebkhet El Ouafi (5.2 kinin the southeast and Sebkhet Sidi Ali
El Mekki (3.7 knf) in the northeast. These two minor basins aresstillower (0.5
m). The Jbel Nadhour (maximum altitude 325 m), lavhith east-west orientation
scored by several streams (ruz), delimits the eonttboundary of the lagoon whilst
the Utica floodplain lies inland to the west, altak constituted by marshlands and
swamps. A ridge created as a levee of the Mejeider Befines the southern margin
of the lagoon. The small town of Ghar El Melh one tmorthern shores
accommodates a humber of small fishing boats, cdrating their activities within
the lagoon. Formerly, the Ghar El Melh lagoon wed directly by Oued Majerda,
which at the moment has its mouth displaced southwahile now the main
supplies come from streams drained by the catchemeat, extended on about 131
km?, together with atmospheric precipitations fallidgwn directly at the surface
(Oueslati et al. 2010). The mean rainfall of aldl®@ mm/year is irregular, occurring
mainly between September and April. At the same tiinere is a strong evaporation,
increased by winds and high temperatures, for arage value of some 1450
mm/year. The mean temperature of the winter seigsbh°C whereas in summer the
average is of 27°C, with peaks over 30°C, reacllsg 40°C when the southern
wind blows from the desert. Mean water salinity3® and 51%. in winter and
summer, respectively, which is much more than Medinean water values, found
between 36 and 39%. (Moussa et al. 2005). Also g&no and phosphorous
concentrations seem quite elevated, compared tgotodphic waters of
Mediterranean Sea, being the former between 601880 mg/m (in winter and
summer, repectively) and the latter between 3098@dmg/ni in the same seasons
(Oueslati et al. 2010). A high spatial heterogsneras described regarding the
lagoon trophic status, with a worse water qualityvestern and southern sectors, far
from the opening toward the sea, and a bettertgituaearer to the sandbar (Moussa
et al. 2005). Data on macrophyte densities alscateld a reduction of sea influence
and a worsening of water quality in the last ye@emdhane 1985, Shili et al.
2002). The lagoon suffers of water contaminatiord arirculation problems
associated with human activities: industry, agtio@ and population increases have
all impacted the water body, especially an excéssitsients from sewage effluent
(Ayache et al 2009). In particular, drainage waletives from intensively cultivated
land, and some industrial development within the&cdaJfloodplain also ultimately
drains to the lagoon. Pollution impacts have besed (Beyrem 2002, Flower et al.
2009; Ayache et al. 2009), mainly due to the disghaf raw sewage from human
settlements. Romdhane (1985) reported that in idel®@80s 100 riday of sewage
was discharged directly into the lagoon from theaGElI Melh town, which has
probably increased as the population has grown Ghet al. 2007).Waste from
Aousja, a town to the northwest with a municipgbplation of nearly 4000 in 2004,
is also discharged into the northwest corner ofldigeon during periods of heavy
rainfall. In the next two paragraphs a monitoringpgedure is described and
assessed, and in the final section 2.4 the outcaneediscussed.
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ABSTRACT

Ghar El Melh is a shallow lagoon (average depthOd m) that has undergone an
eutrophication process due to growing human pressufo obtain a global frame of the
ecosystem functioning, an optical and an ecologitassification were used in parallel.
Downwelling and upwelling spectral irradiances weneasured in situ in 22 sampling
stations across the water body; then Apparent @pficoperties (AOPs), namely reflectance
R(\) and vertical attenuation coefficien() were calculated for each wavelength of visible
spectrum, furnishing typical spectra from turbidteva, rich in dissolved and suspended
matter. From water samples of the same stationsctimeentrations of OASs (Optically
Active Substances), i.e. Chromophoric Dissolved &dig Matter (CDOM), Non-Algal
Particulate (NAP) and Phytoplankton, were assesBeel.use of an optical classification for
water bodies rich in TSM and CDOM, integrating AO&wd OASSs, highlighted a great
spatial heterogeneity, well overlapping with hydgy and human impacts patterns. A
modified version of the Ecological Evaluation IndéxEl), considering the macrophytes
distribution (based on a visual assessment of rpagte coverage, without quantitative
sampling) was then used, highlighting an intermediacological condition, despite high
water turbidities. The integrated use of both gystethus furnished a complete
characterization, rapidly detecting the most impddtectors and the possible primary causes.
The method might be applied as a monitoring promdn other Mediterranean coastal
lagoons, with the aim to adopt a common consermastrategy for these important
transitional water bodies.

1. Introduction together with supplies from the catchment
) area and the sea, may cause the
Coastal lagoons have been exploited bystablishment of strong gradients. This

humans because of their high productivity angesuits in a higher capacity for producing
biodiversity. In these areas, many ecotonesnergy in comparison to marine

occur  (water/sediments,  fresh/brackish/segnvironments (Goneng & Wolfin, 2005).

waters,  atmospheric/water  circulation,Coastal lagoons have been used by humans
pelagic/benthonic ~ communities),  which,for settlements, fishing, aquaculture and
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agriculture, putting pressures on theséong and 4.5 km wide, with an average
ephemeral and dynamic systems. This idepth of 0.8 m, (0.2 m and 3.8 m minimum
especially true for Mediterranean coastahnd maximum, respectively) (SCET_ERI,
lagoons because of their shallow waters an2000). In the past, Ghar El Melh lagoon
low volumes, which make them vulnerable tovas fed by Oued Majerda, a river that
global climate changes more than inlandurrently has its mouth displaced
lagoons. In the Mediterranean seasouthward. Now the main water supplies
temperatures are expected to rise from 0.2 wome from streams drained by the
0.6°C each decade (IPCC, 2007), engenderirmatchment area, together with atmospheric
a rise of the sea level that seriously threaternmecipitations falling down directly on the
the integrity of such transitional ecosystemsurface.

(Eisenreich, 2005). In Tunisia, lagoonThe main threat to the stability of the
environments are important both from arecosystems here is the sediment drift
ecological and economic point of view, modification due to the construction of an
covering an area of about 1,100 km2 from théarbour close to the opening channel,
northern to the southern coasts of the countryogether with the issues linked to the water
Currently, almost all these transitional watequality, caused by a poor regulation and
bodies undergo environmental degradationmanagement of recent touristic and
due to pollution (domestic and industrial wastegricultural developments. In this part of
waters, organic and mineral nutrients richlunisia a consistent rise of tourism is
waters from catchments exploited for farmingresponsible for an augmented fresh water
industries, etc.) and recent increases of sedemand, mainly during the summer
tourism activities. The latter result in theseason, associated with increased sewage
building of hotels, roads, ports, marinas, etcwaters production, not subject to any kind
almost never planning for the possible impactef sanitization treatment before returning
on ecosystems. One of the main risks frorto the catchment area. Also, agricultural
these human stressors is the eutrophication ofethods are being altered, and there is no
the Tunisian coastal lagoons, which is also theegulation of the types and amount of
case for the Ghar El Melh lagoon, situated ipesticides, fertilizers and other organic and
Tunisia N-W. In 2008 an optical andmineral substances used by local farmers
ecological classification was carried out, tdo increase their crops.

evaluate whether the existing methodologies

for coastal waters investigation were suitabl@-2- Optical Properties and Classifications
for transitional water bodies, and how thes
methodologies should be improved, with th X . .
main goal to provide a practical, repeatabl he luminous radiant flux per surface unit
monitoring  procedure, useful for the n W/nf); E= d.:D/dS' To calcglate water
management and conservation O]opucal properties, the main physical

Mediterranean coastal lagoons. quantities o _be measured  are
downwelling irradiance (B on a plane

n the paper we define irradiance (E) as

2. Materials and methods horizontal surface, due to the radiation
coming from the superior semi space, and
2.1. The study area upwelling irradiance (B, the same

) measure due to the radiant flux rising
The Ghar El Melh lagoon complex is locatedrom the inferior semi space (Kirk, 1994).
on the north-western side of the Gulf of TunisBy taking measurements of upwelling and
(10°08'- 10°15’E; 37°06- 37°10'N) between downwelling irradiance, in the entire

Tunis and Bizerte. Currently the Iagoonspectrum of visible light at different
complex has an about elliptical form, 7 km
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depths, it is possible to calculate two (pelagic waters), whereas in the latter one
important optical properties of waters: the main role is played by NAP or CDOM
Reflectance (R): the upwelling on (inland and coastal waters). This
downwelling irradiance ratio, for any specific classification was re-examined by Prieur

wavelength, roughly indicating the and Sathyendranath (1981) , who
backscattering/absorption ratio, calculated asonsidered absorption spectra. Another
follows: optical classification applicable mainly to
R(\) = BE((W)/E4(N) (1) inland waters was proposed by Kirk

Vertical attenuation coefficient ~ for (1980), distinguishing waters on their
downwelling irradiance (), which expresses prevalent absorption components. With
the Ed variation with depth z; that for eachthe aim to focus on case 2 waters and
considered wavelength can be calculated as: consider the high diversity existing
Kg(\) = -[InEgz(A) — INEgx(M)]/(z2 — z) (2) among them, an alternative classification
Such characteristics are called the Apparentwvas proposed by Reinart et al. (2003),
Optical Properties (AOPs) because they arglanned for lakes, but suitable for all
not only properties of the radiant field, but coastal waters in small and shallow bays,
also of the water body. They are closelyinfluenced by river contributions and
associated with the so-called Inherent Opticalffected by sediments suspension, i.e. all
Properties (IOPs) of water, allowing to usekind of basins comparable to lakes. The
AOPs instead of IOPs, which are moremethod is based on KR and Secchi
difficult to estimate (Gordon et al, 1975; depth, but also employs OASs
Gordon and Morel, 1983; Kirk, 1984). concentrations; the criterion for including
Therefore, if measured at high solar elevationa particular type of water in a particular
the spectral variations of R andy Kan be optical class is found by the K-means
used to classify natural waters based on thelustering technique. Waters belonging to
different Optically Active Substances (OASs) class C (Clear) show a relatively small
that contribute to light attenuation. Theseamount of OASs, are transparent, have
include Chromophoric Dissolved Organic the smallest K and their R is about 2%,
Matter (CDOM, also called “yellow with the optical properties determined
substance”), Non-Algal Particulate (NAP, or mainly by phytoplankton pigments. In M
non-phytoplanktonic fraction of TSM, or (Moderate) waters the colour is modified
tripton) and phytoplankton. Previous studiesmainly by CDOM. Class T waters are
have investigated methods to measure théurbid but not highly eutrophic and have
optical properties of natural waters and createsuspended particles (both organic and
optical classifications. One of the first mineral) causing high scattering and high
methods, based ongKwas created by Jerlov R values. Such water bodies are shallow
(1976), which proposed a scale from 1 to 9and their suspended matter may contain a
types for coastal waters. As this method wagather large amount of mineral particles
created mainly to analyse oceanic watersfrom the bottom. The V (Very turbid)
normally poor in organic matter; it is not waters present a large amount of Chl
uncommon that coastal basins display(chlorophyll a, > 60 mg i), generally
attenuation values exceeding up to eight timesluring phytoplankton blooms. Type V is
those of the most turbid Jerlov’s class, type Stypical of shallow eutrophic water bodies,
(Reinart et al., 2003). Morel & Prieur (1977) as already described by Kirk (1981).
elaborated an optical classification based orClass B (Brown) are brownish-water
the reflectance spectra B( separating the so humic basins, having high levels of
called case 1 and case 2 waters. In the forme€DOM, in particular of humic acids; K
case, phytoplankton is optically dominantis also very high, while R is extremely

19



low (less than 0.2%). We chose to use thismacrophytes (angiosperms, epiphytic
method to obtain a fine spatial classificationalgae and macroalgae) was assessed. A
of the Ghar ElI Melh waters, dominated by modified version of the Ecological

dissolved and suspended matter. Evaluation Index (EEI) by Orfanidis et al.
. (2001) was then applied, integrating these
2.3 Sampling Protocol snapshot data collected during spring with

. . those described by Rasmussen et al.
In April 2008, we sampled a set of 22 statlonsézoog), referring to February 2003 and

in t_he lagoon, cho_s_en to_ cover a range OSeptember 2004, with the aim to have a
environmental conditions, in which measures, . complete characterisation of the

of spectral Eanq E (between 400 and 730 ecosystem features. The index assumes
nm) were taken just above the water S!mc"’lcethat shifts in the quality of structure and
at 10 cm and 50 ¢m of depth (when th's Wasfunctioning of transitional water bodies
allowed by the depth of the basin) or

herwi h . ible d hcan be detected by separating benthic
otherwise at the maximum possible depth.,,.rophytes into two Ecological State
Irradiances were measured by means of

) X %roups (ESGs I, 1) typical of a pristine or
portable diode-array spectrorad|ometerdegraded ecological state, respectively
(AvaSpec-2048, Avantes), to which a 50 HMsee Viaroli et al., 2008). In all the

fiber optic was connected, with a cosine

s ' Permanent-Polygons, the percentage
collector (QC3-UV), th? m_easured SPeCtracoyer was visually evaluated to establish
were acquw.ed and visualized through 3 bundance (%) of each ESG, and the EEI
laptop. Irradiance measures were taken neals oach PP was determined. Scores were
noon with calm ~waters and reducedthen multiplied by the relative surface

fclloudlngss cfonr(]jmonsd to avom(ij. strgng area of each PP and then summed, giving
uctuations of the underwater radiant uxtthe final weighted EEL.

(Kirk, 1994). Secchi disk measures were no

taken because of the limited basin depth and Results

an indirect estimate was calculated from the

measured K values: Zg.ni =2/Ky (Shifrin,  3.1. Optical Properties

1988). At the same time, for each station

superficial water samples were collected toThe main results on OASs concentrations
measure their main components in theare summarized in table 1. TSM
laboratory. TSM (Total Suspended Matter, as(proportional to NAP contents) was high
a proxy of NAP) was determined according and its organic fraction was around 20%,
Strickland and Parsons (1972) modified bymaking NAP more likely to produce
Van der Linde (1998) for the salt wash scattering than absorption during the light
procedure. To determine CDOM absorptionattenuation process. Ghtoncentrations
the protocol of Bricaud et al. (1981) was were low in the whole basin, indicating a
applied, using the interpolation method of reduced phytoplankton presence, whereas
Stedmon et al. (2000) and Twardowski et al.CDOM contents resulted relatively high,
(2004); the concentration was finally obtainedin the range of coastal and estuarine
by the approximation of Nyquist (1979). ¢hl waters (Kirk, 1994) and of inland waters
was extracted and analysed following the(Binding et al., 2008).

procedure of Lazzara et al. (2010). A visualln table 1 are also shown some important
survey was also carried out in the wholesummaries relative to the lagoon optical
basin, by defining ecologically uniform, non- properties. The values of R at 10 cm from
overlapping permanent-polygons (PPs), inthe surface (R ) represent each station,
which the percentage cover of benthic
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due to the small bottom influence at thisrecognized: 1) in almost all stations

depth. CDOM strongly absorbed light, with a
reduced contribute of phytoplankton, but
2) in few cases the scattering, ascribable

Table 1 Main summaries for Ghar El Melh waters in mainly to particulate matter (Morel &

April 2008. For Optical Active Substances: Total ; .
Suspended Matter (TSM), Chlorophyll a (ghlnd Prieur, 1977, Gordon & Morel, 1983),

Chromophoric Dissolved Organic Matter (CDOM). For prevailed on the qbsorption _Qf p_hOtonS-
Apparent Optical Properties: mean vertical attéonat TO apply the optical classification of
coefficient in the visible domain ¢ reflectance (R10) Reinart et al. (2003), based both on AOPs
at 555 nm and blue/green re.flectance ratio. and on OASs contents, once calculated
Mean Min. Max.St.Dev. N tha zyerage R and ¢Kin the visible

TSM (mg/l) 3025 13.19 46.84 1273 11 . .
Chl, (mg/m?) 169 041 643 150 17  Spectrum, we _obtalned Secch| depth for
cDOM (mg/l) 150 067 221 043 13 €ach sampling station, by the
K vis(m™) 281 123 529 130 13 approximation of Shifrin (1988). It was
R10555 88% 09% 19.1% 005 13  surprising to discover that all the five
‘(‘Zz;ggs) 032 019 052 009 13 optical classes were present in the lagoon,

giving rise to a consistent spatial
) ) heterogeneity, not detected by classical
The values in the green bands¢k were quite  gptical methods. The spatial distribution
high (1% - 19%), and the blue/green ot cjasses was consistent with the results
reflectance ratio (443/555) was smaller thangqm OASs analysis and with previous
1, indicating a strong absorption of the blueyi on lagoon hydrodynamics (Moussa et

light (Ouillon and Petrenko, 2005). The al., 2005; Thompson et al., 2009). As
analysis of reflectance spectra confirmed thaphown in Fig. 1, waters were clear close

the whole basin was constituted of case 25 the channel and moderate in the

waters, with a typical peak at about 570 NMpgrthern sector, becoming very turbid in
(where absorption of CDOM, water and he central and southern areas. Also the
pigments is smaller) and a minimum at 670gj4i Ali EI Mekki waters were very
nm, due to the chlorophyll a absorption peakTurbid, even brown, due to the minimal

Analysing the K spectra, calculated between depths and sediments suspension by wind.
10 and 50 cm of depth, a great variability of

the light attenuation was observed (table 1)3.2  Ecological Assessment
Based on the features described by Prieur and
Sathyendranath (1981), two patterns werd-or the Ghar EI Melh lagoon we also used
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Figure 1. Reinart’s optical classification appliedthe waters of Ghar El Melh
and Sidi Ali EI Mekki lagoon system (north-west Tsia) in April 2008. 21



data from Rasmussen et al. (2009), notAOPs analysis proved to be a valid tool
considering the small Sidi Ali EI Mekki for the rapid assessment of water contents
lagoon, so the modified version of EEIl was of phytoplankton, CDOM and NAP, as
not applied to this part of the system. Basedhe laboratory analyses of water samples
on the results from spatial analysis of OASsconfirmed.

and AOPs, we divided the main basin intoMoreover, the use of the optical
three PPs,: classification by Reinart el al. (2003)
1. The part near the opening in the sandbaoffered, in a rapid and repeatable way, a
and at N-E of it, with moderate turbidity and detailed picture of the actual conditions of
smaller contents of substances, whichthe Ghar EI Melh lagoon and the
represents about the 10% of total surface;  connected Sidi Ali EI Mekki lagoon,
2. The central and N-W sectors, more turbidrevealing a  considerable  spatial
with higher contents of OASs and slower heterogeneity, that resulted to be
rates of exchange with the sea, coveringconsistent with the human impacts acting
approximately 60% of the basin; on these ecosystems. Waters were
3. The S-W area, which showed a higherclassified as M in the North of the basin,
turbidity and higher contents of OASs, due towhere marine influence was still acting
the slow water turnover, including about 30%and the small fishermen's Vvillage
of the lagoon. produced reduced impacts, quickly
In the first sector we could observe, inturning to V where the depths decreased,
agreement with the literature (Shili et al., permitting to wind to raise sediments
2002), a considerable cover oRuppia from the bottom (Moussa et al., 2005;
cirrhosa, a perennial seagrass classed in ES@hompson et al., 2009), and where inputs
I; this species decreased toward the centrarom cultivated lands were stronger.
part of the lagoon, where it was aboutBriefly, a relation was observed between
equivalent to the covering o€ladophora the types of human activities and the
algae, filamentous opportunistic speciesachieved optical classification. Therefore
classed in ESG Il. These latter specieswater optical classification may represent
became highly dominant in the S-W zone,a valid tool for conservation purposes,
where R. cirrhosa almost disappeared. permitting a rapid identification of the
Therefore, in the first PP the EEI was 8 (goodsectors more affected by human impacts.
ecological status), in the second one it was @voreover, the graphical representation of
(moderate) ecological class, while in the thirdthe optical results over time, with special
one we obtained a value of 2 (bad status)reference to seasonal trends, may permit
Hence the weighted EEI for the entire lagoonto managers and other stakeholders to
was 6.8, i.e. a good, almost moderatefollow the basin evolution and to

ecological condition. understand the effect of meteorological
_ _ _ variables on its waters chemistry,
4. Discussion and Conclusions furnishing useful indications for planning

Although inal _ ¢ off the best conservation strategy.
ough a singié spring survey cannot olter, yeyer to assess the global ecological

an exhaustive frame of such a COmplexstatus of the lagoon, the need rose for a
ecosystem as a coastal lagoon, the resultﬁ)OI based on ecosystem biotic
indicated some interesting possibilities forcomponents not considering OASs

1":u_ture ][n(?Inlporlng strateg|ss.h ility of taki contents, thus permitting to integrate the
Irst of all, It was stressed the utility of taking optical characterization. A modified

in situ light measures, easily performed byversion of the EEI by Orfanidis et al.
means of a portable diode-array spectrometer(.2001) was applied, Using just a visual
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survey of the macrophytes cover, that may becontinuous application. We hope that this
proposed for other ecosystems too, where thevork will be of some utility not just for
sampling of vegetation or fauna may bethis specific case-study, but also for other
restricted. Being specific for shallow coastal transitional water bodies endangered by
lagoons, EEI avoids some common errors ohuman pressures along Mediterranean
classic limnological techniques, based oncoasts, having a great value, both
water chemical composition; here we foundeconomic and touristic, but first of all for
that, despite high contents of solved andenvironmental conservation.

suspended matter, the lagoon actually had a
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2.3 Characterisation of a Tunisian coastal lagoorntough hyperspectral
underwater irradiance.

Delphine Héléne Nourisson*, Felicita Scapini, LucéMassi, Luigi Lazzara
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ABSTRACT

Mediterranean coastal lagoons are among the mosivierse and threatened ecosystems;
along the European coasts many of them are protemteas, while others underwent to
various degradation processes as a consequenceurnénh activities in the lagoons
themselves or of water management in the inlets artbts. On North African shores a
degradation process is still starting, but is rpidcreasing, due to the recent touristic and
agricultural development; monitoring procedures #mes required, to identify the main
factors acting on the lagoon ecosystems’ equilibriand manage them properly. We
developed an optical monitoring procedure that wapglied in the Ghar EI Melh lagoon
(North Tunisia) recently subject to management ghanfrom fisheries (now displaced to
the open sea) to leisure place and sink for adricall wastes. In situ irradiance was
measured, furnishing hyperspectral Apparent OptRmaperties (AOPs) of each sampling
station in the lagoon. Water samples were alsontakeassess by routine laboratory analyses
the concentrations of Optically Active Substanc&dA$s). We applied an optical
classification, not yet used in the Mediterraneamirenment, specific for shallow coastal
water bodies rich in dissolved and suspended naddenbtaining a detailed characterization
of the lagoon optical features. The results wenesisbent with findings from hydrological
and ecological studies in the lagoon. The hypetsplecoptical characterization appeared to
be a useful monitoring tool for Mediterranean cab$igoons, as it easily indicated the
threatened sectors and possible impact sourcegh®mther side, the method should be
adapted to local specificities in order to makesuitable for water and environmental
managers. A more exhaustive research should be,mad®lidate the procedure also for
other coastal water bodies around the Mediterrgnbansustainable use of which represents
an increasing challenge for the society.

Key words: Mediterranean Coastal Lagoons, Shallow Water BedDptically Active
Substances, Hyperspectral Optical Properties, Mwitiy Procedure.

1. Introduction

Because of their importance for human activitied annerability, there is a worldwide
increasing awareness of the need to protect andgearpastal lagoons in view of the
sustainability of the water resource as well agheir unique ecosystems. These water bodies,
due to their high productivity and biodiversity (@in¢ and Wolfin, 2005), have always been
heavily exploited, but the rate of change has dtiaddy grown over recent decades, with a
negative impact on their biological communities aedsystem dynamics, particularly along
the coasts of European, developed countries (Viatall., 2005; de Wit et al., 2012). These
changes relate mainly to coastal works for toutfiaailities and infrastructures, or to changes
in agricultural practices in the watershed, wittr@asing wastes and nutrients input into the
lagoons, which in the Mediterranean region is agaped by scarce and unpredictable water
supply (Scapini and Ciampi, 2010). These threatg Ibeaaggravated by the issue of the sea
level rise that was predicted for the next yeaisgireich, 2005). Hence, a scientifically
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sound water and ecosystem management is requireddstal lagoons, including a
continuous monitoring of their abiotic and biotaneponents, especially along the southern
coasts of the Mediterranean Sea, where the humaaiogenent is now rapidly increasing.
However, to manage an ecosystem, it has to beylaagerstood, which means to know its
components, the way they are linked, the proceassetved in their functioning and the
cause—effect relationships between the human tiet\and the alteration of ecological
processes. That is a prior step to construct boame@mic models and decision support tools
for coastal lagoon management (Pérez-Ruzafa éx(dl1).

The optical characterization of natural watersteen widely recognized as a useful way to
evaluate the main biological, chemical and phydiealures of water bodies. Particularly
OASs, Optically Active Substances, interact witloaims by absorption and scattering
processes producing the solar light attenuatienpmodifying the radiation both in intensity
and colour, in a specific manner depending on tt@inposition and relative concentrations
in the water body (Kirk, 1994). In natural watedibes, the main substances altering the
radiant field are water itself, Chromophoric Dissa Organic Matter (CDOM), Non-Algal
Particulate (NAP) and phytoplankton (Prieur anch$andranath, 1981; Carder et al., 1991;
Babin et al., 2003). CDOM, also said yellow subs&aar gilvin (Kirk, 1976), is the full
amount of dissolved humic and fulvic compounds (iyaderived from the microbial
decomposition of vegetal tissues), while NAP, thetipulate material having a non-
phytoplanktonic nature, includes mineral partiadas organic suspended solids. Considering
just the ‘visible light’ (i.e. the fraction of thedectromagnetic radiation between 400 and 700
nm), water molecules mainly absorb the red, longestelengthsX), while CDOM shows a
stronger absorption for the shortgsin the violet and blue sector of the visible paw.

NAP can act in two ways; when its composition ismyainorganic, it typically scatters solar
light at all the visible wavelengths (white scatig), whereas absorption dominates on
scattering and its spectrum is analogous to CDOM it includes a large fraction of
organic particulate substances (Kirk, 1994). Fingdhytoplankton cells contain several
absorbing pigments (chlorophylls, carotenoids afigrbteins), the concentration and
composition of which depend from environmental ables, such as nitrogen concentration
and light availability, both as intensity and spaktlistribution (Hoepffner and
Sathyendranath, 1991). Phytoplankton cells alderdifi size, shape and pigment packaging,
so that a general absorption spectrum cannot feendieted for natural populations (Bricaud
et al., 1998; Babin et al., 2003); anyway, all pipyankton species contain chlorophyll a
(Chl,), generating recognizable absorption featuresvio, with maxima at about 440 nm

and at 678 nm. Absorption (a) and scattering (igether with the global attenuation of light
(c = a+ b) are Inherent Optical Properties (IGHs)atural waters, as they depend just on the
substances in the water, not on the geometrictaneiof the light field (Kirk, 1994). As

IOPs cannot be easily measured under natural éonsljithe studies on natural water bodies
are more frequently based on the so-called AOPpa‘gnt Optical Properties (Gordon et al.,
1975; Gordon and Morel, 1983; Kirk, 1984). Thedatiepend also from the luminous field
spatial configuration, but their strict relationtviOPs and the easier measurement make
them a good proxy of IOPs in most natural situaififirk, 1994). The measure of the
radiant flux per surface (quanta’reec') on a horizontal plane, both from the superiorisem
space (downwelling irradianceg)Eand from the inferior one (upwelling irradian&g), is

the starting point to calculate sea water AOPgliffase attenuation coefficient (Kfor
downwelling irradiance and its reflectance (R). &hsn these properties, different optical
classifications were elaborated for natural wataties (Jerlov, 1976; Morel and Prieur,
1977; Kirk, 1980; Prieur and Sathyendranath, 1®&lker and Smith, 1982; Vertucci and

27



Likens, 1989; Kaczmarek and Wozniak, 1995; Reiatal., 2003), with the aim to quantify
relationships among OASs in each class. Accordirthe classification of Morel and Prieur
(1977), still used in remote sensing studies, Qaspresents the phytoplankton-dominated
waters, typically oceanic and off-shores ones,@ase 2 represents all other possible water
bodies, i.e. lakes, lagoons, transitional, esteaaimd coastal waters. Here NAP and CDOM,
carried by the rivers or re-suspended from thedbotplay an important role in attenuating
the light, while their variable optical dominanaamplicates the simple relationships between
OASs observed for the Case 1 waters. For theseneathe optical classifications specific
for Case 2 waters not only are less numerous wipeact to Case 1, but were often optimized
for local conditions (Eloranta, 1978; Tshekhin, 798ertucci and Likens, 1989; Koenings
and Edmundson, 1991; Kaczmarek and Wozniak, 1$8shart et al. (2003) proposed an
optical classification for the Case 2 waters obB&tn and southern Finnish lakes, which the
authors claim to be applicable to all coastal vatershallow bays, influenced by river
contributions and affected by sediments’ re-suspense. all kind of water bodies optically
comparable to lakes. This classification reliesd@Ps and water parameters normally
included in the routine monitoring (Secchi depttmaentration of Chl CDOM and Total
Suspended Matter, TSM, as a proxy of NAP).

We applied the classification of Reinart et al.q2Pon a coastal lagoon located on the north
coast of Tunisia, the Ghar El Melh lagoon, subjeatarious impacts that are common and
increasing in the Mediterranean region (Scapini @@mpi, 2010). Yet, we chose to take
hyperspectral optical measures; in this way, tagretfith applying the Reinart et al. (2003)
classification as a control, we focussed on thetspkfeatures of optical data, more explicit
and complementary with respect to laboratory aralys OASs, to obtain a new, cheap and
synthetic tool to for the assessment of naturaérgaquality. The spectral analysis of AOPs,
particularly R, could represent a rapid monitoriagl for shallow coastal water bodies on the
Mediterranean shores, useful for their managencemplementing the use of optical remote
sensing data for monitoring phytoplankton bloonmgnpry production, optical components
and thus eutrophication (Ferreira et al., 2011, ddoet al., 2012, Caroppo et al., 2013). In
this paper the results of a single survey are dmsitrto furnish a starting point for future,
desirable applications in the management of Mesiteyan coastal water bodies.

2. Methods
2.1. The study-site

The Ghar El Melh lagoon is a system made of thremmnbasins (main lagoon, El Ouafi
Lagoon, Sidi ali EI Mekki Lagoon, Fig. 1), located the coast of the Gulf of Tunis (10°08’-
10°15’ E; 37°06’- 37°10’ N), between Tunis and Biee It has an average depth of 0.8 m
(0.2 m and 3.8 m minimum and maximum) (Moussa.e2805). Until the 18 Century, the
main water supplies were provided by the MajerdeeR({Paskoff, 1985), of which the mouth
was then displaced southward; nowadays water cam@dy from the small streams of the
catchment area and from the atmospheric precipitatialling down directly at the lagoon
surface or running down from the hills locatedhas horthern side of the lagoon. While the
west and south shores are constituted by marshimtiswamps, at east a quite thick
sandbar separates the lagoon from the sea, witkingke channel joining the two water
environments, 85 m wide and 2.5 m deep (Moussh, &095). Hence, water exchanges with
the sea are very scarce, resulting in long retartioes. Furthermore, the shallowness of the
lagoon produces an overlap between the superficiauctive (trophogenous) layer and the
beneath one (tropholitic layer); in other wordg Hottom is almost all illuminated and the
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wind can mix the whole water column, causing a matale acceleration of the
biogeochemical processes (Carrada et al., 1988hEwshallowness of the lagoon and its
limited opening to the sea, the fishery activifieshe lagoon have considerably decreased in
the last years, after the construction of a nehefig port on the sea side. The lagoon is now
included in a larger plan of coastal protectiom,ife ecological and landscape value (Scapini,
2010). Considering also the semi-arid climate, viétlv and unpredictable rainfalls
concentrated in spring and autumn, the Ghar EI N&gbon results to be particularly
sensitive to changes in its delicate equilibriume®f the threats to the ecosystem stability is
the sediment drift modification, started in 1974tbg building of the New Port close to the
lagoon opening to the sea (Moussa et al., 2005).

Moreover, in the last years touristic and agriaaltulevelopment, still poorly regulated and
managed, has generated several issues linked agiben water quality. On one side, the
intensification of tourism activities has led toianrease of freshwater demand (mainly
during summer) and to a greater production of seweafers that are not sanitized before
returning to the catchment area. On the other side, the diffusion of more productive
agricultural methods, even more based on pesticidagizers and other organic and mineral
compounds, being not yet subject to a severe régnjdave started an enrichment of the
lagoon waters, the extension of which is not ydt lugown.

2.2. Sampling Protocol

In April 2008, 22 stations (Fig. 1) were chosemalsignificant transects in the lagoon, to
cover a large range of environmental conditiongdoh station hyperspectral &d E
(between 400 and 730 nm, with frequency of 1 nnmeweeasured just above the water
surface, at 10 cm and at 50 cm of depth (whenhispossible) or otherwise at the
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maximum possible depth. The measures were takdénangtnall, portable instrument
assembled ad hoc that was named PUMS (PortablerWatie Mini-Spectroradiometer), i.e.
a diode-array spectrometer (AvaSpec-2048, Avaniesjing 350-900 nm grating, a 50 um
fiber optic SMA connection, provided with a cost@lector (CC3-UV). Spectra were
immediately visualized and saved through a lapidgre the software AvaSoft 6.1 had been
set up. Irradiance measures were taken around motbngalm waters and reduced
cloudiness conditions, as quickly as possibleytdastrong fluctuations of the underwater
radiant flux (Kirk, 1994). To minimize shade effedty the boat, PUMS was always used on
the boat side in front of sun. At the same timefasie water samples were collected from
each station and put in thermally insulated comtanThey were filtered as soon as possible
by means of two apparatuses, for 25 mm and 47 mff GlBss fiber filters (Whatman),
connected to a vacuum pump. For the extractiorigmhents water volumes ranging from
100 to 300 ml were filtered and the25 mm filtergevihen stored in 3 ml of 100% acetone at
5°C for laboratory analyses. To determine TSM catregions water volumes ranging from
500 ml to 1000 ml (according to the amount of sagige substances) were filtered, using 47
mm filters that were then preserved at a tempezaifir18°C. A sample of 100 ml of water
from each station was also filtered with 47 mnefit and fixed with sodium-azide NaNo
obtain a final concentration 0.0002 mg/I, to latalculate CDOM concentrations. Due to
unsuitable meteorological conditions, we couldtage water samples from the minor basin
Sidi Ali EI Mekki; hence OASs contents were notatatined for this sector of the lagoon
complex.

2.3. Laboratory procedures

To estimate phytoplankton concentrations, chlordiplextraction and analysis were carried
out, according the procedure of Lazzara et al. Q20Acetonic extracts absorbances were
read by a spectrophotometer (Shimadzu UV 2501 B&inat 90% acetone. From the
absorbance values, chloro-phaeopigments contemesaaéculated, through a
monochromatic equation (Jeffrey and Humphrey, 1983zara et al., 2010).

To evaluate TSM content and its organic fractibe, filters had been put in a muffle for 24
hours and weighted, before sampling; after filoasi they were oven-dried and weighted
again, permitting to establish TSM concentratiang/{) according Strickland and Parsons
(1977), modified by Van der Linde (1998) for thét seash procedure. A successive passage
in a muffle at 450°C for 24 hours followed by atlagighting permitted to obtain the organic
fraction too. To calculate CDOM concentrations, avaamples fixed with NaN3 were re-
filtered in 0.2 um PC (Nucleopore) membrane andmpguartz cuvettes with an optical path
of 10 cm. Absorbance measurements were carriedyoatShimadzu UV 2501 PC
spectrophotometer against distilled water and NatNhe same concentration of the sample;
the resulting values were converted in absorptamoaling to Bricaud et al. (1981). Spectra
were then interpolated in the whole range (3007®) by an exponential function and a
nonlinear least squared method (Stedmon et alQ;ZD@ardowski et al., 2004). The
interpolated CDOM absorption value (m-1) at 440was utilized as an estimate of their
concentration; we also calculated a mg/l valueheyapproximation: [CDOM](mg/h
a(CDOM50)/0.212 (Nyquist, 1979).

2.4. Optical properties
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Underwater irradiance spectra were smoothed bymplsimoving average (3-7 nm window),
to reduce the effects of natural fluctuations & tadiant field, and AOPs were calculated
from downwelling and upwelling irradiance as:

- Spectral diffuse reflectance (R): the upwellimgdownwelling irradiance ratio, for amyin
the visible band, roughly indicating the ratio bsaittering/absorption:

R() = BE((M)/E4() )

- Spectral diffuse attenuation coefficient for davetling irradiance (), expressing the Ing
variation with depth z, for each considered wavgien

Kd(&) = - [INExu(R) — INEx(M)]/ (22 — 2) 2).
Secchi depth measures could not be taken, due tintfied water depth; an indirect estimate
was calculated from the mean ¥alues: Zeqni=2/ Ky (Shifrin, 1988).

3. Results
3.1. OASs concentrations and patterns

The results from laboratory analyses (detailed auiéson et al., 2013) showed that CDOM
concentrations were relatively high (0.4-2.2 mgf)the range of coastal and estuarine
waters (Kirk, 1994) and of inland waters (Bindirtgak, 2008).TSM concentrations
(proportional to NAP contents) were high (13-47 Iinglith an organic fraction of about
20%, indicating a dominance of mineral sandy sedisan TSM composition, whereas
pigments concentrations (Ghltesulted to be low in the whole basin (0.4-6.4m#), due to

a reduced phytoplankton presence. Then OASs sjpatiterns were analysed.
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Fig. 2. Spatial patterns of Optically Active Sulmstes as resulting from the laboratory analysesatémsamples. a)
CDOM (mg/l); b) Total Suspended Matter (mg/l), gzraxy of NAP; ¢) Chloro-phaeopigments (mdJmas an index
of phytoplankton distribution. The intensity of tbelour is proportional to the quantities of OASselved.

CDOM was more concentrated in the southern arélaeofvater body (Fig. 2a); TSM and
therefore NAP as well were higher in the westemtfe part of the main lagoon (Fig. 2b),
while Chl, resulted more abundant in the central part obtmen (Fig. 2¢), displaying just a
partial overlapping with NAP.

3.2. Optical Properties

The Ky spectra, calculated between 10 and 50 cm of dsptiwed a great variability in the
light attenuation (Fig. 3a), with values at 440 ranging between 1.59 hrand 5.39 rif.
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Fig. 3. Diffuse attenuation spectra from the santpitations in the Ghar El Melh lagoon. a) glokision of all the
Kq spectra, showing the variability of light atterioat Dashed line = 440 nm, the reference wavelengtd to
compare attenuation values; b) the most recurrlmps, called “reversed-J”, indicating a strong gitsan by
CDOM,; c) the so called “U-shape”, found in someistes, typical of waters with valuable contentdNgtP.

Two patterns, typical of Case 2 waters, were reizegh almost all stations showed a K
shape so-called “reversed-J” (Fig. 3b), but in tawes a “U-form” was observed (Fig. 3c)
(Prieur and Sathyendranath, 1981). About speatfldatances, the measure made at 10 cm
of depth (Ro) was chosen to represent each station (Fig. #)gbess influenced by the
bottom colour. Also in this case a great variapitif values and shapes was visible (Fig. 4a),
but some common features were identified.
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Fig. 4. Spectral reflectances, at 10 cm depth, fiteensampling stations in the Ghar El Melh lagoeell fitting the
Reinart et al. (2003) optical types (see discugsimnglobal vision of all the R spectra, showihgit variability. b)
Two typical R spectra, solid line: spectrum fronfGlear” station; dashed line: spectral R from a ‘déoate”
station; c) Three typical R spectra, solid linespectrum from a “Turbid” station; dashed line: spgm from a
“Very turbid station”; dotted line: spectral R fraan'Brown” station.

The values of R in the green band ¢R) were quite high (1-19%), indicating a conspicuous
light backscattering (see the discussion in Noarisst al., 2013). The blue/green reflectance
ratio (Ru9Rsss) was always smaller than 1, i.e. R was highehéngreen with respect to the
blue band, due to a major absorption at short veanggths by dissolved and suspended
material, while backscattering was similar (Fig;, @aillon and Petrenko, 2005). Most of the
reflectance spectra had the smallest values irethéand, indicating a dominance of
absorption on scattering at thésg@-ig. 4a). From a more detailed observation théabdity

of the spectral feature among the stations camrrdpned in five groups, whose spectral
characteristic are reported in Fi.g 4b and 4cdditéon this spectral classification also
corresponds with the geographical distributiontistes in the same area have similar spectral
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characteristics. The ones closest to the chanmelemiing the lagoon with the sea showed a
maximum at 550- 580 nm, rapidly decreasing at saths, with values at 500 nm higher
than at 650 nm, e.g. st. 3C (Fig.4b, solid line)sdme stations not far from the opening
channel, the same maximum at 550-580 nm was olsentzut with higher values of
reflectance at 650 nm than at 500 nm, and hencé3B#00 ratio higher than 1 (Fig.4b
dashed line, st. 124T). In the central part ofrtfan lagoon, stations were found with a R
maximum between 580 and 600 nm and a minimum a6@05nm (Fig. 4c solid line, st.
60T). Also, another spectrum was observed, quitdasi to this one, but with a second,
substantial maximum at 690-710 nm (Fig. 4c, dadimed st. 519T) in the smallest lagoon of
Sidi Ali EI Mekki. Here some stations also displdybe last kind of spectrum, having its
maximum shifted to the red part of the spectrunabatut 700 nm, with considerably smaller
values (Fig. 4c, dotted line, st. 486T). To not ih the three kinds of spectra of Fig. 4c
high values were visible at 690-700 nm, not obdae/an those of Fig. 4b; moreover the last
spectrum (st. 486T) showed a substantially higletepu beyond 700 nm, not entirely
visible in the pictures . This kind of spectrum vedserved at the the Sidi Ali EI Mekki
lagoon, with the shallowest waters, where the sesgs on the bottom were well visible;
their waxy cuticle reflecting red and IR electromatjc radiation may have generated the so-
called red-edge effect, a strong increase of Rhielongesh (Miller et al., 1991; Gitelson et
al., 1996).

3.3. Optical classification

For each sampling station, we calculated the meandR; in the whole visible spectrum
and from the diffuse attenuation coefficient weaifsed also Secchi depth (Shifrin, 1988).
Then, we applied the optical classification of Reiret al. (2003) that is based on a K-means
clustering technique (Reinart et al., 2003; StatI®95), in which these AOPs are
considered together with OASs contents (CAISM and absorption values of filtered
seawaters at 380 nm, indicating CDOM concentratiArgcore Si allows to group waters in
five optical classes, namely clear (C), moderatg (Mtbid (T), very turbid (V) and brown
(B). The spatial distribution of optical classeghie Ghar El Melh lagoon complex was
expressed in Fig. 5, through an interpolating safer(Surfer 7, Golden Software) from the
numeric values Si obtained using the above merdictessification procedure (Reinart et
al., 2003). The dominating optical classes wered \ and the whole distribution was quite
consistent with the lagoon hydrodynamics (Moussa.e2005; Thompson et al., 2009) and
with OASs patterns (see paragraph 3.1 above). Watere clear (C) only in the immediate
proximities of the opening channel, moderate (Mthie northern sector (still influenced by
marine inputs), turbid (T) and very turbid (V) lmetcentral and southern zones, the
shallowest ones, receiving stronger inputs fromcthlévated lands. The Sidi Ali EI Mekki
waters, having the smallest depths, resulted teebgturbid (V) and even brown (B), due to
the sediments suspension by the wind.
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Fig. 5. Final optical
classification, obtained
37.18 for the Ghar El Melh
Lagoon system,
according to the
/ Reinart et al. (2003)
37.16 e a2 N/ -~ methodology, from the
— integration of mean
AOPs in the visible
wavelengths and OASs
h concentrations
3714 N ~ measured in each
sampling station
(diamonds). C: clear
water; M: moderate; T:
: ~ turbid; V: very turbid;
3712 B: brown.
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4. Discussion

The abundance of CDOM and the low Gidntents highlighted by the laboratory analyses
may be explained by two hypotheses, not mutualtjusive. Firstly, most of the organic
substance may reach the lagoon from its drainagi@ g@articularly from the surrounding
cultivated lands. Secondly, CDOM may originatehia tvater body from the decomposition
of macrophytes, i.e. vascular plants and macroaklagndant in this lagoon (Ramzi Sghaier
et al., 2011), as generally in coastal lagoonstéTasal., 1996; Orfanidis et al., 2001), often
representing the structural basis in these prodeieitosystems (Mann, 1973; McRoy and
Lloyd, 1981, Zaldivar et al., 2008). The CDOM higbncentration in the southern sector of
the main lagoon and the El Ouafi Lagoon may in@ichat most of the organic matter was
carried there from the Majerda River and its chémager flowing through intensively
cultivated lands. The high TSM contents, togethigh their mainly inorganic composition,
highlight that NAP was involved in the high reflaote values, more than in the strong
absorptions, which is consistent with the resutienf AOPs measurements. TSM
concentrations were higher in the western/centdl @f the lagoon, where particles from
both the bottom and the agricultural lands may twrdributed to increase the turbidity.
Finally, the low phytoplankton contents were cotesiswith the major role of macrophytes
in shallow coastal water bodies, as it has beeha@ve. The non-overlapping distributions
of Chl,and CDOM may confirm that the latter matter oréged outside the lagoon.

About spectral I, , the “reversed-J” shape of most spectrum cungsconsistent with high
concentrations of CDOM and small contents of phigokiton. In the stations displaying a
“U-form”, which were less numerousgkas high in the whole range, indicating a general
strong diffusion, to ascribe to particulate maftdorel and Prieur, 1977; Gordon and Morel,
1983). Hence the analysis of thg $pectra may discriminate stations where NAP waemo
concentrated with respect to the absorbing substafégments and CDOM). Concerning
the R spectra (Fig.4), they showed a good agreewigmthose described by Reinart et al.
(2003) in their optical classification method, @sponding to the five suggested water
classes. The shapes observed in the stations ctogee channel connecting the lagoon with
the Mediterranean Sea corresponded to the spezdrailded for clear waters (C), while in
the central stations the shape was typical of naidexaters (M). In the central zone we
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observed R spectra corresponding to turbid waligrsathile those observed in the minor
lagoon named Sidi Ali EI Mekki had the featuresalémd for very turbid (V) or also brown
waters (B). Actually, the R% values observed in@ar El Melh Lagoon were similar to
those given for Estonian and Finnish lakes (Reiegat., 2003), even not always exactly the
same, but this is not astonishing, as here a Meditean coastal lagoon was considered, not
an inland water body of northern Europe, with andifferent climate and rain regimen.

Also, the categories found looking at R spectranditialways exactly fit those obtained
applying the full classification procedure. Thigienfect overlap was already highlighted by
Reinart and Herlevi (1999), particularly concernatasses C and M, and can be explained
considering that the clustering of information frowth AOPs and OASs provides a more
complete frame with respect to just the R speetnalysis. Anyway, the global frame
resulted almost unvaried, confirming that the séenalysis of reflectance can represent an
effective way to monitor water optical propertipepviding a good approximation also
without laboratory analyses of water samples, wigabften time-consuming and expensive.

5. Conclusions

Considering the increasing threats to coastal enwients, a comprehensive monitoring of
their evolution, including coastal lagoons, is dfiary relevance for their correct
management. The United Nations Conference on Emviemt and Development (UNCED)
Declaration on Oceans recommended that coastainsatil) prevent, reduce, and control
degradation of the marine environment; (2) develog increase the potential of marine
living resources to meet human nutritional needsyell as social, economic, and
development goals; and (3) promote the integratedagement and sustainable development
of coastal areas and the marine environment. lardence with this, the European Union
adopted the Water Framework Directive (WFD, Dinezt2000/60/EC) (European Union,
2000) establishing the basic principles of sustadmavater policy in the European Union to
improve the sustainability of water resource imismber states. The Directive aims to
provide a basis for the development of sharedegji@$ towards the further integration of
policy areas; hence, in the Mediterranean regioneca, coordination between EU (under the
WEFD regulations) and non-EU countries represenisnaortant challenge. Concerning
Mediterranean coastal lagoons, their managemeniresgconcerted efforts and close
coordination between scientists and managers fardiit compartments at international
level, both to improve our knowledge of the invalvexological processes and to design
common policies and management actions (Pérez-Reta., 2011). The first step must be
the establishment of the ecological status of thesiclered systems; however inter and intra-
lagoon variability and homeostatic responses maglpde distinguishing human impacts
and ecosystem deterioration from the natural vditialof the systems under concern; there
is a need to design adequate indicators for eambguality assessment of coastal water
bodies (Elliott and Quintino, 2007; Pérez-Ruzafalgt2007, Tagliapietra et al., 2009).
Lagoon processes show heterogeneous patterngeaedifspatial and temporal scales, which
are not always well known. To distinguish humandiceld changes from natural variability in
coastal lagoons, an in-depth knowledge of procdeseling to the degradation of such
ecosystems is required, which can be obtainedlmnbpplying detailed monitoring
programmes (Pérez-Ruzafa et al., 2011). Till todasthods developed on European coasts
to fulfil the WFD criteria often resulted complexrfa long-term and large-scale application
(Moss et al., 2003; Peeters et al., 2009); moreamarnecessarily the same indicators are the
best ones at the whole Mediterranean region léVed.goal of this study was to evaluate
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whether hyperspectral optical measurements of A@&sbe suitable to define the
ecological quality status and the main impactsngotin Mediterranean coastal lagoons. The
global frame observed in the campaign of April 200&e Ghar El Melh lagoon (Fig. 5) was
consistent with the results from the control optatassification (Reinart et al., 2003) and
with the known hydrodynamic patterns of the lagegstem (Moussa et al., 2005; Thompson
et al., 2009). Therefore this procedure may hidtilecological trends even more quickly
than outflows and inflows measurements (Thompsah. €2009). Moreover, the proposed
hyperspectral methodology may provide a synthetidagical indicator of water quality.
Also, the in situ optical characterization of lagomaters resulted suitable to show the effects
of the two main factors supposed to influence dgobn equilibrium, i.e. a reduced supply of
marine water in most of the lagoon and the uncdiettonputs of pesticide and fertilizer
compounds from agricultural lands into the lagooutks-western sectors, apparently
suffering for an excessive turbidity. Other patsenmay be found in different seasons, and
perhaps some annual trend may be identified, hglpianagers and other stakeholders to
understand the lagoon evolution which, in turn,ustigromptly suggest ways of controlling
the nature and evolution of such processes.

However, the difficulties in obtaining water sangpbnd Secchi depth measures from the
shallowest sectors of the lagoon and the impedfeetlap between the spectral analyses and
the final classification keeps open the questiasuathe suitability of this procedure for all
Mediterranean coastal water bodies. Consideringttieaanalysis of R spectra already
furnished the main information on water turbiditydach station, an easier classification
method, specific for the shallow water bodies oktridediterranean coastal lagoons, should
be developed, based mainly on the AOPs spectrilsasiaAbout this matter, other surveys
using the same methods have been recently cawigid the Mediterranean Sea, covering a
wide range of environments (e.g., in touristic pantthe framework of MAPMED project;
CBC-MED programme, 2011-2014) and seasons, anerdiff optical properties are being
analysed, to furnish clear classification critddacoastal water bodies of various nature.
This process, together with the large amount afrmftion compiled over recent years on
these water bodies (hydrological or ecological di@ee been published in the scientific
literature on more than 50 Mediterranean lagoamasenting just the best known) should
allow to establish general criteria to identify sadeffect relationships and, hence, to draw
up conceptual models (Pérez-Ruzafa et al., 20HBsd in turn should contribute to make
the assignment of priorities regarding managemetiiress and possible research lines.

Acknowledgments

We wish to thank the European Project WADI (INCO-C02®15226, 2005-2008, 6th FP) for the
financial support of this investigation, the APAAgence pour la Protection et ’Aménagement du
Litoral) of Tunis for collaboration and informatipthe CEAB-CSIC (Centro de Estudios Avanzados de
Blanes; Spain) team, prof. A. Bayed of the Scienliftitute of the University Mohammed V of

Agdal- Rabat (Morocco), R. Pinto of IMAR (Coimbra, Rayal), R. Zakhama and Y. Sghayer of the
University of Tunis EI Manar for their help withefd measurements, and C. Melillo (University of
Florence) for her collaboration in the elaboratidfigures.

REFERENCES
Babin, M., Stramski, D., Ferrari, G.M., Claustre, Bricaud, A., Obolensky, G., Hoepffner, N., 2003vriations in
the light absorption coefficients of phytoplanctannalgal particles, and dissolved organic matteoiastal waters

around Europe. J. Geophys. Res. 108(C7), 4,2-4,20.

Baker, K.S., Smith, R.C., 1982. Bio-optical classifion and model of natural waters. Limnol. Ocean@7(3),
500-509.

36



Binding, C.E., Jerome, J.H., Bukata, R.P., BootyGW?2008. Spectral absorption properties of diezband
particulate matter in Lake Erie. Remote Sens. Bnvit12, 1702-1711.

Bricaud, A., Morel, A., Prieur, L., 1981. Absorptiby dissolved organic matter of the sea (yellobstance) in the
UV and visible domains. Limnol. Oceanogr. 26, 43-53

Bricaud, A., Morel, A., Babin, M., Allali, K., Clatre, H., 1998. Variations of light absorption lnggended
particles with the chlorophyll a concentration geanic (case 1) waters: Analysis and implicatian$fo-optical
models. J. Geophys. Res. 103(C13), 31,033-31,044.

Carder, K.L., Hawes, S.K., Baker, K.A., Smith, R.Stweard, R.G., Mitchell, B.G., 1991. Reflectanuadel for
quantifying chlorophyll a in the presence of prailtity degradation products. J. Geophys. Res. 96J(CA0,599-
20,611.

Carrada, G.C., Cicogna, F., Fresi, E., 1988. Ladagostiere: ricerche e gestione. CLEM, Massadng® (NA).

Caroppo C., Buttino, I., Camatti, E., Caruso, Ge,Ahgelis R., Facca C., Giovanardi F., LazzardMangoni O.,
Magaletti E., 2013. State of the art and perspeston the use of planktonic communities as indisaib
environmental status in relation to the EU Maritet®gy Framework Directive. Atti 44° CongressdalSocieta
Italiana di Biologia Marina, Roma, 14-16/05/2013|lae Pre-print, pp. 53-56.

Castel, J., Caumette, P., Herbert, R., 1996. Ehicafion gradients in coastal lagoons as exemglifigthe Bassin
d’Arcachon and the Etang du Prévost. Hydrobiol@&fi8, IX-XXVIII.

de Wit, R., Stal, L.J., Lomstein, B.A., HerbertAR.Van Gemerden, H., Viaroli, P., Ceccherelli, V,.Bodriguez-
Valera, F., Bartoli, M., Giordani, G., Azzoni, B¢chaub, B., Welsh, D.T., Donnelly, A., Cifuentes, Anton, J.,
Finster, K., Nielsen, L.B., Underlien Pedersen, ATeiri Neubauer, A., Colangelo, M., Heijs, S.K002.
ROBUST: the role of buffering capacities in statiflg coastal lagoon ecosystems. Cont. Shelf ReR0211-2041.

de Wit, R., Mazouni, N., Viaroli, P., 2012. PrefaBesearch and Management for the Conservatiomas$tal
Lagoon Ecosystems, South—North Comparisons. Hydiatia 699, 1-4.

Eisenreich, S.J., 2005. Climate change and thepearowater dimension. A report to the European ¥\&itectors.
EUR 21553 EN. IES-JRC, European Commission, |dfaly,

Elliott, M., Quintino, V., 2007. The estuarine gtyaparadox, environmental homeostasis and thédIff of
detecting anthropogenic stress in naturally stekaseas. Mar. Pollut. Bull. 54 (6), 640—645.

European Community, 2000. Directive of the Europeariiament and of the Council 2000/60/EC, estabigsa
framework for community action in the field of wafelicy, pp. 62.

Eloranta, P., 1978. Light penetration in differgmes of lakes in Central Finland. Ecography 1-365.

Ferreira, J.G., Andersen, J.H., Borja, A., BrickeB., Camp, J., Cardoso da Silva, M., Garces;l&skanen, A.S.,
Humborg, C., Ignatiades, L., Lancelot, C., Menesgue, Tett, P., Hoepffner, N., Claussen, U., 20Q¢erview of
eutrophication indicators to assess environmetaais within the European Marine Strategy Frameviirkctive.
Estuar. Coast. Shelf. Sci. 93. 117-131.

Gitelson, A.A., Merzlyak, M.N., Lichtenthaler, H.KL996. Detection of red edge position and chloytiontent
by reflectance measurements near 700 nm. J. PhegstdP. 148, 501-508.

Goneng, I.E., Wolfin, J.P., 2005. Coastal lago@&masystem Processes and Modelling for Sustainaddeadd
Development. CRC Press, Boca Raton.

Gordon, H.R., Brown, O.B., Jacobs, M.M., 1975. Cated relations between the inherent and appareitabp
properties of a flat homogeneous ocean. Appl. Gt 417-427.

37



Gordon, H.R., Morel, A., 1983. Remote assessmeate#n color for interpretation of satellite visiliinagery. A
review. In: Barber, R.T., Mooers, C.N.K., Bowman,JM Zeizschel, B. (Eds) Lecture Notes On Coastal A
Estuarine Studies. Springer-Verlag, New York, ppl#-

Hoepffner, N., Sathyendranath, S., 1991.Effectigient composition on absorption properties of ppinkton.
Mar. Ecol. Prog. Ser. 73, 11-23.

Innamorati, M., 1982. Spettri della radiazione @oitrina nell'arcipelago delle Galapagos. In: GruRpzerche
Scientifiche e Tecniche Subacquee (Ed.), Galapafadi e ricerche, Spedizione “L. Mares. G.R.S"TE8enze,
pp. 1-59.

Jeffrey, S.W., Humphrey, G.R., 1975. New spectromimetric equations for determining chlorophylls,alband c2
in higher plants, algae and natural phytoplankBiachem. Physiol. Pfl. 167, 191-194.

Jerlov, N.G., 1976. Marine Optics. Elsevier Scierrasterdam.

Kaczmarek, S., Wozniak, B., 1995. The applicatibthe optical classification of the waters in thalt® Sea
(Case2 Waters). Oceanologia 37, 285- 297.

Kirk, J.T.O., 1976. Yellow substance (gelbstoffflars contribution to the attenuation of photoswtitelly active
radiation in some inland and coastal southeastestralian waters. Aust. J. Mar. Freshwater Res92H,.

Kirk, J.T.O., 1980. Spectral absorption propertitsatural waters: contribution of the soluble gadticulate
fraction to light absorption in some inland watefsouth-eastern Australia. Aust. J. Mar. Freshiked. 31, 287—
296.

Kirk, J.T.O., 1984. Dependence of relationship leemvinherent and apparent optical properties oémet solar
altitude. Limnol. Oceanogr. 29, 350-356.

Kirk, J.T.O., 1994. Light and photosynthesis in @igiecosystems, second ed. Cambridge UniversissPr
Cambridge.

Koenings, J.P., Edmundson, J.A., 1991. Secchiatiskphotometer estimates of light regimes in Aladk&es:
Effects of yellow color and turbidity. Limnol. Ocsagr. 36, 91— 105.

Lazzara, L., Bianchi, F., Massi, L., Ribera D'AlaaM., 2010. Pigmenti clorofilliani per la stimalldebiomassa
fotototrofa. In: Socal, G., Buttino, I., Cabrini,.MMangoni, O., Penna, A., Totti, C. (Eds.) Metadpé di studio del
plancton marino. ISPRA-SIBM, Roma, Manuali e Limggeda 56/2010, pp 365-378.

Mann, K.H., 1973. Seaweeds: Their productivity atrdtegy for growth. Science 182, 975-981.

McRoy, C.P., Lloyd, D.S., 1981. Comparative functand stability of macrophyte-based ecosystems. In:
Longhurst, A.R. (Ed.) Analysis of Marine ecosystesmsademic Press, pp 473-489.

Miller, J.R., Jiyou, W., Boyer, M.G., Belanger, NMare, E.W., 1991. Seasonal patterns in leaf reffee red-edge
characteristics. Int. J. Remote Sens. 12, 1509-1523

Morel, A., Prieur, L., 1977. Analysis of Variati@m Ocean Color. Limnol. Oceanogr. 22, 709-722.

Moss, B., Stephen, D., Alvarez, C., et al. 2003 @htermination of ecological status in shallovelak a tested
system (ECOFRAME) for implementation of the Eurap®éater Framework Directive. Aquat. Conserv. 13(6),
507-549.

Moussa, M., Baccar, L., Ben Khemis, R., 2005. lgutge de Ghar El Melh: Diagnostic écologique etpertves
d’aménagement hydraulique. Rev. Sci. Eau 18, 13-26.

Nourisson, D.H., Scapini, F., Massi, L., Lazzara,2013. Optical characterisation of a coastaldagan Tunisia:
ecological assessment to underpin conservatiorl. Bform. 14, 79-83.

38



Novoa S., Chust, G., Sagarminaga, Y., Revilla,Bérja, A., Franco, J., 2012. Water quality assesémsing
satellite-derived chlorophyll-a within the Europedirectives, in the southeastern Bay of Biscay..\Nfail. Bull. 64,
739-750.

Nyquist, G., 1979. Investigation of some opticaiperties of sea water with special reference aififigulfonates
and humic substances. Ph.D thesis, University th&terg, Sweden.

Orfanidis, S., Panayotidis, P., Stamatis, N., 2@xhlogical evaluation of transitional and coastaters: a marine
benthic macrophytes-based model. Medit. Mar. S&,.453-65.

Oueslati, A., Charfi, F., Baccar, F., 2006. Prestion of the Tunisian Site. La basse vallée de Qvajrda et la
lagune de Ghar EI Melh. Wadi Project, fifth intefoaal meeting. http://www.unifi.wadi.it. Access&8 January
2013.

Ouillon, S., Petrenko, A., 2005. Above-water meaments of reflectance and chlorophyll-a algorittimthe Gulf
of Lions, NW Mediterranean Sea. Opt. Express 12531-2548.

Peeters, E.T.H.M., Franken, R.J.M., Jeppesen, &sMB., et al., 2009.Assessing ecological quefishallow
lakes: Does knowledge of transparency suffice?d®agpl. Ecol. 10, 89-96.

Pérez-Ruzafa, A., Marcos, C., Pérez-Ruzafa, |.MrcBla, E., Hegazi, M.I., Quispe, J., 2007. Dettecthanges
resulting from human pressure in a naturally quiekging and heterogeneous environment: Spatiaiesmgloral
scales of variability in coastal lagoons. Estuara&€l. Shelf Sci. 75 (1-2), 175-188.

Pérez-Ruzafa, A., Marcos, C., Pérez-Ruzafa, |.BL,12Mediterranean coastal lagoons in an ecosyatehaquatic
resources management context. Phys. Chem. Eafi 66

Prieur, L., Satheyndranath, S., 1981. An opticassification of coastal and oceanic waters basatespecific
spectral absorption curves of phytoplankton pigmetiissolved organic matter, and other particutzéerials.
Limnol. Oceanogr. 26(4), 671-689.

Ramzi Sghaiera, y., Zakhama-Sraieba, R., Charfilbhauha, F., Primary production and biomass iryen@docea
nodosa meadow in the Ghar El Melh lagoon, TunB@. Mar. 54, 411-418.

Reinart, A., Herlevi, A., 1999. Diffuse attenuatiopefficient in some Estonian and Finnish lakescPEstonian
Acad. Sci. Biol. Ecol. 48, 267— 283.

Reinart, A., Herlevi, A., Helgi, A., Sipelgas, 2003. Preliminary optical classification of lakeslaoastal waters
in Estonia and South Finland. J. Sea Res. 49, 867-3

Scapini, F., 2010. Mediterranean Coastal Areasskt Retween Conservation and Development. In: $¢api,
Ciampi, G. (eds), 2010. Coastal Water Bodies — féadind Culture Conflicts in the Mediterranean. e, 1-20.

Scapini, F., Ciampi, G. (eds), 2010. Coastal WBteties — Nature and Culture Conflicts in the Medésean.
Springer, 167 pp.

Scheffer, M., Carpenter, S., Foley, J.A., Folke,Walker, B., 2001. Catastrophic shifts in ecosysteNature 413,
591-596.

Shifrin, K.S., 1988. Physical optics of ocean watéimerican Institute of physic translation seriésy York.
StatSoft, 1995. Statistica Electronic Manual. tittpww.statsoft.com. Accessed 20 January 2013.

Stedmon, C.A., Markeager, S., Kaas, H., 2000. @ptimperties and signature of chromophoric dissblerganic
matter (CDOM) in Danish coastal waters. Est. Cdalself Sci. 51, 267-278.

Strickland, J.D.H., Parsons, T.R., 1977. A prattieadbook of seawater analysis, 167th ed. Buth ARes. Bd.
Can., Ottawa, pp 177-179.

39



Tagliapietra, D., Sigovini, M., Ghirardini, A.V.0P9. A review of terms and definitions to categegstuaries,
lagoons and associated environments. Mar. Freshirate 60, 497-509.

Thompson, J.R., Flower, R.J., Ramdani, M., AyaéheAhmed, M.H., Rasmussen, E.K., Petersen, O089.2
Hydrological characteristics of three North Africamastal lagoons: insights from the MELMARINA prcie
Hydrobiologia 622, 45-84.

Tshekhin, L.P., 1987. The Light Climate of LakestrBzavotsk

Twardowski, M.S., Boss, E., Sullivan, J.M., Donag.L., 2004. Modelling the spectral shape of ghtsan by
chromophoric dissolved organic matter. Mar. Che®,.63-88.

Tyler J.E., Smith R.C., 1970. Measurement of spéatiadiance underwater. Gordon & Breach Sc. Bhblis, New
York.

Van der Linde, D.W., 1998. Protocol for Determinatdf Total Suspended Matter in Oceans and Coasteds.
European Commission Joint Resarch Centre, SpackcAppns Institute Marine Environment. Technicaitsl No.
1.98.182

Vertucci, F.A., Likens, G.E., 1989. Spectral reftexe and water quality of Andirondack mountairioedakes.
Limnol. Oceanogr. 34, 1656— 1672.

Viaroli, P., Mistri, M., Troussellier, M., Guerzar., Cardoso, A.C., 2005. Structure, functions ecmbystems
alterations in Southern European coastal lagoae$age. Hydrobiologia 550, VII-IX.

Zaldivar, J.M., Bacelar, F.S., Dueri, S., Marinbv, Viaroli, P., Herndndez-Garcia, E., 2009. Mauglapproach to
regime shifts of primary production in shallow caecosystems. Ecological Modelling 21, 3100-3110.

2.4 Discussion and conclusions

As already stressed in the discussion sectionseofwto papers above presented, the
monitoring of coastal lagoons evolution is of prignaelevance for their correct
management, which requires to establish their #ffe@cological status. There is a
need for adequate indicators for quality assessiwieobastal water bodies (Elliott
and Quintino 2007; Pérez-Ruzafa et al. 2007, Tpgliea et al. 2009); lagoon
processes show heterogeneous patterns at diffspaital and temporal scales,
which makes challenging the identification of trestbmonitoring procedure. Until
today, various methods to fulfil the WFD criteribyit all of them seemed too
complex or not general enough to be applied foldhg-term monitoring of a large
set of Mediterranean lagoon environments (Moss$ @083; Peeters et al. 2009).
Although the single survey on which this reseaschdsed could not photograph the
actual ecological state of the Ghar El Melh lagamme interesting possibilities for
developing a monitoring strategy were highlighteulstly, we stressed the utility of
takingin situ light measures, easily performed with a smalltgde instrument that
was named PUMS (Portable Underwater Mini-Spectioraéter), permitting to
take measures also in very shallow waters. Togethigh the water samples
analyses, the irradiance measures permitted ty appbptical classification (Reinart
el al. 2003) for the first time in the Mediterrandaasin, obtaining a detailed picture
of the lagoon optical features, consistent with th@&n human stressors that are
known to act on this ecosystem. However, this netlstould involve the
measurement of also the Secchi depth, which wadeaasible in the shallowest
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sectors of the water body, and an imperfect ovenap observed of the measured
reflectance (R) spectra with those described inctassification method, developed
for north-European water bodies. Actually, the eliéinces concerned only the most
turbid sectors of the water body, yet globally fimelings from the spectral analysis
were consistent with the classification of Reinetrtal. (2003), and also with the
known hydrodynamic patterns of the lagoon systerau$sa et al. 2005; Thompson
et al. 2009). In other words, the spectral analp$ithe water optical properties
already resulted quite effective in detecting thw tmain impacts affecting the
lagoon equilibrium, i.e. a reduced supply of manveger (due to the sedimentary
drift engendered by the port construction closeh® channel) and the increasing
nutrients inputs from agricultural lands in the tewestern sectors. Hence, the
spectral analysis of R (or other optical properties) may provide a synthetic
ecological indicator of water quality permitting tievelop a simple classification
method, specific for the Mediterranean shallow talakgoons. To evaluate this
possibility, a further set of surveys has beengraréd, using the same methods, in a
wide range of environments along the Mediterrarstammes (e.g., in touristic ports in
the framework of MAPMED project; CBC-MED programm2011-2014), and
several optical properties are being analysedstabéish more robust classification
criteria, coupled with the analysis of hydrologieald ecological data. This process
should help to identify cause—effect relationshiggen permitting to draw up
suitable conceptual models for the Mediterraneastead water bodies. Until then, an
effective ecological characterization cannot leasiele the biotic components, which
integrates several kind of ecosystem changes aiits.sRor this purpose, we
recommend to apply our modified version of the BllOrfanidis et al. (2001),
based on a visual survey of the macrophytes cdumetead of a more invasive
sampling procedure. This procedure might be suitdbl other ecosystems too,
where the sampling of vegetation or fauna may B&icted. By its application we
found that, despite high water turbidity, the egatal status of the lagoon was
moderate, highlighting that no linear relations dmnfound between optical and
trophic classification in the case of shallow cahstater bodies, where turbidity is
not necessarily an index of bad ecological qualityus, the best practice should be,
following our example, a parallel assessment ohhe aspects. A monitoring
procedure based oin situ light penetration and benthic macrophytes cover
assessment seems to be a good compromise pernmdtiagcount for the several
confounding factors described for transitional watéElliott and Quintino 2007,
Barbone et al. 2012; Chapman et al. 2013; Veris®tral. 2013). Furthermore, the
combination of the two methods is easy and costeéffe to perform, not invasive
or destructive, and easy to understand for staken®| which is an important
requirement for its correct and continuous apglcat Through a long-lasting
monitoring, seasonal or annual trends would betifiedh, contributing to make the
assignment of priorities in management actionsposdible research lines.
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3. BEHAVIOURAL ADAPTATIONS OF TALITRUSSALTATOR AND
MACROFAUNAL ANALYSES AS IMPACT INDICATORS

3.1 Introduction

The sandhoppefalitrus saltator (Montagu, 1808) (Crustacea, Amphipoda) is
widespread on the Mediterranean and eastern Atlagiindy coasts. These
crustaceans breath by means of gills and haveidecutithout waxes, which makes
them not adapted to the life in dry environmenssth@ upper zones of beaches often
are. On sandy beaches, physical constraints cantihy produce conditions of risk
or stress (McLachlan and Brown 2006); to overcohagr tphysiological limitations
individuals rely on behavioural adaptations, comrtmmost of the invertebrates of
sandy beaches (Williams 1995; Defeo and Gémez 28@&jacher et al. 2008).
Many of them, including sandhoppers, display a dwimg attitude, as the wet
sediments near the water's edge offer moist cantti another fundamental
adaptation is the nightly activity rhythm (Bregaarnd Naylor 1972; Williams 1980,
1983), allowing to avoid dehydration during thetlst daily hours. The studies on
locomotor activity rhythms highlighted a high vdnigty between and within
populations, driven by the meteorological factodagri-Ammar and Morgan 2006;
Ugolini et al. 2007) and also wrack presence armtridution, as they can offer a
shelter during daytime (Nardi et al. 2003). Alsotility and orientation towards the
shoreline are basic behaviours for sandhoppersivalir Their ability to recover the
optimal zone is called ‘zonal recovery’ and is lshem universal (sun, moon, Earth’s
magnetic field) and local cues (landscape, beagteshwinds), which are used in an
opportunistic way (Scapini 2006). Orientation dpilbecomes even more crucial
after displacements occurring during daytime (Bgscape from a predator), when
the dehydration risk is higher. In this case tha sompass represents the most
reliable mechanism for a rapid recovery (Pardi &ndolini 1986; Walsh et al.
2010). Different populations may show innate di@l tendencies, adjusted on the
direction of the shoreline of origin, which mayfideed in the long term by a process
of natural selection (Scapini and Pardi 1979; Pardi Scapini 1983; Scapini et al.
1988). However, sandhoppers may also rely on thdividual experience to cope
with changes acting faster than in evolutionaryesn{Ugolini and Scapini 1988;
Fanini et al. 2009). This behavioural plasticityoimentation permits sandhoppers to
face immediate environmental variations (Brown 1996ares et al. 1999; Price et
al. 2003), like changes of air temperature and Hign{Williams 1995), exposure to
waves and tidal range (Williams 1995; Rossano .€2@09), wrack abundance and
distribution (Nardi et al. 2003). Also the shorelistability may affect the orientation
of T. saltator on beaches with a stable shoreline sandhoppest aonsistently
seawards, showing statistically significant disitibns, and are more scattered when
shoreline direction is continuously changing (Soagt al. 1995). On these bases,
Scapini et al. (2005) and Fanini et al. (2007a)ehproposed sun orientation of
saltator as a bioindicator of shoreline instability on sarimachesOn the other
hand, thecoastal morphological dynamics, by acting on theitaa suitability and
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safeness, can be responsible for changes alsoeiradtivity rhythm expression.
Bouslama et al. (2011) studied the behaviouraloesp ofT. saltatorin two beaches
differing in physical, geomorphological, and laraise characteristics and observed
significant differences in the circadian period ahgthmicity rate between the two
populations, with more defined circadian rhythmshia less impacted beach.

Hence, in this thesis we deepened the links betweenan impacts on coastal
dynamics (due to both hard and soft-engineeringrweintions) and the adaptive
behaviours ofT. saltator with the specific aim to assess their suitabildg
bioindicators of shoreline stability. A frameworlas been described in the first
paper (section 3.1.1) presented here, in whichraéwaithors contributed for the
different case-studies. The findings on the Italaae an the results described at
section 3.2.1, on activity rhythms, originated fréms thesis work. A seasonal trend
emerged concerning orientation performances, wivieh described at section 3.2.2.
In the sections 3.2.3 and 3.3.2 we also reportedtafeunal analyses as a control for
the proposed behavioural bioindicators. The resanésdiscussed at section 3.4. In

the following table 1, the papers/manuscripts pressk in this chapter are
summarized, with the study site and the main topiedysed in each work.

Table 1. Papers/manuscripts o alitrus saltator behaviour reported in this thesis.

Section  Study site Title Main topics
3.1.1 Collelungo Monitoring changes of sandy beaches Circadian rhythms and sun orientation of
beach (Italy),  in temperate areas through sandhoppers with respect to local impacts
Oued Laou sandhoppers’ adaptations. as monitoring tools.
beach
(Morocco)
3.2.1 Collelungo Circadian rhythms in three Talitrus Circadian rhythms of T. saltator with respect
beach, Italy saltator (Crustacea, Amphipoda) sub- to the stablilty of the local shoreline,
populations from an Italian beach with assessment of the method as a possible
varying morphodynamics. A possible monitoring tool.
monitoring tool of shoreline stability.
3.2.2 Collelungo Seasonal variation in the orientation of ~ Sun orientation of T. saltator with respect to
beach, Italy Talitrus saltator: an ecological periodical and sudden changes in the beach
interpretation. environment.
3.23 Collelungo Orientation of Talitrus saltator and Comparison of T. saltator orientation and
beach, Italy macrofaunal analyses on a dynamic macrofaunal community indices before and
sandy shore before and after the after an hard engineering intervention to
construction of an anti-erosive stone evaluate the use of orientation as an early
bank. impact bioindicator
3.3.1 Leirosa Behaviour of Talitrus saltator Circadian rhythms and sun orientation of T.
beach, (Crustacea: Amphipoda) on a saltator with respect to the local
Portugal rehabilitated sandy beach on the environment for the evaluation of the
European Atlantic Coast (Portugal). impact of a dune recovery intervention.
3.3.2 Leirosa Macrofaunal community abundance Comparison of T. saltator orientation and
beach, and diversity and talitrid orientation as macrofaunal indices close to a natural dune
Portugal potential indicators of ecological long- and to a rehabilited one, to evaluate the

term effects of a sand-dune recovery
intervention.

orientation as a long-term impact
bioindicator for soft-engineering
interventions.
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ABSTRACT

Sandhoppers (Amphipoda, Talitridae) are keystorexisp of sandy beach ecosystems in
temperate areas. Several traits have been studéedraposed as bioindicators of impacts on
sandy beaches, at individual (physiology and behayj population (life cycle, abundance,
population dynamics and structure, morphometry fimctuating asymmetry) and species
(genetic structure and variation) levels. Sandyhes, where these species spend their whole
life cycle, are dynamic environments, subject toiquic changes (night-day, tides and
seasons), as well as to impacts that may caus@erosaccretion of the littoral zone. The
first response of an animal to potentially injuriiagtors is shown by its avoidance behaviour
regarding the potential stress. This behaviour inaya rapid escape reaction, shown by
single individuals, the whole or part of the popiaa. Activity rhythms, changes in zonation,
burrowing, escape reactions, orientation towards dptimal zone on the beach, are all
adaptations to environmental changes, increasiaguivival chances of the individuals and
populations that express such behaviours. In thiepwe present case studies of the talitrid
species’ behavioural adaptations related to natmdl human impacts on sandy beaches in
the Mediterranean: (1) erosion/accretion dynamits dyrrhenian beach in central Italy
(Maremma Regional Park), and (2) increasing urlaios on a beach in north-western
Morocco (Oued Laou river mouth). The best behadbwadaptation was shown by the
populations from more stable coastlines. For thevigal value of rapid and possibly
anticipatory responses to stressful factors, behaal variation may be proposed as an early-
warning indicator of environmental changes. Theptatéon at higher levels (population and
species) may reflect, on the one hand, the evdityabf the species and, on the other hand,
the changeability of the environment. Adaptationspapulation level may be used as
bioindicators of past changes over generationsantlitionary times.

INTRODUCTION their abundance and ecological role
Sandy beaches are ecotones between land aséndhoppers and beachhoppers
sea and host a variety of macroinfauna,(Talitridae) are keystone species in these
supported by nutrients from the sea (Dugan eecosystems: mainly scavengers, but also
al., 2003; McLachlan & Brown, 2006). For herbivorous and predators (Colombini et
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al., 2003; Serrano et al., 2008). Cannibalism ishbeach environments (Scapini et al., 1988;
a phenomenon that could also naturally occuBrown, 1996; Fanini et al., 2009). On the
when subsides are scarce (authorsother hand, morphological and
unpublished observations); adult cannibalismphysiological constraints may prevent the
against juveniles was observed in thecolonisation of some beach zones under
laboratory by Duarte et al. (2010). stressful climatic conditions (dry air,
Sandhoppers spend their whole life cycle onwaves and strong winds, etc.). Air
beaches and different cohorts are foundbreathing through gills may be a
together, in some cases in different beachconstraint for the risk of dehydration and
zones (Kennedy et al.,, 2000; Fallaci et al.,submersion; moreover, anoxic sediments
2003; Marques et al., 2003; Scapini & Dugan,are not suitable to air breathing. The
2008). The life-span was modelled on beachesandhopper cuticle is relatively resistant to
at different latitudes and lasted for 9-18 mechanical damage, but not impermeable.
months (Williams, 1978; Marques et al., The osmotic stress of immersion in fresh
2003). Thus, individuals are subject to variouswater (rainfall, surface runoffs and coastal
environmental factors throughout the seasonswater bodies during the wet season) is
This is particularly relevant in temperate only partially compensated
climates, where seasonality can be considereghysiologically (Morrit, 1989) and active
a natural, periodical occurrence of higheravoidance behaviour is needed for
dehydration risk in summer, habitat loss insurvival. High sand and air temperatures
winter, etc. Human-driven impacts on sandyduring summer are avoided by zonation
beaches overlap with natural seasonaland burrowing into the wet sand near the
changes: touristic seasons are well-defined invater’s edge, while at temperatures below
time, in which natural features for sandy 10°C sandhoppers remain buried in the
beaches, like warm summers, merge withsand (Scapini et al., 1992). Burrowing
social features (holiday periods) (Butler, behaviour is a key adaptation to sandy
1998). This leads to a marked seasonality obeaches (Williams, 1995). The incoherent
human presence on sandy beaches. Howevesediments offer protection to buried
human-driven impacts can also be continuousanimals as sand grains are periodically
affecting the beach-dune ecosystem as avetted and oxygenated by sea water. The
whole. This is the case for coastal superficial sand layers are subject to
development, resulting in long- term impacts dehydration, and the burrowing animals
that go beyond the mere supralittoral zonehave to adjust their position both
(Nordstrom,  2000). Are  sandhopper vertically (through sand layers) and
populations able to cope with such dynamics,horizontally (across the beach). A choice
acting faster than in evolutionary times? Wefor specific sand humidity, salinity, pH
focus here on physical impacts recognised asnd grain size characterizes sandhoppers’
the main driving forces on beach faunabehaviour. Differences related to the
McLachlan & Brown, 2006). The physiology variation of environmental features were
and behaviour of talitrids may reflect observed among individuals of different
environmental features when these are cyclicsize, age and sex, populations and species
(tidal, diel or seasonal) and predictable.(Williams, 1995; Colombini et al., 2005).
Populations living at increasing distancesZonation is related to the community as
from the coastline show an increasingwell: different species are found in
variation in their circadian rhythmicity different beach zones. However, most
(Rossano et al., 2008). Plasticity, particularly species living in sandy beaches change
behavioural plasticity, was interpreted as antheir zonation periodically according to
adaptation to unpredictable changes in sandgnvironmental changes driven by tides,
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nightday alternation and seasons (Scapini esingle individuals in the different life-
al., 1992; Fallaci et al., 2003; Colombini et stages and seasons. Populations may
al., 2005). Different species of sandhoppersexpress different periodicity according to
can co-occur on a beach maintaining differenttheir ecology (Rossano et al.,, 2008).
zonation (Lastra et al.,, 2010), but zonationMoreover, within the same population, a
changes were also observed in different ageigher circadian periodicity was observed
stages within the same species (Kennedy ein spring-summer and inter-individual
al., 2000; Scapini & Dugan, 2008). variation in autumn-winter, thus revealing
Sandhopper zonation into the dunes, observed seasonality in the expression of
in winter, may reflect the risk of being rhythmicity (Nardi et al., 2003). The
displaced into the sea by waves and stormseasonal and climatic factors were found
(Scapini et al., 1992; Charfi-Cheikhrouha etto be the main driving forces. Comparing
al., 2000). Moreover, in addition to zonation Italian and Tunisian populations from
along the y-axis, the distance from a freshbeaches with similar morphology, a better
water source (i.e., a river mouth or a coastaldefinition of the period was observed in
lagoon) may also influence talitrid spring-summer and winter respectively,
distribution on the beach. Rivers transportdue to the extreme conditions of the
sediments of various granulometry, dependingNorth-African shores in summer, inducing
on the quality of sediments and the currents’a shift in the talitrids’ activity to the
velocity, and near river mouths sediments aremilder winter season (Scapini et al.,
distributed along the coast according to a2005a; Nasri-Ammar & Morgan, 2006;
gradient of distance from the river mouth. A Ugolini et al., 2007). The presence and
changeable distribution according to sanddistribution of wrack may also influence
granulometry and moisture was observed inthe circadian rhythm expression, as wrack
the arthropod community along the coastcan become a shelter during daytime
(Colombini et al., 2005). As a consequence,hours, so that on beaches where wrack and
the most suitable zone for sandhopperdebris are abundant, talitrids’ activity
survival is not fixed in time and space. needs not be perfectly synchronized with
Sandhoppers track changes in the position ofhe night (Nardi et al., 2003). In addition,
the zones, and are always found in the mosbeach morphodynamics may be relevant
suitable location according to the time of day for rhythm expression, as they may impact
(night and day changes) and seasonon habitat suitability and safety (Cardoso
Locomotor activity rhythm is a widespread 2002). However, evidence of a strict
adaptive behaviour observed in talitrid speciesrelation between rhythm expression and
from coastal habitats (Bregazzi & Naylor, beach morphodynamics is still lacking.
1972; Williams, 1980). Activity is mainly Motility and orientation are also
nocturnal to avoid dehydration during the considered key adaptations to sandy
driest and hottest hours of the day in summerbeaches, where physical constraints are
Talitrus saltator(Montagu, 1808) populations continuously  shaping the  habitat
from the British Isles and the Mediterranean (McLachlan & Brown, 2006). In highly
showed high variability in the expression of changeable environments, motility is an
the locomotor endogenous rhythm, with effective way to escape from stressful or
relation to latitude and local ecological risky conditions. Moreover, rapid
conditions (Bregazzi & Naylor, 1972; movements in all (unpredictable)
Williams, 1980; Edwards & Naylor, 1987; directions may be suitable to avoid
Williams, 1995; Nardi et al., 2003; Rossano etpredation ~ (Ugolini,  1996).  Zonal
al., 2008, 2009). Variation was observed orientation is instead the best strategy for
between and within populations and within recovering the optimal zone on the beach,
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if the animals have been displaced. Zonalmeasure of the adaptation to the beach’s
orientation occurs across the y-axis, i.e., thafeatures: all individuals adopt the same
perpendicular to the shoreline, which is thestrategy, as they have learned to find the
shortest way to recover the optimal zone, andnost suitable direction (in the short term)
not a return to a specific point. The or have been selected for the most suitable
orientation mechanisms used by talitrids toorientation mechanism (in the long term).
recover the optimal zone have been studiedA scatter of the samples may reflect poor
since the 1950s (Williamson, 1951; Pardi & motivation to orient (air/substrate
Papi, 1953; for a review, see Scapini, 2006).humidity) or lack of adaptation depending
On a dry substrate sandhoppers are directedn a frequently changing shoreline, recent
seawards, while they head landwards whercolonisation or stressed population. In this
wetted by sea water. The cues used inatter case, individuals would probably use
orientation are both local (landscape, beachother mechanisms simpler than a sun
slope and/or wind) and universal (sun, moon,compass, such as phototaxis or scototaxis
sky light and/or the Earth’s magnetic field); (Gambineri & Scapini, 2008).

the animals use the available cues in arThe aim of this paper was to show that
opportunistic way, depending on the understanding an organism’s adaptation
prevailing beach features. The hierarchical(here the sandhoppér. saltatorand the
use of orientation cues was studied by Walstbeach-hopper Orchestia gammarellus
et al. (2010) inTalorchestia longicornigSay, (Pallas, 1766) from Mediterranean micro-
1818). According to Pardi & Papi (1953) the tidal coasts) may contribute to
sun-compass represents the most reliableinderstanding the environmental features
mechanism used by. saltatoron a beach to and their changes occurring at the
perform a rapid zonal recovery. A precisetemporal and spatial scales of the
clock is needed to compensate for sunpopulations’ life-cycle. Case studies will
movement throughout the day (Scapini et al.,be shown in which talitrids’ behavioural
2005a). At night, searching movementsadaptations were related to the changing
represent a minor risk, due to the lowerfeatures of sandy beaches. The
probability of dehydration and predation; in considerations developed may also be
any case, the moon may be available forextended to most talitrid species
orientation most nights (Papi & Pardi, 1953; (Williams, 1995; Scapini & Dugan, 2008;
Ugolini et al., 2003). The question is still Fanini et al., 2009). The rationale behind
open whether sun and moon orientation relysuch an approach is that organisms
on one, two or even three clocks (Meschini etintegrate the features of the environment
al., 2008). Scapini (1997, 2006) interpretedin which they live in their behaviour, and
the differences in sandhoppers’ and beachthus a good knowledge of the species may
hoppers’ orientation observed by different reveal environmental features and their
research groups as adaptations to differentrends of change.

environmental features. The use of landscape

vision is most suitable to recover the preferredMATERIAL AND METHODS

zone at the base of the dune after theThe capture of the samples

nocturnal foraging migration on tidal beachesThe following species were considered in
(Edwards & Naylor, 1987), while sun the case studies presented héfalitrus
orientation is best used to recover the zone asaltator and Orchestia gammarellus
water’s edge to avoid the risk of dehydration Sandhoppers and beach-hoppers are night
on micro-tidal reflective and intermediate active; so searching for them during the
beaches (Scapini, 2006). The precision ofday may be a challenge because of their
orientation with respect to the y-axis is a changing zonation. Transects covering the
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whole beach from waterline to the base of thepoints, covering the spectrum of erosive
dune were searched for sandhoppers byynamics: the first was located at 4 km
removing the surface layers of sand before thdrom the river mouth, where the erosion
experiments. In those beach sectors wherevas strong, another was at 5 km, where
sandhoppers appeared scarce, pit-fall trapshe coastline was apparently under
were positioned across transects from the seaquilibrium and slightly accreting, while

to the dune and left active throughout thethe last was at 6 km, in a littoral stretch
night, in consideration of the nocturnal where a stronger accretion was observed.

activity of the animals. O. gammarelluswas not found at the 4
and 5 km beach stretches. In each point,
Description of the sampling sites the main beach and meteorological

In Italy, a case study was represented by thdeatures were measured for each replicate:
Collelungo beach, in the Maremma Naturalslope and width of the beach, air
Park (Tyrrhenian coast of Grosseto, centraltemperature, relative humidity and sky
Italy; 42°38 N 11°4JE), a coast with limited cover. In May (spring), July (summer) and
tidal excursions, measurable in centimetersSeptember (autumn) 2011, on a total of
although not irrelevant for animals living near 1351 specimens, 407 of which from the
the waterline. Here an erosion gradient waseroded beach stretch (4 km), 461 from the
observed, with the strongest erosion found atstable beach stretch (5 km) and 483 from
the mouth of the Ombrone River, in the north-the accreting one (6 km), tests were
western sector of the beach, graduallyrepeated simultaneously in the three
lessening with distance and finally producing points.

an accretion in the beach segment located ®rientation experiments in Morocco were
km in the south-eastern sector (Pranzini,carried out on two beaches, one on the left
2001). Such dynamics were accelerated in theside of the mouth of Oued Laou River and
last decades by several careless interventionthe other on the right, at 1 km distance
along the river (Ciampi, 2007), for which a (35°27JN 5°6.1 W). This area was also
1200 m stone bank on the left side of the rivercharacterized by small tidal excursions. In
mouth was built on the littoral in 2009. For the area there were two villages: Oued
the activity rhythm study, adult individuals of Laou, the larger one, to the left and
the two sympatric speci€b. saltatorand O. Ka'asrass to the right. The area of Oued
gammarellus were collected on the sandy Laou (8431 inhabitants in 2004) was
beach of Collelungo at about 6 km from the characterized by a higher urbanization
Ombrone River mouth during the months of aimed at developing tourism, while the
June, July and August 2007. There, theactivities of the Ka'asrass area (860
presence of a dune-slack with seasonal salinhabitants) were basically traditional.
marshes favoured the beach-hoppers’ andrhere was a different use of the two
sandhoppers’ colonisation of an areabeaches, with higher impacts on the left
extending about 100 m inland. In particular, side of the river mouth (Fanini, 2006). In
during the summe®. gammarellusolonised particular, a progressive increase in
the dune-slack andluncus acutusbushes, building construction in the area of Oued
whereasT. saltator colonised both the beach Laou has been observed in the recent
and the dune, marginally sharing the habitatyears, with the risk of compromising the
with O. gammarellus however, during the stability of this beach (Oueslati, 2006). In
winter the two species’ areas overlappedeach beach stretch, beach slope and width
displaying their maximum level of sympatry were measured and the meteorological
(Gagnarli, 2009). Orientation experiments features were recorded for each replicate:
were performed off. saltatorat three beach air temperature, relative humidity and sky
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cover. The orientation tests were performed(SNR) with p = 0.05, i.e., the ratio
on these two beach points simultaneously orbetween the height of the correlation ratio
two subsequent days in May 2004. We testegpeak and the 95% probability line.
a total of 620T. saltatorindividuals, 314 on
the left river side beach (Oued Laou) and 3060rientation experiments on the beach
on the right river side beach The orientation was measured on the
(Ka’asrass). beach by releasing. saltatorin the centre

of a standard arena device, made of a
Recording of activity rhythms in the  cylindrical box of Plexiglas with a 40 cm
laboratory diameter, having 72 pitfall traps of 5° each
The recording of activity was performed by at its rim; pitfall trap 72 was oriented to
way of an automatic electronic system locatedthe North. The arena was positioned
at the Department of Biology (Florence): 61 horizontally on a tripod at 1 m above the
T. saltatorindividuals and 5®. gammarellus beach surface. A white cardboard was
individuals were singly placed in cylindrical placed around the arena’s circumference
recording chambers 10 cm of diameter and 130 screen off the landscape view, and tests
cm high, filled with a few centimeters of were alternated with and without the
substratum from the collection area and foodscreen. The animals were placed in the
ad libitum provided on a piece of untreatedcentre of the arena by means of a
filter paper. Each recording chamber wastransparent Plexiglas tube (3 cm diameter)
provided with an infrared beam and inserted vertically through the cover of the
interruptions of the beam were recorded by aarena; after 1 min the tube was removed
logger every 20 min for 21 days. The and the animals were free to hop or run in
recording apparatus was placed underthe chosen direction. At each release we
controlled conditions in a room with the registered the following variables: time of
temperature kept at 18 + 1°C. The recordingsthe release, traps where the animals had
were made in continuous darkness to permiffallen, air temperature (°C; electronic
the expression of the endogenous rhythms. Athermo-hygrometer), air humidity (%;
the end of the recordings, the data wereelectronic  thermo-hygrometer),  sky
downloaded and analysed with specific cloudiness (0-8; visual appreciation), sun
software: the locomotor activity patterns were vision (visible, covered, shape, not visible;
represented using the Chart software packageisual appreciation). Every experimental
35, which produced actogram plots. In theseries was repeated twice: in the morning
actograms the activity of each individual wasaround 9:00 (solar time) and in the
expressed as a daily percentage over the dailgfternoon around 15:00 (solar time). In
maximum and plotted in rows of 48 h and two each series of releases 8 samples of 10
columns. In the actograms each row reportsndividuals each were tested successively.
the second day (0-24 h) represented in theThe orientation of individuals tested in
previous row (24-48 h) so that across thesmall groups can be considered
whole plot the visualization of data gives independent (Scapini et al., 1981). All
continuity. Periodogram analysis based on theested individuals were kept in separate
Dorscheidt & Beck method (Harris & tubes filled with 75% alcohol for later
Morgan, 1983) was performed using the Timemorphometric measurements and check of
Series package that worked on the Excelthe species and sex. The statistical
platform and calculated the circadian period analysis of circular distributions was
(when present) and its definition for each applied to analyse orientation (Fisher,
individual time series. The definition of the 1993; Marchetti & Scapini, 2003). The
period was expressed as signal-to-noise ratidrayleigh Test for uniformity was applied
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to the circular distributions, to test the 4.27°, 2.19° and 1.50°, decreasing with
concentration of the directional choices increasing distance from the river mouth
around the mean; this test is based on thdtable 1). No significant seasonal trends
length of the mean vector (Batschelet, 1981)were recognizable in the slope variations.
A multiple regression analysis adapted toAir temperature and relative humidity did

circular distributions (Spherically Projected not differ significantly among the sites,

Linear Models, SPLM) was applied to the and while temperature was almost the
datasets (Scapini et al., 2002; Marchetti & same during summer and autumn, with
Scapini, 2003). These are linear models withabout 6° more than in spring (seasonal
the angles of orientation as dependentmean values of 26.43°, 32.87° and 32.60°
variables, and environmental variables asin spring, summer and autumn,

independent ones. The Likelihood Ratio Testrespectively), humidity was considerably
was used to test the significance of thehigher in summer than in autumn (mean

influencing factors on orientation.

RESULTS
The study sites

values of 35.04%, 57.63% and 32.52% in
spring, summer and autumn, respectively)
(table 1). In Morocco the beach slopes
were similar on both sides of the river

At Collelungo, the beach widths clearly mouth, the sand was coarse with no
indicated the existence of an erosion gradientdifferences between the two river banks
with a width of just 15 m at the point closest (table IlI). The beach was wider at Oued
to the river mouth (4 km), 30 m at 5 km and Laou (left side of the river), where a
36 m at 6 km (table I). depression, communicating with the sea

Table 1. Main physical and climatic variables meagu
at Collelungo (ltaly) during the experiments

Table 2. Main physical and climatic variables
measured in Morocco at Oued Laou (left side of the

Season 4 km 5 km 6 km river mouth) and Ka'asrass (right side of the river
Beach width _ Spring 15 30 30 mouth) in spring during the experiments
(m) Summer 15 30 36 Oued Laou  Ka’asrass
Autumn 15 30 36 Beach width (m) 69 45
Mean beach  Spring 4.12 2.44 1.39 Mean beach slope 4.50 5.25
slope (%) Summer  5.22 2.27 1.67 (%)
Autumn 3.48 1.86 1.43 Air temperature 19-32 19-32
Air Spring 23.0- 22.0- 20.3- range (°C)
temperature 38.0 27.0 33.7 Air relative 30-67 30-67
range (°C) Summer  31.2- 29.0- 29.0- humidity range (%)
38.3 34.0 36.0
Autumn 2;;‘%’ 2;‘%’ 2;;26' through a canal, was observed in front of
Airrelative  Spring 410- 170-  23.0- the buildin_gs constructed on the fom]er
humidity 4520 500 330 dunes. Air temperature and humidity
range (%) Summer 41.0-  42.0-  49.0- ranges were similar to those recorded
620 710  76.0 during the spring experiments in Italy
Autumn  24.0- 22.0- 17.0- (table ||)_
55.0 49.0 42.0

L The circadian rhythms of Talitrus
The only seasonal variation was observed at,iator and Orchestia gammarellus
the 6 km point, showing beach accretion of 6., Collelungo

m from spring to summer. The different
erosion rate was reflected also by the beach
slopes at the three points, with slopes of
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Fig. 1. Actograms of the activity under constarrkdass: a, an individudlalitrus saltator(Montagu, 1808); b, i
individual Orchestia gammarellugPallas, 1766). On the horizontal axis, the tirhday is shown (224 h), on th
vertical axis, the day (1-21 days) after the ordethe registration. The grey blocks at the togicate the da
phase on the first day. The diagrams are doubksch(day is shown twice, i.e., on the right of tingt fow and o
the left of the second) to show periodicity. Theivdtly of each 20 rm is indicated as a percentage of
maximum activity.

A high percentage of active individuals was SNR = 0.0780) with a higher internal
recorded for both species (94% fdalitrus  variability (fig. 1b). The periodogram
saltator and 90% forOrchestia gammarell)s analysis for the whole group of
and, among these, a significantly lower samples showed shorter periods, closer
number of periodic individuals was observedto 24 h, forT. saltatoras compared to
for O. gammarellus(77%) compared tol.  O. gammarellugmean periods = 24 h
saltator (96%) (Pearson’s chi square test with 19 min £ 6 min and 24 h 41 min + 12
Yates’ continuity correction = 5.3378, df = 1, min, respectively), but the difference
p = 0.0209). To show the type of variation was not statistically significant
observed during the 21 days of recording, two(Wilcoxon  rank-sum  test  with
examples of actograms are reported with thecorrection, Z = 1.607, p = 0.108).
activity patterns of al. saltator and anO. Instead, the mean period definition
gammarellus specimen (fig. 1a and b, (SNR) for T. saltator (0.503 + 0.062)
respectively). The former pattern of activity is was significantly higher than the SNR
more regular and a clear periodicity is for O. gammarellus(0.286 + 0.046)
observable = 24 h 20 min, SNR = 0.5404) being almost double (Wilcoxon rank-
throughout the whole pattern with a limited sum test with correctiory = —0.8745,
internal variability (fig. 1a). The pattern of p = 0.004). These results are reported
activity in the latter actogram is less clear andin fig. 2, where the definition is plotted
the activity is less defined & 24 h 20 min, against the period and the distributions
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Fig. 2. Period definition (SNR) plotted against fregiods (in h) of the whole samplesTaljtrus saltator(Montagu
1808); bOrchestia gammarellu@Pallas, 1766Y.. saltator mean period=24 h 19 min+6min and SNF5B+0.062
N=610. gammarellusmean period=24h41min+ 12 min and SNR=0.286+0.04&6.

of the two species are compared, highlightingin T. saltator (fig. 2a) than in O.
a different behaviour of the two species, with gammarellugfig. 2b).
periods closer to 24 h and higher definitions

Sun orientation of Talitrus saltator on  Rayleigh Test) and a mean angle of 197°,
Collelungo beach deviating 15° from the seaward direction
T. saltatororientation performances resulted (201°) at that point (fig. 3c). Multiple

to be best adapted to the shoreline directiorregression models were developed with the
in the sample of the eroded stretch ofenvironmental and intrinsic variables and
littoral, at 4 km from the river mouth, with factors, likely to influence orientation:

the highest concentrationr (= 0.340, beach point (4 km, 5 km, 6 km), season
p<0.001, Rayleigh Test) and a mean angle(spring, summer, autumn), landscape vision
of 191° with a mere deviation of 13° from (landscape, no landscape),
the expected direction seawards (178°) (fig.morning/afternoon, solar time, azimuth, air
3a). Contrary to expectations, a moretemperature, air humidity, sky cover

variable orientation was observed in the (cloudiness from 0/8 to 8/8), sun visibility

midway point, with a significant (4 levels: visible, veiled, shape, not visible).
concentration ofr = 0.225 (p<0.001, The intrinsic factors (sex, cephalic length
Rayleigh Test) and a mean angle of 221°,and antennal articles) were not significant.
deviating 20° from the expected direction The beach point factor was the most
seaward (201°), but with a significant important source of variation and there was
fraction of specimens that moved in the a highly significant interaction between this
opposite direction landwards (fig. 3b). The factor and the other variables (Likelihood
orientation performance was intermediate inRatio Test: p<0.001). This analysis
the accreting segment, furthest from theconfirmed that the three distributions

river mouth. Here the sample showed aobtained at the three beach points were
concentration ofr = 0.227 (p<0.001, statisticallydifferent, meaning that talitrids
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inhabiting  different beach  stretches
displayed different behaviour.
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Fig. 3. Sun orientation at Collelungo beacHrefitrus saltator(Montagu, 1808): a, at 4000 m from the Ombrone timolo, at 5000 m;
at 6000 m. The triangles show the directions ofgamplesthe line diagrams show the kernel density distidng, both in polar ar
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Sun orientation of Talitrus saltator at  were developed with the variables and
Oued Laou and Ka'asrass factors, both environmental and intrinsic,
The orientation ofT. saltatorshowed clear influencing orientation: beach (left/right),

differences between the population of theday of experiment (1/2), morning/afternoon,
beach on the left side of the river mouth andtime of day, air temperature, air humidity,
that on the right side (fig. 4a, b). The sky cover (cloudiness from 0/8 to 8/8), sun

samples from left side beach (fig. 4a) visibility (4 levels: visible, veiled, shape,

showed a more scattered orientation thamot visible), sex (male/female), cephalic
those from the right side beach (fig. 4bx(  length and adult/juveniles. The beach factor
0.231 and r =0.627, respectively; p<0.001,was the most important source of variation
Rayleigh Test for concentration to the and there was a highly significant
meandirection). On the left side beach (fig. interaction of this factor with the other

4a), the seaward direction (60°) was notvariables (Likelihood Ratio Test:p<0.001).
included within the interval of confidence of This analysis confirmed that the two
the mean direction, which significantly distributions obtained on the two beaches
deviated to the North (14+27°). On the otherwere statistically different, again indicating
hand, the samples from the right side beactthat the talitrids from the two beaches
(fig. 4b) showed a significant seaward display behavioural differences.

direction that did not differ from the

expected direction seawards (meanDISCUSSION

angle=52+9°). Multiple regression models According to Scapini (2002: 120), the
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suitable characteristics for a bioassay areand the time-scale in this case is small,
(1) availability of the biological material, consisting of a few months (within an
(2) availability of the necessary equipment, individual's life span). On the Collelungo
(3) ease of execution by one/two personsbeach Talitrus saltator is the dominant
after short training, (4) clear interpretation species, so its behaviour must be well
that follows from previous testing and adapted to its life-environment, as
comparison with existing baseline data, (5)documented in similar studies carried out in
reliability of the biological parameter 2002-2003 on this beach (Scapini et al.,
measured, and finally (6) the possibility of 2005b; Ketmaier et al., 2010). The existence
repeated measurements. The rationale foof previous data also offered the possibility
proposing the behaviour of sandhoppers a®f comparing results from before and after
early warning indicators of changes is thatthe intervention for the mitigation of the
behaviour itself is an adaptation to changingbeach erosion process, and check the
environments, such as sandy beachesuitability of sandhoppers’ orientation as an
(Brown, 2006). Considering the whole set impact’s bioindicator. An initial comparison
of case-studies analysed, it could be seemith the orientation data from previous
that the harshness of a sandy beactstudies seems to indicate an overall
environment forces the inhabiting fauna to worsening of the sandhoppers’
deal with physical constraints first, which performances at all sampled sites, probably
influences not only species diversity, because more time is needed for them to
population abundance and structure, butintegrate the new artificial setting of the
also behaviour (see Defeo & MclLachlan, shoreline in their behaviour (Nourisson et
2005 for the Habitat Harshness Hypothesisal., unpublished data, 2011-2012). What is
and the Habitat Safety Hypothesis modelledremarkable is that the results of this study in
on supralittoral amphipods; Fanini et al., some way contradict those of 2002-2003,
2009). The complex systems we considered where the best orientation performances
in this study include different sources of were those of the population of the
impact, but only some of them are affectingintermediate = beach  segment  under
the physical environment, and thus can beequilibrium between erosion and accretion
clearly detected by behavioural assays. (Scapini et al., 2005b), while in this study
In the case of Collelungo, the beach underthe best orientation was observed on the
study was part of a natural park, with eroded beach sector. It seems likely that,
controlled numbers of visitors and activities after the stone bank construction on the
on the beach; so the main physicalbeach near the river mouth, stabilization is
constraint was the dynamics of occurring in the eroded site at 4 km from the
erosion/accretion of the littoral. Orientation river mouth, as shown by the increasing
tests revealed consistency with the littoral precision in orientation. Apparently an
dynamics shown by the significant accretion process has started at 5 km of
interaction of the beach point factor in the distance, increasing the variation of this
SPLM analysis of the orientation segment of shoreline in terms of coastline
distributions. The interpretation of this morphodynamics. Here the sandhoppers
correlation also follows from previous showed a misadaptation of their behaviour,
studies that highlighted beach stability aswith a tendency to orientate to the opposite
major requirement for sun orientation direction. The results of the beach point at 6
adapted to the shoreline direction (Scapinikm distance confirmed those obtained in
et al., 1995). Being a behavioural feature,2002-2003. Here, the effects of shoreline
orientation represents one of the first stabilization are probably not acting on the
responses to the environmental variationsnatural morphodynamics, and natural
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accretion dynamics are still occurring (as arefuge against dehydration. Here slightly
decade ago) to which the sandhoppermore precise and defined rhythms were
population responds with an increasingobserved for T. saltator (N=22,
variability of orientation. The data presented SNR=0.567) compared to the present data
here showed significant differences in theregarding the Maremma Park. However, a
orientation performances among the threehigher precision was observed for the same
populations analysed, confirming that the species on the beach of Castiglione della
behaviour expressed, which integrates allPescaia  (Grosseto, Italy; Rossano,
the information from the environment in the unpublished data, 2001), a stable beach
individual life-span besides the genetic characterized by the absence of debris and
bases (that may also differ among thesestrong anthropogenic impacts (N=26,
populations, Ketmaier et al., 2010), can beSNR=0.746). A recent study, still in
used to assess even small habitatprogress, on the rhythms of saltatorfrom
divergences before other effects on thethe same three beach points at Collelungo
beach community become evident. Theconsidered in the orientation experiments,
variability observed in sun orientation may seems to indicate that there are no
also reflect the observed variation in significant differences in the mean periods
circadian rhythmicity. Activity rhythms of the three populations, implying that
highlighted a strong dependence on thedifferent morphodynamics are not enough to
habitat of the species, with less limiting induce an adaptive divergence of this
habitats allowing for lower periodicity. behavioural trait in the same species
Orchestia gammarelluexpressed a more (Nourisson et al., unpublished data, 2011-
variable circadian rhythmicity with respect 2012). The observed trends regarding the
to T. saltator as was expected for a precision of the rhythms suggest that also
population colonising a less limiting within the same species different sources of
environment (roots and damp) comparedstress with synergic effects may cause
with a sandy beach. In this case, impactsbehavioural and short-term  specific
leading to habitat loss will have an effect in responses. However, more case studies and
terms of retreating populations. Previous comparisons are needed to draw a gradient
studies showed similar relationships of stressing factors that can be displayed in
between habitat preferences and thea hierarchy of strength in affecting rhythmic
expression of circadian/circatidal animal behaviour. Based on the data up to
rhythmicity (Rossano et al.,, 2008). now, the use of rhythms as early warning
Differences in the expression of circadian indicators is not suggested, due to the
rhythmicity related to the presence/absenceexcessive individual variability expressed
of stranded detritus and the possibility of by the activity rhythms in these populations.
finding protection against dehydration were The acceleration of the erosion dynamics
observed also within the same speciesdescribed for the Maremma Park littoral
(Nardi et al., 2003; Rossano et al., 2009).(Pranzini, 2001) is likely to have produced
Clearer conclusions can be drawn for the Sboth a short and long-term response of the
Rossore beach (Natural park of Migliarino- beach animal community and different
S. Rossore, Pisa, Italy; Rossano,kinds of bioindicators would be required to
unpublished data, 2001). That site had afollow the shoreline evolution in the
beach reduced to a few meters as it wasnedium- and longterm. The arthropods’
subjected to strong erosion, for the biodiversity was analysed at the same site as
prevention of which the park managers hada candidate indicator for the long-term
covered the beach with scattered brancheegffects, due to the primary role of these
and treetrunks that were used by talitrids asanimals on sandy beaches and their strict
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link with their home range, which make geomorphology and socio-economy (in
them subject to symptomatic variations interms of land use) is required. The
case of significant alterations (Colombini et behavioural response of resident sandhopper
al., 2006). The time-scale for observing populations to human pulse impacts (like
such shifts in the arthropods’ community is the case of trampling on the supralittoral)
of many months, or even years. becomes relevant and can be distinguished
At Oued Laou and Ka'asrass the impacts onfrom experimental noise only when the
the beach were clearly different on the two natural settings are stable. Morphometric
sides of the river mouth. The buildings on features and fluctuating asymmetry were
the left side beach have probably affectedshown to be good indicators of stress, but
the supralittoral dynamics as the aeoliconly for those impacts occurring during a
transportation of substrate has been impededensitive phase of the sandhoppers’ life-
by the houses built on the former dune, andcycle (Barca-Bravo et al., 2010; Ottaviano
the supply of sediments from the land is & Scapini, 2010). However, behavioural
limited (Oueslati, 2006), while the higher assays may provide a continuous updating
number of people trampling the right side of information, and are suitable for short-
beach during the summer season, where thand medium-term monitoring of impacts
Municipality allows free camping on the (consistently with the periods of the
beach, did not apparently affect orientation. sandhopper life-cycle, Marques et al.,,
The seasonality in beach use in this cas€003). Comparing the indication capability
occurs in July-August, i.e., outside the of various features of the same species,
reproductive peaks of talitrids and in a morphometric characteristics were shown to
period when individuals limit their activities be suitable for monitoring time- and space-
to overcome the harshness of the habitatjimited impacts, while behaviour expresses
thus, a minor effect of trampling on integrated information related to the whole
behaviour development is to be expectedecosystem throughout the life-span of the
(Fanini et al., 2006). In this case, orientationindividuals. Contrary to human perception,
tests detected an ongoing impact on the lefivhich tends to identify impacts with an
side of the beach. All those impacts havingincreased and visible human action (e.g., the
direct or indirect effects on the physical increased number of tourists on a beach,
environment an be monitored via buildings and infrastructures), animal
behavioural assays. Impacts on the beaclbehaviour integrates various actions and
may derive from actions occurring outside factors throughout the generations of a
the beach itself, like dam construction, river resident population.

bed modification, hard structures (e.g., To answer the main question of the paper,
groynes, ports) or urbanization of the area.whether the behavioural adaptation of a key
Such impacts are irreversible and are actingsandy beach species may indicate ongoing
continuously, causing changes in substratechanges, we found that different behaviours
characteristics and limiting the availability may indicate different phenomena.
of a habitat safe zone. The scale of theRegarding the two behaviours analysed in
monitoring should be therefore extended,this study, activity rhythms and sun
via tests on the supralittoral, to obtain orientation, the former appears to be more
information on the whole zone involved in linked to the life style of the species, while
energy and material exchange (Littoral the latter strongly depends on the physical
Active Zone, according to Tinley, 1985). characteristics of the beach. Orientation
However, for a correct bioassay planningintegrates motility, plasticity and rhythms;
and interpretation of the data, a widertherefore orientation tests, analysed at
perspective, including behaviour, ecology, population level, may provide information
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finely tuned to the environment. Other Butler, R., 1998. Seasonality in tourism:
simpler behaviours such as substrate choicéssues and implications. Tourism
are more conservative, thus not suitable afReview,53: 18-24.

bioindicators of ngoing trends (Fanini et al.,

2012). Finally, orientation behaviour would Cardoso, R. S., 2002. Behavioural strategies
appear to be a suitable bioindicator ofand surface activity of the sandhopper

environmental impacts. Pseudorchestoidea brasiliensis
(Amphipoda: Talitridae) on a Brazilian
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3.2 Case study 1the Collelungo beach, Italy

The beach of the ltalian study site is a well-stddenvironment, located in the
Maremma Regional Park, a more than thirty yearsaaldiral park, which is also the

first protected area of Tuscany, extending on 8§ kvith a littoral zone of about 20

km (Cassar et al. 2007). Here numerous researches lbeen carried out since a
long-time, with the production of rich data-setstba most disparate subjects, from
botanical, through faunistical (both vertebrate anwértebrate) to archeological ones
(Scapini and Nardi 2007). Such an availabilityetards, though sometimes difficult
to obtain, represents a rare chance for scientigtish generally have to face a lack
of long-term information, particularly concerningargly beach ecosystems
(Carpenter 2008; Schlacher et al. 2008; Defeo t080). Here, in 2010 a hard

engineering intervention was realized to the léfthe Ombrone River mouth, to

reduce the erosion acting on this beach sectorcdhees of which are ascribable to
several, long-term changes along the river coueskjcing its sedimentary imputs to
the coastal balance (Pranzini 2001; Ciampi 20071280 m seawall was realized
parallel to the shoreline, from the river mouth gouth-east, using cyclopean
boulders. This offered an opportunity to evaluéie ¢cological effects of this kind

of works in the best possible condition, a pristemironment with a reduced and
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controlled human disturbance. New experiments amiptings have been planned
following the methods of the previous ones, to campesults from before and after
the intervention. In particular, in 2002-2003 ddisurvey had been carried out along
the beach, in which macrofaunal samplings had Ipestte (Colombini et al. 2006)
together with orientation experiments 6alitrus saltator(Scapini et al. 2005). Both
samplings and experiments were repeated during ttiésis work, to make a
temporal comparison. We analyzed the sun oriematioparallel with findings on
macrofaunal community, to evaluate the behaviodr. ¢faltatoras an early warning
bioindicator. Our working hypothesis was that,hé tseawall reduced the shoreline
erosion in the N-W beach sector, an increased tacrmight be observed in the S-
E ones; in this case, we expect that sun oriemtatfcsandhoppers improves in the
stabilized sctors and worsens in the changing ambie the macrofaunal diversity
should increase in the accreting zones, taking radge of the major habitat
availability.The main outputs from this study arescribed in the following three
sections, while the discussion of the findingstishe end of the chapter, in section
3.4, after the description of the Portuguese caslys

3.2.1 Circadian rhythms in threeTalitrus saltator (Crustacea, Amphipoda) sub-
populations from an Italian beach with varying morphodynamics. A possible
monitoring tool of shoreline stability.

Claudia ROSSANO, Delphine Héléne NOURISSON, FeliatSCAPINI
Department of Biology, University of Florence; \R@mana, 17, 50125 Florence, Italy

Abstract

The sandhoppefEalitrus saltator(Montagu) (Crustacea, Amphipoda), a widespreadispe
inhabiting the sandy beaches of most Mediterraa@aneastern Atlantic coasts, are known
for their clear circadian rhythms of locomotor siti, entrained by periodic natural
variables, permitting a temporal adaptation togheironment. In the Maremma Natural Park
(Grosseto, Italy) three sub-populations from a gdrehch with different sedimentary
dynamics along the littoral (from a severe erosma gradual accretion), were studied to
analyze intra- and inter-population variation of #fndogenous locomotor rhythms. The
recordings were done using individual chamber2fodays in constant darkness and
controlled temperature and humidity conditions. Vhgation of the free-running period was
studied at individual and population levels, angl dependence from intrinsic and extrinsic
variables was analysed. Significant differenceslted in rhythm expression among the three
sub-populations, in term of duration and definit@frthe circadian period, and a seasonal
variation was also highlighted. The observed diffeses among the tested sub-populations
may represent an adaptation to the coastline dysaamd may be used as a tool to evaluate
the environment stability/variability on the sht@tporal scale, together with other
behavioural traits, such as zonation and oriematio

Keywords: Talitrus saltator Amphipoda, endogenous rhythms, bioindicatorsggan
beaches.

Regional terms:Europe, Italy, Tuscany, Collelungo beach: 42° 40'I®; 11° 5' 59" E.
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1. Introduction

The amphipod3alitrus saltator(Montagu, 1808) are well known in literature fheir

nightly activity and circadian rhythmicity (Bregaznd Naylor, 1972; Williams, 1980) and
for the variation of the patterns of activity degamy on the environment colonized (Rossano
et al., 2008). The adaptation to the light-darkieyatlows to avoid dehydration during the
driest and hottest daily hours and can be obseénvest of the mobile macrofauna species
living on sandy beaches (Audisio, 2002). In tadittimphipods, the variability in the
expression of the locomotor endogenous rhythmsaeggnd both on the latitude and local
ecological conditions (Williams, 1980; Nasri-Amneaard Morgan, 2006; Rossano et al.,
2008, 2009). The studies about locomotor activitgtiims highlighted a high variability
between and within populations, during the diffédéa-stage and throughout seasons
(Williams, 1983; Edward and Naylor, 1987; Nardakt 2003). Among the main driving
forces there are the meteorological factors, asodstrated by comparing Italian and
Tunisian populations from beaches with similar nhmipgy: a better definition of the

activity rhythms was observed in spring-summer ianginter, respectively, likely due to the
extreme conditions of the North-African shores dgrsummer, inducing a shift in the
amphipods’ activity to the mildest winter seasooca8ni et al., 2005b; Nasri-Ammar and
Morgan, 2006; Ugolini et al., 2007). Also the wramesence and its distribution may
influence the circadian rhythmicity, by offeringhelter during the daytime hours, so that on
beaches with high detritus concentration a pedgothronization of the activity to the night
time is not required (Nardi et al., 2003). It wad yet investigated if also geomorphological
dynamics of the coast may influence the locomottivily rhythm expression, even if it is
presumable that the coastal dynamics, by actinth@mhabitat suitability and safeness, can be
responsible for deviant behaviours when the coataility is endangered. Bouslama et al.
(2011) studied the behavioural respons@&.cfaltatorin two beaches differing in physical,
geomorphological, and landscape characteristicoobadrved significant differences in the
circadian period and rhythmicity rate between the populations, with more defined
circadian rhythms in the less impacted beach. Biehawas already proposed as an early
warning bioindicator (Gerhardt, 1996; Scapini, 200@e to its variation as first adaptive
response after habitat modification. For exampédlag et al. (2006) proposed barnacles
cirral activity pattern as a bioindicator for theepence of heavy metals in the water, being
their rhythmicity directly and proportionally inunced by water copper concentrations at 24
and 96 hours, and Dissanayake et al. (2010) denad@dtonCarcinus maenathat
ecologically-relevant behavioural observations rsenve as valuable indicators of
environmental quality, more than observations Htlee or physiological levels. Mass-
mortality of animal populations or their disappesr@may be a further effect of habitat
modification, but at this point of the process tieenmunity may have been already strongly
changed and the process itself may be irreversithle.coastal morphodynamics in the
central and southern Tuscany is well documentedémMena Natural Park, Pranzini, 2001,
Ciampi, 2007) and a situation of dynamic equilibrioban be observed deriving from an
eroded beach section at the left side of the OngRimer mouth, evolving in an accreting
section a few kilometres further south of the rirreyuth. This coastal area, thanks to the
geomorphological studies performed at both sidebefiver mouth, was the occasion to
check the hypothesis that erosive phenomena otat@dsnging can act as a perturbation for
the rhythmic behaviour of beach animals. The sjecifgins of this perturbation can derive
from habitat loss, changing in exposure or in defigposition. Ketmaier et al. (2010) had
identified a genetic variation along this extentéeach through mtDNA polymorphism
analysis distinguishing sub-populations of the samgerTalitrus saltatorat distances of
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about 1 Km one from the other. In this study thiévag rhythm of these sub-populations
subjected to different morphodynamics were analysed

2. Materials and methods

2.1. Study site

The beach of Collelungo, within the Maremma Nat®atk (Grosseto, Italy, 42°39'33"N,
11°00'48"E) extends a few kilometres to the sotitth® Ombrone River mouth and is
colonised by a rich fauna of vertebrates and imbeetes, among which an abundant
population of the amphipoBalitrus saltator Ongoing geomorphological and
sedimentological studies document the presencestvtbag erosive gradient from the river
delta to about 3-4 Km to the south of the moutherghan accretion area has started
involving the next 2-3 Km of the beach. On thiwlial, depending on the availability of
sandhoppers (Ketmaier et al., 2010), three stati@re selected from the river delta to
collect the samples for the present study: at 406014000, 42°38'26"N, 11°03'28"E), 5000
m (col5000, 42°38'10"N, 11°04'08"E) and 6000 m 600, 42°37'50"N, 11°04'45"E).

2.2. Experimental protocol

Samples of freshly collected adult amphipods (s&2enm, supposed to be sexually mature
according to Williams, 1978 and Marques et al.,2@hd big enough to be detected by the
sensor) were collected in April, June, July and &mober 2011 at the above described three
stations and, within a few hours, were transfeteetthe Department of Biology (University
of Florence) in sealed containers. Each sandhapagindividually housed in a cylindrical
recording chamber (12 cm in diameter, 16 cm higlgpaque PVC, in a temperature
controlled room (Scapini et al., 2005b). In eachroher a 5 cm layer of humid sand freshly
collected from the beach of origin was disposedh Wi etramin” dry fish food providedd
libitum on a piece of untreated filter paper. In all theording chambers an infrared beam,
connected to a logger, spanned the radius acrasakhbridge, recording the interruptions
due to the animal activity and downloading thermmagrersonal computer every 20 minutes
(apparatus and software had been provided by thksiop of the School of Biosciences of
the University of Birmingham, UK). The recordingss®ns lasted 21 days under continuous
darkness and at a constant temperature of 18+t&°@ptuce free-running conditions for the
assessment of the endogenous component of the d@epactivity rhythm (Aschoff, 1960).
In each session a balanced number of sandhoppensfich station was placed in the 54
available recording chambers, with approximatelyritBviduals from each sub-population.
After 21 days of each recording session, the chasnbere checked for the survival of the
animals and for the potential presence of parasitegw-borns in the brood-pouches of the
females (conditions that may affect the activitythm); the sandhoppers were then put in
separate tubes with 75% alcohol, to establishekethe cephalic length (proportional to
body length, Marques and Anastacio, 2002) and tineber of articles of the second right
antenna as proxy of age (Marques and Anastaci®)280check of the sample structure was
necessary for the interpretation of rhythm restitatures linked to age were taken into
account as it was observed in other amphipod spéu# the age can influence the activity
pattern (Kennedy et al., 2000).

2.3. Data analyses
The data on the locomotor activity pattern of timgke individuals were graphically
represented for a first analysis in the form obgcams, using the software Chart 35
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(provided by D.D. Green, Birmingham, UK). The aittiwas double plotted, showing two
consecutive days (48 hours) in the two adjacentronk, to emphasize the continuity of the
activity, and the 21 days of recording on the rolle activity was expressed as a percentage
of the maximum recorded each day. The dashed b#s op of the actograms represent the
light—dark period in nature on the first day of theoeriment. Among the analysed animals,
only those showing activity at least for 15 of #fledays of each session were considered
active and on these the following analyses of #mop characteristics were performed.

The time series of the active animals were analygtdthe periodogram technique, based
on the Whittaker periodogram (Whittaker and Robmsgi®24), using a Time Series software
package (Gerard Harris Computing, Rockwell ParkstBl), and the circadian period) @nd

the definition of each individual were thus cald¢ath The circadian periods were calculated
in a range from 10h 20’ to 30h 207, and the confitkelevels were obtained using the
formula of Dorrscheidt & Beck (1975), modified bykiis and Morgan (1983). The

definition of the period was reported as SNR (Sign@oise Ratio), the ratio between the
signal (correlation ratio) and the 95% probabilitye. All periods considered in the results
resulted significant at the 95% level.

Table 1. Morphological features of the samples testl in the four months (April, June, July, November)and
three stations (col4000, col5000, col6000)

survival sex ceph. min ant. min
April N % Fm Fi M ratio mean max mean max
col4000 8 100 6 2 0 1.48+0.03 1.4-1.6 2310 21-25
col5000 9 100 3 2 3 1.55+0.05 1.3-1.8 2611 21-33
col6000 6 83 3 0 2 1.56+0.08 1.3-1.8 2742 22-30
12 4 5
total 23 96 (57%) (19%) (24%) 0.31
June
col4000 12 92 1 1 6 1.35+0.07 0.9-1.6 25+1 19-28
col5000 15 80 1 2 5 1.49+0.07 1.2-1.8 23+1 19-27
col6000 12 83 1 0 5 1.3740.10 1.2-1.8 2342 18-30
3 3 16
total 39 85 (13%) (13%) (74%) 2.7
July
col4000 16 94 1 5 6 1.18+0.05 0.9-1.5 25+1 16-30
col5000 20 90 2 10 4 1.22+0.03***  1.0-1.6 23+1 19-28
col6000 19 100 0 8 4 1.2940.04 1.1-15 2411 20-29
3 23 14
total 55 95 (8%) (58%) (34%) 0.54
November
col4000 18 78 0 6 6 1.1410.06** 0.9-1.5 2142 15-31
col5000 18 83 0 7 5 1.2540.07 0.8-1.6 2411 19-32
col6000 19 89 0 8 6 1.32+0.05 1.0-1.6 25+1 19-30
0 21 17
Total 55 84 (0%) (55%) (45%) 0.81

The specimens reported are those considered in the analysis.: Fm, mature females; Fi, immature females; M,
males. Ceph. mean, mean of cephalic lengths in millimetres; ant. mean, mean of antennal articles. Standard
errors are reported. * Significant differences within the same sub-population and among seasons. ° Significant
differences within the same season and among sub-populations. */° = 0.05; **/°° = 0.01; ***/°°° = 0.001 Data
sets were compared with Kruskall — Wallis rank sum test.
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3. Results

The mean temperatures and humidities recordedglthiiamonths of the experiments
(National Meteorological Archives, 2011), were santo the temperature of 18 + 1°C
maintained within the recording chambers, whilehheidities in the chambers were higher,
between 87 and 90%. These values assured a goodastio the amphipods and confirmed
a sufficiently good reproduction of the environnamionditions.A total number of 179
sandhoppers was tested and a high percentageiatiungls survived throughout the
recording sessions (Table 1) thus indicating a dindss of the animals. However, some
data were excluded from the analysis because df @ezumulation in front of the receiver
(likely causing biased results) or the death ofathignals without any significant activity
expressed. Consequently the analysed percentagpecinens ranged from 58% to 100% of
the samples (Table 2). An analysis was performeihtoimsic factors (e.g., sex and age) to
highlight eventual differences in development witthie sub-populations through the seasons
or among the sub-populations during the same seasoimspection of the morphometric
features of the tested samples was necessariktthBlocomotor activity rhythm features to
the sub-population features or/and to the envirarted@lynamics. All the tested individuals
were adulfTalitrus saltator and the morphometric analysis showed that thasseme
seasonal and spatial variation among the statibaislé 1). Being the cephalic length
proportional to the body length (Marques and Arzist&2002), the morphometric data
showed that at col4000 and col5000 individuals vegréhe average significantly smaller at
the end of the summer (November and July, respgjicompared to the other months at
the same stations (Table 1).

Table 2. Summary of data for survival, number of dicadian individuals, mean period ¢ ) and definition
(SNR) for the four experiments performed in April, June, July and November 2011 at the three stations
(col4000, col5000, col6000)

Subpop N Analyz.% active active% circ circ% mean t mean SNR
April

col4000 8 100 8 100 7 88 24h26't7' 0.408+0.100
col5000 9 89 8 100 6 75 24h30'+18' 0.16610.036
col6000 6 83 4 80 4 100 23h55'+31" 0.291+0.105
Total 23 91 20 95 17 85** 24h20'+11' 0.295+0.055
June

col4000 12 67 4 50 4 100 23h55'+5' 0.37210.041
col5000 15 60 7 78 4 57° 24h30'+13' 0.736x0.165
col6000 12 58 6 86 4 67 23h55'+26' 0.1630.067
Total 39 62 17 71 12 71xx* 24h07'+10' 0.424+0.102
July

col4000 16 75 7 58 7 100 24h57'+18' 0.43610.155
col5000 20 80 11 69 11 100 24h25'+10' 0.62210.138
col6000 19 63 10 83 10 100 24h06'+8' 0.735x0.151
Total 55 73 28 70* 28 100 24h26'+07' 0.616+0.085
November

col4000 18 67 8 67 8 100 24h10'£50' 0.158+0.038
col5000 18 67 5 42° 5 100 24h12'+21" 0.18210.036
col6000 19 79 8 53 8 100 24h20'+11' 0.334%0.059
Total 55 71 21 54** 21 100 24h14'+19' 0.230+0.032

* Significant differences among seasons. ° Significant differences among seasons within the same sub-
population.*/° = 0.05; **/°° = 0.01; ***/°°° = 0.001, Fisher exact test.
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The comparisons among the sub-populations witlérstime season indicated that the
animals at col4000 were a little smaller than atdther stations, and the size difference was
more relevant in April, when the number of articbéshe second antenna in the col4000 sub-
population was significantly lower than in the ath&o sub-populations (Table 1), thus
revealing a population with younger individualssemoulting events). In addition, the
presence of a high percentage of mature femalepa@u to immature females and males in
April (Table 1) demonstrates that the April expegithwas performed during the beginning
of the reproductive season. The ratio between raatnd immature females and that between
females and males confirmed the end of the reptoduseason before November (Table 1).
An overall exploration of the activity data seadbngrouped showed a significantly lower
activity in November (Fisher's exact tgst: 0.007), higher activity in June (Fisher's exact
test,p = 0.0443) and July (Fisher's exact test not sicanit) and the highest activity in April
(Fisher's exact test not significant, Table 2). Als® comparison of the number of periodic
individuals resulted significant, with lower pertages in June (Fisher's exact test,

0.001), and April (Fisher's exact tgsts 0.0218) and the two highest figures in July and
November (100%). By discriminating the data for-gaipulations, a high percentage of
specimens was active from April to July at statioob000 and col6000, while the activity
decreased in November, even if no seasonal congpanias significant except for the low
proportion of active individuals at col5000 in Noweer (Table 2, Fisher's exact tgst
0.0472). At station col4000 the number of activerehs was higher in April compared to the
other stations, while it was lower and rather cansthroughout the summer and autumn
(Table 2). The percentage of individuals showirrgadian periodicity was high during all
the months, except for June at col5000 (Fishedsteestp = 0.0486) and col6000.

In Fig. 1 three actograms are shown, one for eaaba, selected to illustrate the range of
variability exhibited by the individuals. In Figathe locomotor activity of an addit

saltator (col4000 sub-population, tested in November) shibthie most variable pattern with
a quite dispersed activity characterised by somstbwof activity in the subjective day and a
main nocturnal activity. Some interruptions occdrfdays 5-7) and changes in the slope of
the sequence, meaning changes in the period eiqmraébat indeed had a low definition£
25h40’, SNR =0.101). In Fig. 1b the activity ofodimer specimen (col4000, tested in July) is
an example of higher periodicity and period deifamit(r = 25h, SNR = 1.009), but again the
pattern was not constant throughout the recordasgien because of a prolonged activity
during the first week and an interruption at th& dldy. In this case a period slightly longer
than 24 hours was observed, producing a constangradual shift with respect to the actual
light/dark regimen at the day of the sampling. ig. Bc, the pattern of an individual
(col6000, tested in July) represents an exampéewary well defined rhythme (= 24h20’,

SNR = 1.659): this specimen was active almost estagy with a clear circadian rhythm and
no bursts of activity separated from the main bofithe activity. Here also a slight shift is
visible, resulting in a shorter period compareth® other two examples. In the four months
of the experiments, the mean circadian periodétjigyaried around the 24 hours, but
without a clear general trend: the shortest meaiogh@as observed in June with 24h07'+10'
and the longest in July with 24h 26'+07' and naificant difference was observed among
the months. A more detailed analysis was perforomeasidering the sub-populations in each
month (according to what is known from the literataoncerning seasonal variations of the
amphipods rhythm, Nardi et al., 2003). The shoesiod was observed at col6000 in April
(23h 55'+ 31', N = 4, Table 2, Fig. 2), the longastol4000 in July (24h 57'+ 18', N = 7,
Table 2, Fig. 2). No clear gradient among the atativas observed except in July, when the
period at col4000 was appreciably the longestpE000 intermediate and at col6000 the
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Fig. 1. Examples of three actograms to show the differaattems exhibited by the specimens tested. In (a)
specimen from col4000 tested in Novemher,25h40’, SNR = 0.101, (b) specimen from col40&&ed in Julyr =
25h, SNR = 1.009, (c) specimen from col6000 testelly,t = 24h20’, SNR = 1.659.

shortest. On the other hand, clear differencesappeamong the months and stations
regarding the mean definition of the period, whietreased from April to July (April:
0.295+0.055; June: 0.424+0.102; July: 0.616+0.688, 3) and became lower again in
November (0.230+0.032), with a significant diffeceramong the months (Kruskal-Wallis
rank sum test, chi-square = 11.6958, df p 3,0.0085). Discriminating among the sub-
populations, the minimum value of period definitiwas observed for col4000 in November
(0.158 £ 0.038, N = 8, Table 2, Fig. 3) and thehbig for col5000 in June (0.736 + 0.165, N
=4, Table 2, Fig. 3). Two sub-populations repradlthe general trend of having a better
defined rhythm in summer and a less defined rhyithepring and autumn (see also Nardi et
al., 2003), while the sub-population of col6000whkd the anomaly of having a very low
definition in June (Fig. 3).

Comparisons were done for period features (pammtdefinition) among sub-populations
within each month. In April and June no significdifferences were highlighted. In July the
period at col4000 resulted significantly longerrthiae period at col6000 (Kruskal-Wallis

25h40' m 4000 14 m 4000
25h20" 05000 0.9 1 05000
25h00" * 06000 081 06000
24h40' Z 0.7

E 24nh20' G 061

3 24n00' S 0.5

& 23na0' | E 0.4 4 *
23h20' 2 03
23h00' 0.2 4
22h40’ 0.1+

E . . , . 04 : : ; .
APR. JUN. JUL. NOV. APR. JUN. JuL. NOV.

Fig. 2. Mean priods (in hours) and standard errors  Fig. 3.Mean definition and standard errors for the t
the three stations col4000 (black), col5000 (gmay) stations col4000 (black), col5000 (gray) and col

col6000 (white) in the four months of April, Judely (white) in the four months of April, June, July and
and November. Novembet
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rank sum test, chi-square = 6.5451, df p 2,0.0379), with the period at col5000 positioned
between these two (Fig. 2). In November the dédiniof the period at col4000 and col 5000
was significantly lower than col6000 (Kruskal-Waltank sum test, chi-square = 6.8648, df
= 2,p = 0.0323), thus confirming an increase of defimitfrom col4000 to col6000 (Fig. 3),
a pattern that was observed also in July.

In Fig. 4 the SNR was plotted against the periadi despite the low number of individuals
that were periodic in April and June, a typicalsseal pattern was recognizable, with the
distributions showing a cloudy shape in April andvidmber with the cloud of points
dispersed along the y-axis, showing a flatteneg@ahand vice versa showing a ‘tower’
distribution in June and July. This result derifiemin the high definition of the period of few
individuals around the mean in the hottest sumnwanths, and a lower definition and more
disperse distributions in the other two monthsesponding to spring and autumn.
Comparisons were made for the frequencies of aatieperiodic animals between males,
mature and immature females, without detectingediffices except in July, when, by
grouping all the three sub-populations, males amguethe most active (79%, N = 14),
immature females a little less (74%, N = 23) andumeafemales not active at all (0%, N = 3)
(Fisher's exact tegh,= 0.0457).
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Fig. 4. X/Y plots of definition over period in tHeur months of experiment for the three statiomd4@00 (black
triangles), col5000 (black dots), col6000 (whitarigles). The period is expressed in hours, the tatmber of the
individuals tested is reported (N).
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4. Discussion

The circadian endogenous rhythm of locomotor agtipermitted a detailed comparison of
populations from the three sites throughout the foanths of experiments, in three different
seasons. Consistently with the nocturnal patteseritzed by several authors (Bregazzi and
Naylor, 1972; Williams, 1980, 1995), the first estete was that the expression of the
endogenous activity rhythm was very variable battwieen individuals and within the life-
span. Activity rhythms changed in period and dé&fini from April to November, in
accordance with the previous observations by Natrdl. (2003) on populations from the
Thyrrenian coast. The activity pattern of indivithievas clearly circadian for the whole
registration session (Fig. 1c) or close to arrhyttitm (Fig. 1a), since the pattern changed
many times during the registration, thought thé ¢esditions were the same for all
specimens and for all the 21 days. Some indiviuajwesenting a small minority of the
samples, were active but arrhythmic (not showndimga considerable behavioural plasticity
emerged as one of the main features of beach aniaddptability having a major role in the
survival in extreme but changing environments kedy beaches (Brown, 1996).

An interesting result was the significant differerabserved in July among individuals of
different reproductive phase, when the males aedjtbat majority of immature females
were active, while mature females did not showativity at all. This may be a
consequence of the different strategies for theleggying gravid females with respect to the
immature ones during the hottest season. The fommagravoid dehydration and wave
inundation by remaining buried in the wrack, sa foathem a defined locomotor activity
may not be strictly necessary, while the latterdneereach the foraging zone precisely
during night hours to avoid extreme day conditiand recover before temperature and
humidity reach dangerous levels. Anyway, the lownbars of individuals used in the present
research do not guarantee solid results to discataiactivity rhythm based on sex. It would
therefore be recommended to develop an ad hocquidim produce a more solid study in
that direction. Even more interesting is the faatin summer high percentages of active
animals were observed and, among these, high gagasexpressed circadian rhythmicity,
while in spring and autumn several specimens wetactive (November) and several active
specimens were not circadian (April). As alreadscdssed by Nardi et al. (2003) these
differences in activity rhythms are clearly adagtias in summer the dehydration risk
associated to the daily hours reaches its maximuaraghigh precision of the activity timing
is required, while an increase of individual vaiiigpis allowed under mildest climatic
conditions in the other seasons. On the other hamdijfferences were observed in the
numbers of active or rhythmic sandhoppers betwkerhree stations, despite their differing
sedimentary dynamics. The most informative featwreie instead the period and its
definition that represented the most clear andésteng results of this work. About the
circadian period, most of the free-running indivatkihad periods longer than 24 hours, even
if a certain variability was always present. A sigantly longer period was observed in July
at col4000, decreasing as in a gradient, throu¢060 toward col6000. This trend was
finely joined to the increasing definition in thanse direction (from col4000 to col6000)
observed in July, becoming significant in Novemltleus indicating a less precise rhythmic
behaviour at col4000 as compared to the other tatias. The more pronounced erosion at
col4000 likely originated a more chaotic environmaevith higher slope and frequent
changing of the beach width that is generally shrdttan in the other stations (personal
observations on field; Colombini et al., 2012). Hitgtation described here was comparable
to the situation observed during winter months, nymesponding to the changing
environment, the locomotor activity rhythm is degmed, i.e. less defined. What is not clear
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is whether the observed rhythmic behavioural respasithe direct consequence of the
colonization of a variable environment or, accogdio the source-sink hypothesis (source-
sink model, Rounge et al., 2006), it is the expogsef the activity pattern of a sub-
population coming from stations presenting morestamt conditions along the same beach
and colonizing a more disturbed environment. Asadten of fact the results of the
morphometric measurements (intrinsic features @findividuals) seemed to separate the
sub-population of col4000 from the other two, shoyva different population structure:
higher numbers of juvenile individuals occurreddpril and November and elder individuals
were present in June and July, not matching whatfaand in previous studies (Marques et
al., 2003; Pavesi and De Matthaeis, 2009). Forlzaéch an usual trend that presents bursts
of juvenile individuals from March to Septemberr{sg and summer) and a prevalence of
adults during the other months was shown in prevgiudies (Marques et al., 2003; Pavesi
and De Matthaeis, 2009). On the other hand, Scepli. (2005a) stated that, due to beach
erosion, one kilometer further from col4000 towattuks river mouth direction the population
was disappearing and col4000 was consequentlagtigbint well colonized by. saltator
Following that observation the sub-population c@0with its smaller and younger
individuals, may represent a sink and col5000 art@090 a source. Even if our protocol was
not produced for a study on population structuie @mndances and an ad hoc protocol
should be applied to confirm the trends observed (idarques et al., 2003; Colombini et al.,
2012) the observations may help to focus on thiedyggamics in terms of colonization and
behavioural changes occurring on the studied shadgh.

Both previous data (Nardi et al., 2003) and thesesdsee total monthly means of period and
definition, Table 2, and plots of definition agdiperiod, Fig. 4) suggest that the rhythms and
other behaviours of a so diffuse and sensitiveridike Talitridae are in accordance with an
on-going process of colonization of (or retiremieai) an harsh habitat and can be used as
an early-warning bioindicator of the beach ecosysgnamics. On this coast, among all the
seasons, the summer represents the most stressrfgrahe high temperatures and low
humidity. The consequence is therefore the expyessia clearer circadian rhythm in
summer as compared to the other seasons. Summso tenchosen as the most suitable
season to use locomotor activity rhythm and itsaten from the usual patterns of activity
as a bioindicator of environmental perturbatioresd and/or instability of the ecosystem.
The advantages in using activity rhythms as biaiattir derive from i) the reproducibility of
the measurements that are done in laboratorheiuse of few individuals (recommended in
endangered ecosystems and in natural parks). Merdgwehaviour is a synthetic
bioindicator resuming the state of the ecosysteresponses that are the expression of the
adaptation of living systems to the environmerdlitdVe suggest that in the other seasons
(here, the months April and November, with lesseseenvironmental conditions) the intra-
specific variability of the circadian activity rhyins ofT. saltatoris in itself so high that it

has the effect of masking any other feature demgnain the environment. In
meteorologically variable conditions (winter, easfyring or late autumn), the differences in
sedimentary dynamics (if not enough pronounced) bsagot able to produce adaptive
divergences in the different sub-populations.

A similar decrease in the rhythm definition durthg winter months was already described
in a number of intertidal animals (Atkinson anddeeas, 1973; Holmstrém and Morgan,
1983; Bolt and Naylor, 1986; Cummings and MorgdlQ1) and was already described in a
different Italian population of. saltatorby Scapini et al. (1992). In summer the short tigh
and the limiting daytime conditions induce the aalsrto synchronize their activity exactly

to the night hours, while during the rest of tharysuch strict periodicity is not necessary.

72



Thus the locomotor activity rhythm matching to grmesironment in a way that reproduces its
periodical changing (DeCoursey, 1983) has in aoldiéi clear gradient of expression
(less/more precise and defined) and should be deresd in its variations. Even if activity
rhythms are not directly linked to the directiontloé waterline,their expression may depend
on the modifications of the width of the beach (&aing/lengthening), the variation of slope
(increasing/decreasing) and the presence of depafsitebris (deposition/removal), all
factors that may produce increase/decrease ofnénod are linked to the
erosion/deposition dynamics of the coastline.
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3.2.2 Seasonal variations in the orientation behasir of Talitrus saltatator on a
Mediterranean sandy beach: an ecological interpretzon

Delphine Héléne Nourisson, Felicita Scapini
Department of Biology, University of Florence, Vamana, 17- 50125 Florence (ITALY)

This manuscript was conceived when analyzing tht&a deom the orientation
experiments reported in section 3.2.3, as a ndileazependence of subpopulations’
performances was observed with respect to the seasowhich experiments were
carried out. These findings throw light on the eowmental effects acting on.
saltator behaviour and may furnish important information tbe interpretation of
orientation experiments when using them as impdotndicator. As already
observed in the section on the activity rhythm fjsec3.2.1), also orientation was
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more precise during the summer, the hottest sedsos confirming this as the best
season for the assessment of impacts via behaliests.

Abstract

The amphipod speci€Rlitrus saltator(Montagu, 1808), widespread on the Mediterranean
and Eastern Atlantic coasts, displays physiologaad behavioural adaptations to life on
sandy beaches. To avoid dehydration sandhopperevbun moist sand near water's edge
during the daylight hours of the warmest seasohgyTcan navigate toward this safe zone
(an adaptive behaviour named zonal recovery) ugiagsun compass and several additional
mechanisms, both universal an local. In this study analyzed the effects of several
variables on the talitrids’ orientation behavioardeepen the relevance of the local cues and
analyse the ecology of sandy beaches from an éwplry perspective. For two years
orientation experiments were made ofi.asaltator population, at three sites of the same
sandy beach, differing in shoreline sedimentaryaglyics; the main environmental, climatic
and individual variables known to influence tatittorientation were registered during each
experimental session. The statistics of circulatriiutions were calculated and a multiple
regression analysis adapted to angular data wésrped, to highlight the scaling triggered
by environmental conditions. The results showed femsonal climatic variables played a
primary role, adaptively modifying the sandhoppdsghaviour. A significant interaction
with the sites (differing sedimentary dynamics) vedserved as well. An high behavioural
plasticity seems to guarantee 10 saltator a good adaptation (both as abundance and
geographical spreading) to life on sandy beachk&haare notably unstable environments.

KEYWORDS: Talitrus saltator orientation, Mediterranean sandy beaches, selitsona
sedimentary dynamics.

1. INTRODUCTION

The sandhopperEalitrus saltatorMontagu, 1808 (Crustacea, Amphipoda, Talitridae) ar
abundant along the Mediterranean and the Europshiarth-African Atlantic shores
(BELLAN-SANTINI 1993), which makes the species suitable for stuniieadaptive variations
along geographical and climatic clines (e.qpRQUES et al., 2003). These talitrids inhabit the
supralittoral zone of sandy beaches, where thelptipn features are determined mainly by
physical constraints, with biotic interactions ptaya minor role ICLACHLAN & BROWN
2006). Despite being semi-terrestrial, sandhopaersubject to dehydration risk, as they
breathe through gills and have a partially permeahticle; this makes behavioural
adaptations essential for their survival. As a,raleMediterranean sandy beaches talitrids
move upshore toward the dune, on night, to foragemacks and debris under conditions of
higher air humidity and lower temperature, and theydownshore to the drift line at dawn,
to burrow in moist sand at the water's edg@apiNI et al. 1992). The movement toward the
shoreline to recover the optimal zone was defirmthkrecovery§ARDI & ERCOLINI 1986).
When displacements occur during the warm hourbkefialy, due to disturbance or
unsuitable conditions (such as dry or moisturersédd substrate), the dehydrating
conditions motivate sandhoppers to escape seaf@lulsing the straightest path (TED,
Theoretical Escape Direction). To succeed in #iék tthey rely on an innate sun compass,
following a genetically determined direction thatshheen selected for most populations
according to the local shoreline orientatieagD1 1960;PARDI& SCAPINI1983;SCAPINI et al.
1988). However, several other cues are used sinadtasly, among which beach slope,
differences in celestial radiance over land and Sleapolarization, magnetic field and
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landscape view, all of which may enhance or interfith solar orientatioERCOLINI &
SCAPINI 1974; HhRTWICK 1976; ERCOLINI et al. 1983; @OLINI et al. 2012). Such a
redundancy of mechanisms was observed also for othstaceansA(TIZER & FORWARD
1993;CAMERON & FORWARD 1993;CHIUSSI& DiAz 2001), insects and spideO(LETT &
COLLETT, 2000; MoRSE2002; BSCHKNADEN & WEHNER 2003; VWEHNER 2003, NJRGAARD

et al. 2007). Also the ecological and morphologfeakures of beaches are known to
influence the behaviour df. saltator i.e. the rate of exposure to waves and tidaleang
(MezzeTTi et al. 1994; W.LIAMS 1995), the wrack abundance and distributioogBIOLI et
al. 1999a; MRDI et al. 2003), the degree of stability of the shinee(ScaPINI et al. 1995,
BoRGIOLI et al. 1999b; EGTARI et al. 2000) and the seasonal climatic variat{@dsLIAMS
1995; NaRDI et al. 2003). According to these studies, talitgopress a high behavioural
plasticity to survive on sandy beaches; naturactiin may have determined the best
direction for the solar orientation of each popolatbut it also may have maintained
individual flexibility in the use of learned referges and behaviour modulationR@wN,

1996, McLACHLAN & BROWN, 2006), permitting to sandhoppers to face botiopéaral, life-
long lasting or sudden risks. About the period@d@nges, many studies highlighted how
macroinvertebrates’ ecology and biological traits substantially affected by seasonal
variations. In temperate areas the main seasahaisrrepresented by winter storms, which
in their turn act on wave and tidal regimesoMCHLAN, 1988;MCLACHLAN & BROWN,
2006;MOREIRA €t al., 2008), and hence on food availability. editerranean shores,
precipitation and temperature are the principainiteg attributes showing seasonal patterns
(ASCHMANN, 1973;GASITH & RESH, 1999), resulting in hot, dry summers and cool, we
winters. This pattern is the basis of several @bolegical adaptations of sandhoppers, as the
shift of circadian activity during the nocturnalure, occurring particularly during the hottest,
summer period (GPINI et al., 1992; WRDI et al., 2003, @OLINI, 2003). Also the zonal
recovery is generally more precise (concentrate@tds the sea) under summer, dry
conditions (8APINI et al., 2002; ENINI & SCAPINI, 2008), which is adaptive as in this season
the dehydration risk become the highest. On theratlile, also less predictable
environmental changes may modify the talitridseatation, as a higher concentration
seawards has been observed on beaches with a sitaipédine, compared to a major
scattering on beaches where the shoreline is agnigly changing direction ¢3PINI et al.,
1995; BoRaGIOLI et al., 1999b; EGTARI et al., 2000). In this study we investigated the
orientation ofT. saltatorfrom an ecological perspective. We performed daiton
experiments at three sites of the same extendazhpgabject to different sedimentary
dynamics (from an eroded to an accreting shorelar@) analyzed the orientation of the
resident sub-populations (for the definition of sadpulation in this context, seeEKMAIER

et al., 2010), aiming at: 1) assessing the effetMediterranean seasonality on the
behaviour of a species that is widespread alorepgrgphical cline encompassing a variety
of sandy beaches; 2) understanding the role of kedimentary dynamics on the observed
behavioural differences among sub-populations.

2. METHODS

2.1 The study site

The Collelungo beach is a well-preserved sandylbeaosystem, located in the Maremma
Natural Park (Grosseto, Tuscany, Italy - 42°39'B3"11°0'48”E) and is an almost straight

beach (Fig. 1a), extending about 6500 m on thesld& of the Ombrone River mouth. The
reduced sedimentary inputs from the river in th& tzEntury, ascribable to human actions
along its course, have produced an erosive graditorig the beach EANzINI, 2001;
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Fig. 1. The study site. a) Location of the MarenfRegional Natural Park (42°3®.00'N, 11°0836.30°E): Italy,
Mediterranean Sea. b) The Collelungo beach, wighpbsition and distance of the three experimerites$ svith
respect to the Ombrone River mouth; photo creditstfe right image: Google Earth, accessed May 2013

CiampPli, 2010); a strong sand erosion acts close to tee mouth, decreasing with distance,
until a condition of dynamic equilibrium is reach&tdabout 5000 m from the river mouth.
This sedimentary dynamics produces a gradual acnriet the last part of the beach. It is an
exposed microtidal beach with a medium sand granetoy (MARQUESet al. 2003), and tide
excursions never exceeding 0.40 mARzINI 2001). Three sites were chosen, differing in
their erosion/accretion dynamics, at about 400005#hd 6000 m from the river mouth (Fig.
1b). At point 4000 the dune was severely erodedtamdeach was very narrow, while at
point 5000 and 6000 the low fore-dune was stabilily, avwide flat sandy beach. All three
sites had vegetated dunes; at 5000 the beach whksdhby a cliff, while at the 6000 site it
was backed by marshes and hills. Orientation empatis were performed in spring, summer
and autumn of 2011 and 2012. Experiments werearoied out in winter because in that
season sandhoppers have a reduced activity andwshrguow densities (SaPINI et al.

1992). At each session, the local environmentatasacterized determining the main
physical features; beach width and slope were degbat the three sites, along transects
ranging from the first dune vegetation to the Higle mark and sand penetrability was
measured (as a proxy for sand granulometry andtuanejs In consideration of their possible
effects on the orientation df. Saltatorwe measured air relative humidity and temperature
(with an electronic thermohygrometer) and the glaéar radiation (using a luxmeter),
together with sun visibility, sky cover and shamnelidirection, from which the TED
(Theoretical Escape Direction seawards, the peipelad to the seashore) was calculated.

2.2 Field experiments

In May (spring), July (summer) and September (aufu2®11, and in May and October 2012
(spring and autumn, respectively), orientation expents were performed at the three sites
contemporaneously. Experiments were made on tlietbeest the effect of all, also
unidentified, factors on the movements of animatsich may strongly influence the results
obtained (WWDERWOOD& CHAPMAN, 1985). Adult amphipods were caught in the morning
before the tests and tested in experimental arteananag 72 pitfall traps of 5° each at their
rim, as described byc3pINI et al. (2005). A transparent screen covered thieeattevice and
a white cardboard (10 cm height) was applied @ #lternate releases of groups of ten
animals, to have one release with the landscape aliewed and the following one with the
view screened off. For each experimental sessieactt site, we carried out four releases
with the landscape view and four without it in therning and we repeated the same
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protocol in the afternoon. After the tests, thelas@f orientation to the North of trapped
individuals were registered and the specimens s@red in alcohol 75% for later
observations and measurements. In the laboratmrgaich individual, the sex (male, female
and juvenile, with no identifiable sexual charaistirs) and the reproductive status
(ovigerous, mature and immature females) were ifilethtunder the microscope. We also
measured the cephalic lengths (as proxies of aizé)counted the right antenna articles, as
proxies of age (WLiAMS 1983; MaRQUESet al. 2003). All these intrinsic factors were
considered as they may in some measure modifynttigidual behaviour, and thus resulting
in a significant effect on the orientation performmas.

2.3 Data analyses

The environmental variables of the three sites werapared using Kruskal-Wallis rank sum
tests, while their mean values for 2011 and 20X2ements were compared by two-sample
Wilcoxon tests. Angular distributions of talitriigere displayed using the statistics for
circular data (BHER, 1993), applying aad hoclibrary (MARCHETTI & SCAPINI, 2003)
working in the S-plus Insightful software. The agbf orientation were plotted into circular
distributions and probability density functions westimated, smoothed with the kernel
method, and double plotted on Cartesian graphsetter show the peaks of the distributions.
The mean vectors were calculated and the null ngsig of uniform distribution was tested
with Rayleigh’s test at B level <0.05. A multivariate analysis adapted tgwdar data was
applied, by developing Spherically Projected Lingadels (SPLMs), to analyse the effects
of all variables and factors on the orientationlasgthe response variablec£®INI et al.,
2002; MARCHETTI & SCAPINI, 2003). We considered the following potentiallfiiencing
variables: site (three sites), year (two yeargssa (three seasons), month (four months),
time of the day (a.m./ p.m.), solar time (at eaglbase), sun azimuth (at each release), air
temperature, air relative humidity, landscape Visj(view allowed, not allowed),
cloudiness (assessed on a conventional scale f{®no @/8), sun visibility (four levels, from
visible to not visible), sex, cephalic length ananber of antennal articles of the individuals.
At the three sites, the shoreline orientation \éhfiem one season to another less than 10°
and, given that the intrinsic error of the oriefatchamber is of 5°, this variable was
considered constant over time and excluded fronattadysis. In case of significant
interactions between factors, different additivedels differentiated by the interacting factor
were developed. A best model was selected bas#ieasmallest AIC (Akaike Information
Criterion) and the significance of each variableswasessed by LRT (Likelihood Ratio
Test), comparing the best model and the nestedviheut the variable being tested
(MARCHETTI & SCAPINI, 2003).
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3. RESULTS

3.1 Environmental features

The beach profiles (Fig. 2) clearly showed an em'siccretion gradient along the shoreline,
as the beach width measured 20 m at the 4000rsit8@&m at the 6000 one. The different
erosive rate was also reflected in the beach slapésvidths at the three sites (Table 1), as
the former were generally reducing from the 400th6000 site, while the latter increased.
No significant differences were found concerning émvironmental variables between the
years (Wilcoxon tes® > 0.05), even between the sites (Kruskal-Wallks: 2 > 0.05), but
some observations can be made. The sand peneyrabghtly decreased going further from
the river mouth, with generally lower values in sner. Air temperatures were lower in
spring in both the years, while the highest hurgidias observed in July 2011. In both years
the mean solar radiation was lowest in autumn ¢epér and October), when it also
showed the highest variability, linked to sky clmesbs. This one was very low in May in
both years (sky cover close to 0/8), exceededr8Milly 2011 and was around 2/8 in
September 2011 and October 2012 (Fig.3a). In Mayl28eptember 2011 and May 2012,

Table 1. Main environmental variables at the thgiées, for each experimental session. Wave antiregéme
were not considered due to very reduced variations.

Session 4000 5000 6000
Beach width (m) 2011  May 15 30 30
uly 15 30 36
Sept. 15 30 36
2012 May 15 24 24
Oct. 20 30 36
Beach meanslope | 2011  May 4.12 2.44 1.39
(%) uly 5.2 2.27 1.67
Sept.  3.48 1.86 1.43
2012 May 3.14 1.62 0.87
Oct. 335 2.12 1.43
Mean sand 2011 May 4.59 +0.33 4.04 £0.22 3.01+0.18
penetrability July  3.48+0.35 2.41+0.35 1.98 £0.19
+ SE (cm) Sept.  3.89+0.29 4.03 +0.27 4.09 +0.22
2012 May 4.20+0.35 3.45+0.20 3.20£0.28
Oct.  2.64+0.55 3.63+0.27 2.85+0.16
Mean air 2011 May  28.50+1.60 23.88+0.54 26.92+1.05
temperature Juy  34.42+0.55 31.88+0.38 32.31+0.51
£ SE(°C) Sept.  35.00+0.75 29.75 +0.99 33.06 + 1.49
2012 May  25.10£0.70 21.70£0.50 21.10 £ 0.40
Oct.  29.13+0.86 27.91+1.07 29.96 +0.91
Mean air relative 2011 May 41.19+0.10 33.88+2.88 30.06 £ 0.60
humidity July 51.64 +2.05 59.00 + 1.99 62.25+1.84
+ SE (%) Sept.  37.50 £3.52 32.25+2.41 27.81£2.57
2012 May  41.30+1.00 56.50 +2.10 56.30 +1.50
Oct. 42.38+1.96 47.53+2.32 40.56 +2.33
Global solar 2011  May 108.74 +1.03
radiation July 131.77£0.85
£ SE (Klx) Sept. 82.72£1.65
2012 May 122.41+1.04
Oct. 85.87 +1.81
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100% of animals were tested with visible sun, wasria July 2011 and October 2012 a
small percentage of them had limited sun visibi{Fig. 3b).

3.2 Orientation experiments

For the orientation experiments, a total of 219%hkipods were tested, of which 454 in May
2011, 441 in July 2011, 456 in September 2011,id84ay 2012 and 358 in October 2012.
In general, a smaller number of individuals (642@dd@ppers) was tested at the 4000 site
with respect to the other two (772 and 779 sandéapat the 5000 and 6000 site,
respectively), despite the same sampling effortmvade at the three sites, due to the minor
density of the former sub-population. Also, amplipérom the 4000 site generally had the
smallest mean size (Fig. 4a) and number of anteartiales (Fig. 4b), i.e. more juveniles
were tested here, again due to a higher diffictaltiind adults with the same sampling effort.

L. B

@ o
S o
.
|
[ 1
|
]
@
=]
=1
Ed
|

@
=]
S
@
(=]
£

O shape
Oveiled

condition

IS
=]
S

Ovisible

Observations (%) under each
cloudiness condition
o
iy

™
=]
Ed
|
u]
=
™
=]
£

~
=)
£
u}
w
Observations (%) under each sun

o
®
=]
E

May July Sept. May Oct May July Sept. May Oct.
2011 2012 a) 2011 2012 b)
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Figure 4. Individual variables, mean values + SEefach experimental session at the three sité3ephalon length,
as a proxy of the animals’ size; b) Number of an&rarticles (right antenna), as a proxy of agell{avis 1983;
Marques et al. 2003).

About the temporal trends of the age/size proxfeshboth globally increased from May to
September 2011, while a decrease was observedMiayrio October 2012. Sex ratio was
generally male biased, confirming the findings ol®d by Marques et al. (2003) in a
population study at the 5000 site; the number diimeafemales substantially increased at
September 2011, while more juveniles were obseirv€ttober 2012 (Table 2).

We performed a multiple regression analysis orotteerved angular distributions; starting
from a simple additive model, we also built altéiveamodels including the interaction of
the year, the season or the month with all therqitheameters. Based on the AIC (maximum
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likelihood with the least number of parametersg, tlest model showed a significant
interaction of the month with the other factors aadables, as follows:

Best modelOrientation ~ month***(site*** + landscape visilty*** + am/pm*** + air
humidity*** + sky cover*** + cephalon length** + atennal articles**) + sun visibility** +
solar radiation*

(Likelihood = 6681.1324, AIC = 6837.1324, degretf@edom = 2115)

(*** P<0.00%1 **P <0.0% *P <0.05 LRT)

Factors are displayed in a decreasing order offgignce (LRT); the variables not included
in the model did not improve its likelihood andtfars outside the interaction acted on the
talitrids’ orientation independently from the month

On the basis of this best model, we developed agpanodels for each month, obtaining:
May: Orientation ~ site***(landscape visibility*** + @/pm***+ air humidity*** +
cephalon length*** + antennal articles*) + soladiation

Table 2.Population variables for each experimesgasion, relative to the orientation
experiments oalitrus saltatorat the three sites. Cephalon length and antemticlea:
mean values + SE.

4000 5000 6000
Aales/females o - 60/57 73/65 52/109
JAature/immature females § § 6/51 19/46 23/86
uveniles/adults 31/117 2/138 5/161
JNales/females o 53/53 78/76 39/113
JAature/immature females _: 3 16/37 8/68 17/96
uveniles/adults oA 23/106 4/154 2/152
Aales/females - - 66/47 119/44 85/71
JNature/immature females 23  25/22 23/21 21/50
uveniles/adults o o 17/113 0/163 7/156
Aales/females - 50/23 48/82 55/87
JAature/immature females § § 0/23 6/76 26/61
uveniles/adults 95/73 27/130 17/142
JNales/females o~ 16/25 49/46 8/17
JAature/immature females g § 3/22 11/35 0/17
uveniles/adults 26/41 57/95 112/25

(Likelihood = 2993.6587, AIC = 3069.6587, degreEf@edom = 900)

July: Orientation ~ site***(solar time*** + solar radi@n*** + sky cover*) + landscape
visibility*** + air humidity** + air temperature**+ sun visibility

(Likelihood = 1084.3151, AIC = 1152.3151, degreEf@edom = 407)

SeptemberOrientation ~ site***(landscape visibility*** + @lar time** + azimuth** + sky
cover** + air humidity** + air temperature*) + anmp

(Likelihood = 1303.391, AIC = 1391.391, degree$reédom = 412)

October Orientation ~ site*** + landscape visibility*** solar time** + antennal

articles*** + cephalon length**

(Likelihood = 1150.7013, AIC = 1178.7013, degreEf@edom = 344)

In these monthly models a significant interactiathwhe site was present, except for
October 2012, where the site was still a highlygigant factor. Also the landscape visibility
was always highly significant, and the use of tlle sompass was confirmed by the presence
of factors like solar time (or time of the day: @m), sky cover, sun visibility, solar radiation
and azimuth position. In no model the season waet as significant. A higher variability
was observed regarding climatic and intrinsic \alda. In all the models, except October, the
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air humidity was retained, while air temperatures\ganificant only in July and September.
The sex of individuals was never included, while $ize/age proxies (cephalon length and
number of antennal articles) were significant inyMad October.

All the circular distributions obtained at the thrgtes significantly differed from

randomness (Rayleigh teft< 0.01, Fig. 5; appendix A). The mean resultangite (r),
indicating the concentration of the samples, wgbédti in summer (July 2011) and lower in
autumn (September 2011 and October 2012) at tke 8ites, with intermediate values in
spring. In all the experimental sessions the bestmdirection was observed at the 5000 site,
while the mean resultant length was not so stdadylay 2011 and October 2012 the 5000
samples were also the most concentrated, whilalyn2D11 the highest concentration was
observed at the 4000 site, in September 2011 @teydo bimodality was expressed at the
three sites (with secondary peaks in the direatjgposite to the expected one, see Fig. 5) and
in May 2012 samples were more concentrated at@he 4ite. In October 2012 a strong
dispersion was observed at the 4000 and 6000(sitesFig. 5).

A more detailed analysis of the distributions unelech experimental condition showed that
in September 2011 the amphipods were landwardetedewhen the landscape visibility

was not allowed, and during the afternoon, whersthreazimuth was almost coinciding with
the TED (Fig. 6a,b).

4. DISCUSSION

Animals have adapted their orientation to theitipalar environments through selection,
thus we can roughly define the orientation fitnesshe ability of an individual to be in the
right place at the right time ANDER, 1975). Regarding the movements perpendicular to
shorelines, reviews are available concerning apitas, amphibians and hatchling sea turtles
(FERGUSON 1971; MROSOVSKY, 1972;ALTIZER & FORWARD, 1993; Giiuss|, 2003; SAPINI,
2006). In all these groups, selected cross-sherelirentation contains time compensated sun
compass as an essential component, but a modutat@ms based on several environmental
factors, contributing to increase the individuakatation fitness. In this study the best
regression model explaining sandhoppers’ oriemtattowed an interaction with the month
of the experiments, indicating an effect of Med#@ean seasonal variations, that represent a
periodical risk. On the other hand, the seasonngasetained in the best model, meaning
that the month must also include finest climatifedlences, particularly between September
2011 and October 2012, the only experimental sessitade in different months of the same
season, i.e. autumn. Actually, differences wereenlesl in air temperature and humidity
(Table 1), sky cloudiness (Fig. 3a) and sun vigib{Fig. 3b); all of these climatic factors
demonstrate a prompt response also to the sud@eges occurring on beach environments.
Also biotic information (sample characteristics)ynee included in the month, as a higher
number of juveniles was observed in May (both 28dd 2012) and October 2012 (Fig. 4).
Together with the retention of the size/age proxigis indicates that a different orientation
was displayed by juveniles and adults, with theestdinimals relying more on learned
information from the environment, as it is the ride most invertebrates, which thus display
also a good adaption to risks with a long-life esqpe (Ws0OLINI et al., 1989, 1991; &L et

al., 2000; @iussl, 2003; KarsoN et al., 2003). Besides the month, several otheahigs
indicated a conspicuous weight of learned (linkeethtlividual experience) references,
particularly the site (differing mainly for the gsletine stability) and the landscape visibility

(a local visual reference). The significance oftaimidity is closely connected with
dehydration risk; we consider this response a eghmodulation of behaviour, as the animals
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must anticipate stressful conditions. Looking & mhonthly models, the regression analysis
kept together the May distributions of the two peavhich is in accordance with a
periodicity of the seasonal effects. Remarkablg,fittors interacting with the site were only
three in July 2011 and none in October 2012. Lapkinretained factors, it seems likely that
in July (high summer) the climatic and environméptameters had a major weight,
becoming independent from the erosive dynamicsherother side, they did not reach
prohibitive values (in terms of dehydration risk)@ctober 2012, when the intrinsic factors
(independent from the site) were very significastthis was the month when more juveniles
were tested (Fig. 4).

4000 5000 6000

May 2011

July 2011

Sep. 2011

May 2012

Oct. 2012

Figure 5. Angular distributions from the orientatitests orralitrus saltatorat the three sites for each experimental
session. On the left: circular plots of the ori¢iota angles; on the right, density estimates (Kemmethod), double
plotted on Cartesian graphs. Black waves: seatdireccorresponding to the Theoretical Escape EivaqTED).
Arrows: mean vectors, with lengths proportionalctincentrations. Circular statistics and summarégmnted in
Appendix A.
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Sept. 2011, 5000, p.m. without landscape Sept. 2011, 6000, p.m. without landscape
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Figure 6. Angular distributions from the orientatiexperiments ofalitrus saltatorselected from the global ones of
Fig. 3 to highlight the conditions under which @plér orientation pattern was expressed. a) Sdpte2011, 5000
site; b) September 2011, 6000 site. For each blision the mean direction (with the 95% confideimterval), the
mean vector length and the number of tested indalidre reported.

Likely, the role of such individual factors is rinfluenced by the erosive dynamics of the
sites, which might explain why in October the resgien model is a simple additive one.
Also, air temperature was discarded from the modelay and October, when they were
the lowest (Table 1), indicating that climatic fat act on sandhoppers’ orientation only
when exceeding threshold warning values. The melaif circular distributions with seasonal
variations is well visible in Fig. 5; the highesiasvard concentrations observed in summer
(July) and the lowest observed in autumn (Octobdr@eptember) are adaptive, as on
Mediterranean coasts the high risk of dehydratiosummer makes a correct zonal recovery
essential for the sandhoppers’ survival, whilerttilel climate common in autumn permits a
certain degree of dispersion on the supralittooakzalso during the day hours. Such a
dependence from seasonal climatic variations wasdy described for a variety of
Mediterranean locations and behaviour3 o$altator(BoraGlOLI et al. 1999a,b; ARDI et al.
2003; FANINI et al. 2007), while it was found that on beachiéh more marked tidal
excursions the sandhoppers are more influenceitilythases (linked to the submersion
risk), as air temperature and humidity almost negach prohibitive values (BRGioLl et al.,
1999b;GAMBINERI et al.,2008;RossANOet al.,2009;BESSAet al., 2013). This is true not
only for this species, but for a variety of othevertebrates and was interpreted as
phenotypic plasticity (HzLETT, 1988; BROWN, 1996; DARESet al., 1999; WST

EBERHARD, 2003; GURFA 2007). Also the physical features of each siteiantly
influenced the sandhoppers’ orientation. The dataamd penetrability and beach profiles
(Table 1, Fig. 2) permit to class the 4000 sita asore reflective beach type and the 6000 as
a more dissipative one, with the 5000 site inteliatecbetween the two (ML ACHLAN &
BROWN 2006). Thus, the 4000 site was the poorest indarftrophic resources and possible
refuges, while the 6000 site had the highest habéaety and abundance of stranded and
vegetal debris, but also the longest distancestbeédth). Considering the circular
distributions at each site, generally the individifeom the 5000 site (intermediate
sedimentary dynamics) showed the best orientatibiie the worst performances
(considering both direction and concentration) wasserved at the 6000 site (Fig. 5). These
results in some extent contradict those obtainethersandhoppektlantorchestoidea
brasiliensisby FaNINI et al. (2009), who observed a more precise seavganal orientation

on a reflective beach with respect to a dissipative, in agreement with what expected
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according to the Habitat Safety Hypothesis (HSHFED& GoMEz, 2005). According to this
hypothesis, microtidal reflective beaches are thstratable beach type, with low backshore
mobility and a substantially lower risk of immensiwith respect to macrotidal dissipative
beaches (BFEO& MCLACHLAN, 2011); this more stable and safer environmentidviavour
rather than negatively affect fitness featuresupiralittoral forms (that are not affected by the
interaction between coarse sand and turbulent 9washthis reason, these species generally
have higher growth, survival and reproduction rateseflective beaches HPE0& GOMEZ,
2005; DEFEO& McCLACHLAN 2011). According to the HSH also the average tsiny was
expected to decrease from the more reflective (#@the more dissipative site (6000), as
community density increases UACHLAN & DORVLO, 2007). On the contrary, in this study
the individuals from the 4000 site almost alwayd tiee smallest size and age (Fig. 4).
Likely, the strong erosion at the 4000 site madwmitstable nor safe for talitrids, as indicated
by the reduced number of individuals that were tbhare. On the other side, both the
behavioural tests and the individual features wgemrerally in accordance with the HSH
when considering only the 5000 and 6000 sites, avtier beach was not subject to the
erosive phenomenon. Coming back to the circuldridigions, the best orientation observed
at the 4000 site with respect to the 6000 one mimhridicate that the latter was accreting
more rapidly than the 4000 site was receding (sge2¥, i.e. the shoreline was more unstable
at the 6000 than at the 4000 site. It is worthgdte that in September 2011 the sandhoppers
of the 5000 and 6000 sub-populations that weregntexd to observe the surrounding
landscape moved also landward (Fig. 6). This birhodantation may mean that in these
two sites the visual cues prevail on the sun cospamsistently with the findings of
HARTWICK (1976), according to which populations with a widleloped landscape rely
more on landscape features than populations franbb#aches. Moreover, both the 5000 and
6000 sites had vegetated dunes or marshes batkargetch and the possibility to find
moisture and shadow in the opposite direction vépect to the seashore may also explain
the observed bimodal distributions. As this phenoomewas observed in September 2011,
when the animals were bigger (Fig. 4), this behavinay be related to the different zonation
patterns described for juveniles and adult$.isaltatoron a near beach of the same coast
(FALLACI et al., 2003) and i@rchestoidea tuberculat®m south-central Chile (ENNEDY et

al., 2000). In those populations, the oldest aduéiee found more landward than juveniles,
likely exploiting their higher ability to burrow @ely in the sand to find moisture furthest
from the sea (WLIAMS , 1995; BOUSLAMA et al., 2009; AARI & NASRIFAMMAR, 2011).
Hence, the individuals orienting toward the duneg/ inave been experienced, not so linked to
the intertidal zone for their survivald&cloLl et al. (1999a) and AkDI et al. (2003) already
highlighted that a highly precise sun compass sesvaould be less adaptive than other
mechanisms to find protection when abundant strdunalgterials may offer shelter or food
sources. These observations stress how the log@bamental conditions may contribute to
the individual orientation performance. To sumwp,highlighted how both seasonality and
local environmental features (particularly sedinagpdynamics) may act on the orientation
of Talitrus saltatorthat may integrate external and internal infororaiinto a plastic
behaviour, adaptive for survival in an unstable-ghvironment.
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Appendix A. Summary circular statistics of the ataion experiments ohalitrus saltator P-values: Rayleigh test
for randomness.

TED Mean angle (°) Mean resultant Circular Sample P-value
(° from N) +95% Cl length dispersion size (N)

May 2011 4000 176 187.50+12.88 0.47 1.91 148 <0.001
5000 202 200.90 + 10.27 0.56 1.16 140 <0.001

6000 209 194.40 + 15.85 0.38 3.22 166 <0.001

July 2011 4000 185 195.50+6.76 0.76 0.46 129 <0.001
5000 213 208.70 £10.29 0.54 131 158 <0.001

6000 210 201.00 £ 8.75 0.61 0.93 154 <0.001

Sep. 2011 4000 194 222.70 £ 18.85 0.34 3.53 130 <0.001
5000 213 230.20 £11.99 0.39 1.83 163 <0.001

6000 215 240.20 £ 18.31 0.30 4.19 163 <0.001

May 2012 4000 207 186.70 +11.49 0.46 1.74 168 <0.001
5000 212 209.10 £ 22.44 0.29 5.95 157 <0.001

6000 225 205.20 + 25.57 0.25 7.71 159 <0.001

Oct. 2012 4000 200 233.30£33.73 0.30 5.38 67 <0.01
5000 205 172.70+£12.22 0.46 1.80 154 <0.001

6000 205 150.60 + 25.53 0.26 6.62 137 <0.001
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3.2.3 Orientation of Talitrus saltator and macrofaunal analyses on a dynamic
sandy shore before and after the construction of aanti-erosive stone bank

Delphine NOURISSON, Simone GAMBINERI, Claudia ROSSAIO, Felicita SCAPINI
Department of Biology, University of Florence; \R@mana, 17, 50125 Florence, Italy

Abstract

The Collelungo sandy beach (42° 40' 27" N; 11° %' B, Maremma Natural Park, Italy)
shows an erosion/accretion gradient, with stroragien in the sector near to the Ombrone
River mouth, gradually turning into accretion witicreasing distance from there. To stop the
sea water intrusion into the backing pasturageldieih 2010 an anti-erosive stone bank was
built 1200 m along the coast starting from the riseouth. Before the intervention (2002-
2003), sun orientation experiments on the amphipalitrus saltator(Montagu, 1808) and
macrofaunal samplings had been carried out aloisgbtach. In 2011 the experiments and
samplings were repeated, in the same stations eambss, to assess the possibility of using
sun orientation as a bioindicator of impact on samaches stability, by using the
macrofaunal analyses as a control. Circular siedisind multiple regression models for
circular distributions were applied to the oriematdata, while univariate and multivariate
analyses were performed (Primer 6 & Permanova+twso) on macrofaunal data. In the
present study the experiments performed in 2011rgperted and results compared with
those obtained in 2002-2003: the worsening of sapdérs’ orientation at all the stations
indicated that the variation in orientation may bsed as a bioindicator of shoreline
changeability, to monitor the effects of hard-eegiring interventions on sandy beach
ecosystems, which was confirmed by the informatlerived from macrofaunal community
changes.

Keywords: Talitrus saltator orientation behaviour, sandy beaches, shoretaislisy,
macrofauna community, impact bioindicator.

Regional terms: Europe, Italy, Tuscany, Collelungo beach: 42°240'N; 11° 5' 59" E.
1. INTRODUCTION

Talitrus saltator(Montagu, 1808) (Crustacea, Amphipoda) is commotherMediterranean
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and eastern Atlantic sandy coasts (Bellan-San@iB). Sandhoppers take the oxygen from
air by means of gills and have a cuticle withoukes which makes them not adapted to the
life in dry environments, as the upper zones othea often are. The whole life cycleTof
saltatoroccurs in sandy beaches, where physical congraamttinuously shape the habitat,
producing predictable and unpredictable conditimingsk or stress (McLachlan and Brown
2006). The physiological limitations are faced bgtividuals thanks to behavioural
adaptations, common to most of the species of shaedghes (Williams 1995; Defeo and
GoOmez 2005; Schlacher et al. 2008; Fanini et dl220An important behavioural adaptation
is the burrowing attitude, as the wet sediments tieawater’'s edge protect beach
invertebrates from dehydration thanks to the pécaddvetting and oxygenation by sea
water. Also motility and orientation toward the s#line are fundamental behavioural
adaptations for sandhoppers’ survival. Their abttit recover the optimal zone is called
‘zonal recovery’ and is based on both universah(sooon, polarized light, Earth’s magnetic
field) and local cues (landscape, beach slope, wikkich are used in an opportunistic way,
depending on the prevailing beach features (Scapi@6). Orientation ability becomes even
more crucial after accidental displacements (e.gstape from a predator) during daytime,
when the dehydration risk is higher. In this cdsedun compass, which allows maintaining a
precise direction by compensating for sun movertteoughout the day, represents the most
reliable mechanism for a rapid recovery (Pardi @nalssi 1955; Pardi and Ercolini 1986;
Walsh et al. 2010). Differemtopulations may show innate directional tendeneidpisted on
the direction of the shoreline of origiwhich may be fixedn the long ternby a process of
natural selectiofPardi 1960; Scapini and Pardi 1979; Pardi and iSicap83; Scapini et al.
1988a) However, sandhoppers may also rely on their iddisd experiencéo cope with
changes acting faster than in evolutionary timesyss generations (Scapini et al. 1988b;
Ugolini and Scapini 1988-anini et al. 2009). This behavioural plastigityorientation

permits sandhoppers to face immediate variatiotexohined by meteorological and
ecological factors (Brown 1996; Soares et al. 1%9e et al. 2003), as air temperature and
humidity (Williams 1995), exposure to waves anaticange (Williams 1995; Rossano et al.
2009; Bessa et al. 2013), wrack abundance andhbdisem (Dugan et al. 2003; Nardi et al.
2003). Also the shoreline stability may affect treentation ofT. saltator sandhoppers

orient consistently seawards, showing statisticsiliyificant distributions, on beaches with a
stable shoreline and are more scattered when g®ugitection is continuously changing
(Scapini et al. 1995). This may indicate a lackdéptation of a population that may use
simpler mechanisms than sun compass, as photatageototaxis (Gambineri and Scapini
2008). On these bases, Scapini et al. (2005) anithiFet al. (2007) have proposed the sun
orientation ofT. saltatoras a bioindicator of shoreline instability on beacbsystems.

In autumn 2002 and spring 2003, along a Tyrrhehiach in central Italy (Collelungo

beach, Maremma Natural Park, Fig. 1a, b), Scapiai. €2005) demonstrated that the natural
erosion/accretion gradient (and consequent vanstio shoreline stability) produced a
corresponding gradient in the sun orientation peréoces of the resident sandhoppers’ sub-
populations (Ketmaier et al. 2010). On the otherdh@n that beach coastal erosion produced
a negative impact on the sea-linked tourism busiresthe most eroded beach sector in the
park was mainly devoted to recreational activitla2010 a seawall was constructed (Fig.
1c) in the most impacted sector near the river maotavoid the reduction of the exploitable
beach surface and prevent sea water intrusioreiansa backing the beach. Such hard-
engineering interventions are becoming more ancemadespread all over the world
(Charlier et al. 2005; Chapman and Underwood 20l achlan et al. 2013), to contrast
beach erosion and coastal squeeze phenomenairitutindinked to the rising sea levels and
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increased storminess caused by global warming (IB@XZ). While engineering and
financial criteria are always considered in desigrprojects, the ecological consequences are
rarely accounted, also due to an incomplete congmsbn of the beach biotic interactions
(Nordstrom 2000; Dean and Dalrymple 2002; Philapsl Jones 2006). At Collelungo beach
a substantial slowdown of the erosion in the besitor near the river mouth was expected,
thus engendering changes of sedimentary dynanmoog &he whole shore. The current
accretion of the furthest beach sectors, naturalyrished by the sediments transported by
surface currents, might reverse or alternativéily,natural accretion might accelerate in other
sectors of the beach, depending on changes inhgdabdynamics.

The availability of previous data sets on the sane@a represented an occasion to verify if the
sun orientation of . saltatormay highlight some effects engendered by this kinkdard-
engineering interventions on the beach ecosystanticplarly on shoreline stability, which
would affect orientation (Scapini et al. 1995; Soapt al. 2005). With respect to the
previous experiments, an improvement of the ortenavas expected in the sectors having
the shoreline stabilized by the seawall, while asgaing of orientation was expected if
strong changes had been engendered. Orientattsnitere thus repeated in 2011, after the
seawall construction, in the same stations of 28023, with the same protocol, in the same
seasons and under similar meteorological conditiBnghermore, in the days of the
orientation experiments of 2002-2003, samplingthefbeach macrofaunal community and
an assessment of its diversity were also made (Qluild et al. 2006). Macroinvertebrates
communities are considered effective bioindicatrisnpacts because of their strict link with
the life-environment; symptomatic variations mayoserved in their composition and
abundance in response to variations in the ecasy&Iairns and Pratt 1993; Mattoni et al.
2000; Longcore 2003). Hence, in 2011 we performadrofaunal samplings too, using a
protocol quite similar to that used in 2002-200Botigh data were available for macrofaunal
diversity before the impact, a rigorous beforefag@ntrol-impact (BACI) study (Underwood
1994) was not feasible, as the seawall constructiayp have modified morphodynamics also
in the furthest beach sectors, preventing the sefeof impacted and control sites on that
continuous extended beach. On the other hand ifhhages ascribable to the intervention
were substantial, a decrease in the macrofaunaisity or a shift in the community
composition were expected, likely more evidentia stations near the river mouth, which
were already highly disturbed during the seawatistauction phase.

It is worth noting that sandhoppers’ orientation adl behavioural adaptations, originates as
an integration and feedback of the information fitie environment to the animal
throughout a learning process (Campan and Scap@i)2Hence, behavioural changes may
permit to assess environmental changes (in this glagreline changes) over a short-time
scale, that of the species’ life-span, ranging ftn 9 months foT. saltatorin the
Mediterranean area (Marques et al. 2003). The $ivade to observe changes in macrofaunal
community is longer with respect to behaviouraiatéwns, and may range from few months
(seasonal variations) to some years. Hence, thedgses may be considered as a medium-
term control for the proposed behavioural biointica

2. METHODS
2.1 Study site

The study site is an almost straight beach in tlaeedhma Natural Park (Grosseto, Italy, Fig.
la), extending about 6 km eastwards from the mofithe Ombrone River (42°39'33"N,
11°0'48"E), on its left side (Fig. 1b).
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Mediterranean Sea

Figure 1. The study site; a) The location of the M@mma Natural Park, Tuscany , ltaly (42°3959.00'N,
11°0836.30'E) in the context of the Mediterranean region; b) e Collelungo beach on the left side of the
Ombrone River mouth; the circles represent the samimg stations, with their distance in meters from he
Ombrone River mouth (in the upper left corner); c) A magnification of the white rectangle of fig. 1b & show
the scale of the anti-erosive intervention realizeth 2010. Photo credits for the images: Google Edrtaccessed
in May 2013.

The sedimentary contribution by the river has desed in the last century, due to natural and
human-induced changes along its course (Pranzi;20iampi 2010). This generated an
erosion gradient along the beach, with strong showsion close to the river mouth,

gradually decreasing, reaching a condition of dyisaaquilibrium at about 5 km of distance
and turning into accretion in the last part of litteral, at 6-7 km of distance (Scapini et al.
2005). In 2010 a protection seawall 1200 m longaltel to the shore (Fig. 1¢) was built with
cyclopean boulders immediately at the left sidéhefriver mouth. In 2011, following the
protocol used in 2002-2003 (Scapini et al. 2008g $ampling stations were chosen, at 1000
m distance from each other, starting at 2000 m fitwgrriver mouth (station 2000) up to the
S-E beach extremity, the 6000 station (Fig. 1bg $tations closest to the river mouth (0 and
1000) were not sampled as they did not presenytiieal features of a dune-beach
ecosystem. In 2002-2003 the orientation experimerte not performed at the 2000 station,
where not enough sandhoppers were found (Scapéhi 2005).In 2011 the resident

saltator sub-population had disappeared also from the 3@din, due to a further loss of
habitat; thus only the 4000, 5000 and 6000 statiear® considered in this study. Station
4000 had an eroded dune and was very narrow, @h8800 station the dune was apparently
stable, backed by cliffs, and the beach was widkflat At 6000 station the beach was
accreting and salt marshes were present behinditielune. In each experimental season
(spring and autumn), the beach profiles were dramehthe shoreline directions were
recorded at all the stations; air relative humidibg temperature were also measured. No
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measures were taken of the tidal range, as thisngro-tidal beach with tide variations
never exceeding 0.40 m (Pranzini 2001).

2.2 Sun orientation experiments

The sun orientation experiments were performed ay ¥spring) and September (autumn)
2011 at the 4000, 5000 and 6000 stations at the same by three researcher teams, taking
all cares to have the same experimental conditimasoid introducing uncontrolled
variables (Borgioli et al. 1999a, b). Amphipods &epllected on the beach before the
experiments and tested in transparent circularaagollowing the protocol by Scapini et al.
(2005). A white cardboard (10 cm height) was usestteen off the landscape view, in order
to avoid the use of learned visual references andur the expression of the innate sun
compass; at each station about 40 individuals vested in the morning and 40 in the
afternoon. The angles of orientation to the Noftthe trapped individuals were registered
and specimens were then preserved in 75% alcadrdhter observations by microscope in
the laboratory. Here they were checked for spesis(males, females and juveniles with
sexual characters not yet visible) and reproducttate (ovigerous, mature and immature
females). We also measured the cephalic lengthsa@unated the right antennal articles, as
proxies of age (Williams 1983; Marques et al. 20@)ch individual features were
considered to assess the role of intrinsic fadtotke multiple regression analyses of the
orientation distributions (Scapini et al. 2002; @oaet al. 2005). The following
environmental features were registered during ¥peements, because of their possible
effect on orientation: sun visibility (visible, Ved, shaped, not visible), sky cover (assessed
on a conventional scale from 0/8 to 8/8), globddistadiation (measured at the 5000
station). From the shoreline direction we calcudtee TED (Theoretical Escape Directions
seawards), the perpendicular to the seashore atl#ese point. The data set of 2002-2003,
relative to five experimental days, was reduceldaee the same sample size of 2011, by
choosing one day from the spring session and ame fhe autumn one, based on the most
similar climatic conditions compared to 2011 expemts and samplings (Wilcoxon rank-
sum test on air mean temperature and humi@ity:0.05).

2.3 Macrofaunal sampling

In the same months of the orientation experimemtssampled the macrofaunal community
at stations 2000, 3000, 4000, 5000 and 6000 (FigAdbit was made by Colombini et al.
(2006), we placed two replicate transects perpahali¢o the shoreline at each station, at 5 m
from each other, ranging from the drift line to theese of the dune and composed by a set of
pitfall traps positioned every 2 m. From 16 to Bt were placed across each station,
depending on the beach width. The traps were datesdi of plastic cups (20 cm high and 10
cm in diameter) pushed in the sand to their supeirg they were kept active during one
night and collected in the early morning, to avihid desiccation of animals. The sampled
specimens were preserved in 75% alcohol and cawidte laboratory, where they were
sorted using a binocular microscope up to the sgdevel, or at the genus when this was not
possible. The procedure differed from that desdritne Colombini et al. (2006) for the
sampling duration, as in that case it lasted 72dauhile in the present study traps were
removed after 12 hours. This decision was duedddrk managers’ request to impact as
little as possible the existing macroinvertebrateshmunity, especially in the S-E beach
extremity, for the presence of rare or endangengual and vegetal species.

2.4 Data analysis
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2.4.1 Orientation experiments

For each station, the mean angular distributiongwalculated using the total of spring and
autumn orientation data. We applied the statistfagrcular distributions (Fisher 1993) using
anad hoclibrary working in the S-plus Insightful softwaf®larchetti and Scapini 2003).
The mean directions, mean vector lengths and sacipl@ar dispersions were estimated;
the density curves of the angular distributionsenastained with the kernel method and
plotted on both polar and Cartesian graphs (indtier case double plotting was used to
better show any peaks). Rayleigh tests for unifyyrifiiisher 1993) were carried out to
highlight significant deviations from randomness. dssess the simultaneous effects of the
variables and factors influencing orientation, ripldt linear regression analyses adapted to
angular data were performed (SPLM: Spherically &r&d Linear Models, Scapini et al.
2002; Marchetti and Scapini 2003). The angles mntation were considered as response
variables, and the environmental (station, metegioll conditions, season) and intrinsic
(biometrics and sex) variables as influencing fext@Ve started with an additive model
including all variables and factors, and then wedusIC (Akaike Information Criterion;
Akaike 1973) to compare models and select thedresthaving the highest likelihood with
the least number of parameters. The significan@aoh parameter was estimated with the
LRT (Likelihood Ratio Test), based on the AIC diface between the best model and the
nested one without the considered parameter.

2.4.2. Macrofaunal analyses

The capture frequencies from the two transectsol station were cumulated, as also data
from spring and autumn samplings, to avoid seadtulations. The same treatment was
applied to the data of Colombini et al. (2006). Both the data sets (2002-2003 and 2011)
the capture frequencies in each station were stdizeda with respect to the total number of
specimens, to avoid biases linked to the differemhber of traps. As the 2011 sampling was
performed during the night, only nocturnal specogsyith prevailing nocturnal activity,

were considered in the analysis. The Brillouin @Ri&dex H), suitable for non-random
sampling designs (Colombini et al. 2002a; Khan 2086d the Fisher index fardiversity
(Fisher et al. 1943), which is little influenced thye sample size (Magurran 2004) were
calculated. A multivariate approach was also aplpieore robust for disagreeing sample
sizes (Clarke et al. 1996); a non-parametric (p&atimnal) analysis of variance, through
three-way PERMANOVA (Anderson 2001), was used &b liypotheses about macrofaunal
assemblage differences before and after the seamradtruction. The design included three
factors: (1) Time (fixed; 2002-2003 vs. 2011), $ation (fixed; 2000, 3000, 4000, 5000 and
6000) and (3) Season (fixed; spring vs. autumng d&ta were square-root transformed and
converted to a Bray—Curtis similarity matrix befohe tests, based on 9999 permutations.
The assemblage responses were visualised by narcmettidimensional scaling (nMDS)
and the contribution by individual species to thesihnilarity between 2002-2003 and 2011
samplings was calculated using the SIMPER (Cla8&3}) procedure; taxa were considered
important if their contribution to percentage dissarity was > 3%. All statistical analyses
were performed using Primer v.6 with the PERMANOVadd on (PRIMER-E Ltd.,
Plymouth, UK).

3. RESULTS
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3.1 Environmental features

Data on beach profiles are summarized in Tabledlcampared with those from Scapini et
al. (2005) and Colombini et al. (2006), relativeatdumn 2002 and spring 2003. In both the
data sets there was an increase of the beach gaétl further from the river mouth,
together with a slope reduction. The changes ipesind width from season to season were
smaller in 2011, as only the 6000 station showedcanetion from spring to autumn.
Moreover, in 2011 the shoreline direction resutjederally (7 out of 10 measurements)
shifted to the south compared to 2002-2003, pdatiyuat station 4000 (Table 1).

The climatic variables showed no significant diéfieces between the test conditions during

Table 1. Summaries of the beach physical features the five stations at the Collelungo beach (Maremm
Regional Park, Italy, 42° 40' 27" N; 11° 5' 59" E).Data of autumn 2002 and spring 2003 are from Scatii et
al. (2005) and Colombini et al. (2006).

Season Beach mean slope (%) Beach width Shoreline direction
(m) (° from North)

Distance from 2002- 2002-
river mouth (m) 2003 2011 2002-2003 2011 2003 2011
2000 Spring 9.7 3.9 38 16 288 280

Autumn 2.7 3.2 12 16 285 288
3000 Spring 9.8 3.9 13 18 295 295

Autumn 10.2 4.3 14 18 290 285
4000 Spring 3.8 4.1 22 15 295 266

Autumn 2.9 3.5 32 15 295 284
5000 Spring 1.8 2.4 34 30 300 292

Autumn 2.2 1.9 30 30 303 303
6000 Spring 1.6 1.4 42 30 305 299

Autumn 0.6 1.4 38 36 310 305
60 40
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Figure 2. Box plots of the main climatic variablesneasured during the orientation experiments of 2002003
and 2011. On the left: air temperature (°C), on theight: air relative humidity (%). Sept. = autumn, May =
spring.

the experiments performed in 2002-2003 and tho20d1 (Wilcoxon rank-sum test on air
mean temperature and humidity: P > 0.05, Figure 2).

3.2 Orientation experiments

For the orientation experiments, a total of 462 laimpds were tested in 2011: 143, 157 and
162 from the 4000, 5000 and 6000 station respédgt{i@b. 2). The orientation distributions
are graphically represented in Fig. 3, showingefach station the results of 2002-2003 (top)
and of 2011 (bottom). A remarkable worsening wadent in the 2011 experiments at all the
stations, making some circular distributions ngh#icant (Rayleigh tedP-values in Tab. 2).

97



Table 2. Summary circular statistics on the orientéon experiments onTalitrus saltator in the three
sites for 2002-2003 experiments (Scapini et alQ@5) and 2011 experiments. TED = Theoretical
Escape Direction, perpendicular to the shoreline déection.

Site | Summary circular statistics of the annual distributions Year
2002-2003 2011
TED 205° 185°
Observed direction * ES (Confidence interval with a = 208° +9° 179° + 44°
0.05)
° Mean vector length (r) 0.56 0.16
S Sample size (N) 159 143
s Rayleigh test for randomness P <0.001 P <0.05
TED 211.5° 207.5°
Observed direction * ES (Confidence interval with a = 224° + 8° 219° +43°
0.05)
° Mean vector length (r) 0.68 0.14
S Sample size (N) 147 143
*n Rayleigh test for randomness P <0.001 P <0.05
TED 217.5° 212°
Observed direction % ES (Confidence interval for a = 231°+11° 194° + 68°
0.05)
° Mean vector length (r) 0.55 0.11
S Sample size (N) 159 162
© Rayleigh test for randomness P <0.001 P>0.05
4000 5000 6000
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Figure 3. Circular distributions for the orientatio n tests onTalitrus saltator at the three stations, 4000, 5000
and 6000. On the top: 2002-2003; on the bottom: 201For each distribution, the circular plots of orientation
angles are shown on the left and density estimatéisernel method) on the right, double plotted on Catesian
graphs. Black waves: TED (Theoretical Escape Direiin seawards). Arrows: mean directions of each
distribution. Circular statistic and summaries are reported in Table 2.

The mean resultant lengths, indicating the conegiotr around the mean angle, became
considerably smaller at all the stations, while¢heular dispersions increased. In 2002-2003
the highest concentration around the TED was shHoythe 5000 sub-population, and the
worst performance was observed at the 6000 stdtid2011 a bimodality appeared at the
5000 station, reflecting a change of orientatiamfrspring to autumn, while the best results
were obtained at the 4000 station, both in termmedin direction and concentration, and the
most scattered distributions were observed agatmea#000 station.

The SPLM regression analysis indicated the follgibest models:
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Table 3. Capture numbers of the most representativapecies at the five stations in 2002-2003 (dataofn
Colombini et. Al, 2006), using a 72 hours samplinggand in 2011, using a 12 hours (night only) samplin
Species with prevailing nocturnal habits are indicged with *.

station 2000 3000 4000 5000 6000
02 02
Year of sampling %23' 11 | - 11 %23' 11 - 11 %23' 11
03 03

Tylos europaeus* 60 89 101 24 724 263 900 596 336 658
. 23 12
Talitrus saltator* 18 0 14 0 637 3 03 390 8498 95
Arctosa perita* 1 0 4 0 63 2 72 10 153 24
Cicindelidae 0 0 1 0 4 0 42 1 43 1
Parallelomorphus laevigatus* 0 0 0 0 0 1 6 10 33 14
Histeridae* 1 0 12 0 17 0 19 7 67 4
Staphylinidae* 0 0 34 0 25 0 23 0 3 0
Halammobia pellucida* 0 0 0 0 24 0 43 0 11 0
. s 48 70 17
Phaleria provincialis* 160 94 7 35 | 1080 124 9 211 433 0
Pimelia bipunctata 4 0 2 0 4 0 4 2 4 1
Trachyscelis aphodioides* 0 0 8 0 50 0 28 0 37 0
Other Coleoptera 9 1 16 0 60 0 56 7 38 1
Neuroptera larvae* 1 0 4 0 25 0 12 3 12 2
Other Arthropoda 0 0 2 0 9 0 27 1 11 1
254 18 | 69 59 [ 2713 393 42 1238 | 9668 21
TOTAL 4 2 17 98

2002-2003 Orientation~ station***(am/pm*** + global radiation*** + sky coer*** +

solar time*) + azimuth (Likelihood = 1041.5967; AKC1105.5967; df = 433);

2011 Orientation~ station***(azimuth*** + air temperature*** + air hmidity*** + sky
cover***) + global radiation*** + sex (Likelihood 1477.7161; AIC = 1553.7161; df =
424).

(***= P <0.001; ** =P <0.01; * =P <0.05; factors without * are not significant, kaue
maintained because reducing the AIC of models).

For both data sets a highly significant interacticas observable with the station, which
includes substrate variables and local sedimemhamgmics. In both the models, some
factors were not included in this interaction, megrhat they acted on the orientation in
the same way at the three stations. The seasocephalic length and the antennal articles
were always discarded as non-significant factarggesting that orientation did not
depend on season or size and age of animals. Comgphe two models, in the 2002-2003
model all the factors that were retained togethér the site are involved in the sun
compass use, indicating that the majority of thpytation used the solar orientation,
being not significantly influenced by meteorolodiaad intrinsic factors. On the contrary,
in the 2011 model the immediate meteorologicalaldes (air temperature and humidity)
were highly significant and also the sex, althonghsignificant, was retained as
improving the likelihood of the model.
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Figure 4. Diversity indices (calculated by considéng only the species having nocturnal ormainly
nocturnal activity) in the five sampling stations, 2000, 3000, 4000, 5000 and 6000. Sdhe$ : 2011; dashe
lines : 2002-2003. a) Brillouin index; b) Fisher'si-diversity.

3.3 Macrofaunal analyses

During the samplings of 2011 a total of 4072 mavreitebrates were captured, increasing
from 184 at 2000 m from the river mouth up to 288000 m (Table 3). The samples from
2002-2003 had a larger size, 1.38-2.37 times thtuoa frequencies of 2011 , due to the
longer sampling period. In both 2002-2003 and 2b&Imost represented species were the
talitrid amphipodTalitrus saltator the oniscid isopodylos europaeuand the tenebrionid
beetlePhaleria provincialis together reaching the 98% of the total commumityout
univariate analyses, only the spatial trends ofikiersity indices were compared, while the
numerical values were not considered due to tHerdify sample sizes. In both the

Table 4. Summary of one-way PERMANOVA comparing mamfaunal assemblages (species with mainly
nocturnal habits) before and after the seawall congsuction in each of the five stations and for the wo
sampling seasons. Bold values = significant results

Source df MS Pseudo F P (perm) Unique
permutations

A: Year (2002-2003 vs. 2011) 1 2343.8 12.03 0.020 9913

B: Site (2000, 3000, 4000, 5000, 6000) 4 2662 13.66 0.005 9959

C: Season (Spring vs. Autumn) 1 2933.5 15.06 0.016 9921

AXB 4 248.68 1.28 0.382 9962

AXC 1 909.4 4.67 0.091 9815

BXC 4 137.79 0.71 0.589 9970

Residual 4 194.84

Total 19

samplings the Brillouin index (Fig. 4a) increasétha 5000 and 6000 stations. Fisher's
diversity of 2011 (Fig. 4b, solid line) had low uak in the 2000, 3000 and 4000 stations,
with a sudden jump going toward the 5000 and 6G@&pa similar trend was observed in
2002-2003 (Fig. 4b, dashed line), but in this dhsedifference between the 4000 and 5000
stations was less pronounced, while the differéncecased between the 3000 and the 4000
station. The multivariate analysis of the assendsdyghlighted other interesting aspects.
The PERMANOVA test showed that the communities ificantly differed before and after
the seawall construction (Table 4), and the nMD&\asis showed a clear separation
between the samples of 2002-2003 and those of @lékhed line), and also between two
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Figure 5. Non-metric multi-dimensional scaling ordnation (nMDS) for variation in macrofaunal
assemblages structure (nocturnal species) comparira02-2003 (white downward triangles) and 2011 (hi&
topward triangles) samplings. A separation is visile between the two sampling sessions (dashed lirse)d
between two groups of stations (continuous line):roone side the 2000 and 3000 stations, on the othtae
5000 and 6000. The 4000 station was more similar tieese latter in 2002-2003, and changed toward thiest
group in 2011.

groups of samples (continuous line), with the 2806 3000 stations at one extreme and the
5000 and 6000 at the other (Fig. 5). The 4000 aslseym was more similar to the latter
group in 2002-2003, while in 2011 it resulted mooeaparable to the communities of the
stations near the river mouth (Fig. 5). The SIMPdRIysis (Tab. 5) confirmed that the
species responsible for the dissimilarity betwe@®222003 and 2011 samples wéte
europaeusT. saltatorandP. provincialis together explaining the 69% of the differences
between communities before and after the seawa#itoaction; the other species giving a
significant contribution were the spidarctosa peritathe Tenebrionidae beefleachyscelis
aphodioidessome Neuroptera larvae (geridgrmeleon and several rove beetles of the
Staphilinidae family (mainly represented Bkiytosus nigriventrjs The dissimilarity
between pairs of stations across all the sampldimgdiata of the same stations from both
data sets was also analysed (Tab. 6).

Table 5. Summary of SIMPER analysis showing the cdrbution of individual species to total dissimilarity
between macrofaunal communities before and after #h seawall construction. Only species with prevailm
nocturnal habits were considered in this analysis.

Species Order A\(/ienr:gr:_za)b. I:;Al‘sls Diss/SD Contrib% Cum%
02-03 11

Tylos europaeus Iso. 3.9 5.52 10.34 2.14 31.47 31.47
Talitrus saltator Amp. 5.07 2.8 6.67 1.44 20.31 51.78
Phaleria provincialis Col. 5.96 5.7 5.57 1.58 16.97 68.75
Arctosa perita Ara. 1.13 0.52 2.45 1.52 7.45 76.21
Trachyscelis
aphodioides Col. 0.84 0 2.39 1.43 7.29 83.49
Neuroptera larvae Neur. 0.67 0.11 1.85 1.34 5.64 89.13
Staphylinidae Col. 0.59 0 1.71 0.62 5.2 94.33
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The less different (i.e. the most similar) statiorese the (proximate) ones 2000 and 3000
(~26% dissimilarity) on one extreme and the (digtanes 5000 and 6000 (~24%) on the
other, while the maximum dissimilarity was obserbetween stations 3000 and 6000 (~
63%) and 2000 and 6000 (~ 60%) (Table 6).

4. DISCUSSION

Due to the worldwide increasing use of hard-engingenterventions for coastline
protection, the need for effective tools to monttoe impacts on ecosystems has become
more and more compelling. Several studies highdidihat seawalls, groynes and dikes often
promote erosion by the development of rip curréftartin et al. 2005; Phillips and Jones
2006; Hsu et al. 2007), altering the hydrodynaragimes of the coastal zone. Substantial
changes to the system ecology were generally obdeafter such interventions (James 2000;
Brown and McLachlan 2002; Chapman and Bulleri 23 ybroeck et al. 2006); generally,
a decrease in the beach width produces a reduté@tdisposability, which directly affects
the macrofaunal diversity and abundance, with cpmseces for the whole biotic community
(Sobocinski 2003; Martin et al. 2005; Bertasi e28l07; Dugan et al. 2008). Hence,
macrofaunal community analyses represent an effeatiethod to assess such medium/long-
term impact; on the other side, a bioindicator ptimg to evaluate the effects of beach
sedimentary dynamics changes in short time-scabegdypermit to managers to quickly
evaluate the ecological effects of these interegistiand eventually counteract them before
becoming irreversible. In this sense, the bioindichased on behaviour that we propose
here may help managers to focus on the short-teypadts of beach armouring procedures,
especially those acting on the shoreline sedimgmtagnamics. Despite behavioural
adaptations are being more and more consideredras@oring tool in environmental
conservation, the studies on invertebrates fronstabareas deal almost only with the effects
of chemical contaminants (Sharp and Stearns 1999¢4 et al. 2004; Martins et al. 2007;
Gutierrez et al. 2012).

The data on environmental variables highlightedréa possibility that in the short term the
built of the cyclopean seawall has reduced thei@nas the stations near to the river mouth.
By comparing the results of the sun orientationegixpents orT. saltatorof 2002-2003 and
2011, before and after the construction of a sdath& worsening of the orientation of all

the three sub-populations indicated that this biglhenhas become unstable, likely reflecting
the instability of the shoreline (Scapini et al9%9Borgioli et al. 1999a, El Gtari et al. 2000).
In the 2011 experiments the best performance vssagied by the 4000 sub-population,
which may confirm our working hypothesis that tledengineering intervention at the
Ombrone River mouth, by reducing the erosion ingteximate beach sector, produced an
equilibrium condition already at 4000 m of distaficen the river mouth, where the seawall
was constructed, engendering an accretion proteise 8000 and 6000 stations. This seems
to be confirmed by physical measures of the be@ab.(1), but amd hocstudy on
sedimentary dynamics is required to exclude sedsorcasional fluctuations (in course
under the responsibility of the Park Direction) eTiimodal distribution observed in 2011 at
the 5000 station, with sandhoppers quite seawamdsentrated in spring and more landward
directed in autumn, was likely related to the nalieghatic conditions registered in autumn,
permitting animals to orientate to the dune forteie and food (Charfi-Cheikhrouha 2000,
2001; Colombini et al. 2002b).

The two models obtained from the SPLM analysishendrientation angular distributions
highlighted that in 2011 the individual experiempdayed a major role in the talitrids’
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behaviour with respect to 2002-2003, as expectedub-populations in changing
environments, whereas under stable conditionspbeiss tends to genetically fix a sun
compass orientation mechanism (Scapini and Faaih®B0; Scapini et al. 1995). A long
term study, by using the same protocol, would beré@sting to assess the impact of the
intervention over talitrids’ generations (evolutaop time) (planned by the authors).

About the macrofaunal univariate analyses, thddiiih index spatial trend (Fig. 4a) did not
show any significant differences between the dets af 2002-2003 and 2011, which to
some extent is a confirmation of reliability foeth2-hours nocturnal-only sampling of 2011.
More interesting was the trend of Fisher:diversity (Fig. 4b), as the 5000 and 6000
stations showed the same values in 2002-2003 aht], 2@spite the shorter duration of the
last sampling. This seems consistent with the Hgxis of an accretion in these beach
sectors after the seawall constructishjch might have favoured macrofaunal diversity by
furnishing a major habitat diversification (Colombeét al. 2006). At the assemblage level,
the PERMANOVA results (Tab. 4) confirmed that amfp@ occurred in macroinvertebrates’
community from 2002-2003 to 2011, which was alsoficmed by the nMDS analysis (Fig.
5). It is worth noting that here the samples frawn different stations are located in the same
relative positions in both data-sets, thus configrthat the 12-hours nocturnal-only
sampling of 2011 was enough to give a satisfacdogrview of the assemblage structure.
The increased difference between the 4000 commanitiythe 5000 and 6000 ones in 2011
compared to 2002-2003 is in agreement with the asgb changes (accretion and/or habitat
enrichment) in the furthest beach sectors, whiehikely becoming a diversity reservoir,
with a macrofaunal community more various tharttedl other stations. In the last Park

Table 6. Summary of SIMPER analysis showing the cdrbution of individual species to dissimilarity
between samples of each pair of stations, obtaingdouping datasets of 2002-2003 and 2011. Only spegiwith
prevailing nocturnal habits.

Average abundance

Species Order Av. Diss. Diss/SD  Contrib% Cum%

(ind m?)
2000 3000 25.56
Tylos europaeus 5.06 3.78 10.56 0.83 4131 4131
Phaleria provincialis 7.61 8.63 6.24 0.73 24.43 65.74
Talitrus saltator 1.08 0.78 3.05 0.88 11.95 77.69
Staphylinidae 0 0.65 1.9 0.54 7.44  85.13
Trachyscelis aphodioides 0 0.62 1.78 0.87 6.98 92.11
2000 4000 29.72
Tylos europaeus 5.06 5.85 8.35 0.78 28.08 28.08
Phaleria provincialis 7.61 6.37 8.06 0.99 27.13 55.21
Talitrus saltator 1.08 2.85 5.33 0.91 17.95 73.16
Arctosa perita 0.25 1.11 2.56 1.15 8.6 81.76
Trachyscelis aphodioides 0 0.68 1.79 0.91 6.02 87.78
Halammobia pellucida 0 0.42 1.1 0.75 3.71 91.5
2000 5000 45.74
Talitrus saltator 1.08 6.46 16.35 2.82 35.74 35.74
Phaleria provincialis 7.61 4.17 11.3 1.52 24.71 60.45
Tylos europaeus 5.06 5.23 8.64 1.11 18.89 79.34
Arctosa perita 0.25 1.17 2.99 1.96 6.53 85.87
Parallelomorphus laevigatus 0 0.58 1.74 1.25 3.8 89.67
2000 6000 60.34
Talitrus saltator 1.08 8.49 24.04 3.62 39.84 39.84
Phaleria provincialis 7.61 2.37 17.01 1.98 28.19 68.03
Tylos europaeus 5.06 3.64 11.01 2.8 18.24 86.27
Arctosa perita 0.25 1.14 3.37 1.95 5.59 91.86
3000 4000 31.46
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Tylos europaeus 3.78 5.85 10.45 0.81 33.22 33.22

Phaleria provincialis 8.63 6.37 8.81 1.07 28.01 61.23
Talitrus saltator 0.78 2.85 5.58 1.42 17.75 78.99
Arctosa perita 0.45 1.11 2.08 1.02 6.6 85.58
Staphylinidae 0.65 0.35 1.62 0.65 5.14  90.73
3000 5000 49.08
Talitrus saltator 0.78 6.46 16.57 5.83 33.76  33.76
Phaleria provincialis 8.63 4.17 13.61 1.93 27.73 61.49
Tylos europaeus 3.78 5.23 9.77 0.96 19.9 81.39
Arctosa perita 0.45 1.17 2.61 2.2 5.32 86.72
Parallelomorphus laevigatus 0 0.58 1.73 1.22 3.52 90.24
3000 6000 62.81
Talitrus saltator 0.78 8.49 24.01 8.01 38.22 38.22
Phaleria provincialis 8.63 2.37 19.77 3.09 31.48 69.71
Tylos europaeus 3.78 3.64 9.51 1.25 15.15 84.85
Arctosa perita 0.45 1.14 3.12 2.42 4.96 89.81
Parallelomorphus laevigatus 0 0.68 2.08 2.13 3.31 93.13
4000 5000 30.65
Talitrus saltator 2.85 6.46 10.08 1.86 329 329
Phaleria provincialis 6.37 4.17 7.01 1.21 22.89 55.79
Tylos europaeus 5.85 5.23 6.47 1.32 21.11 76.9
Arctosa perita 1.11 1.17 2.08 2.4 6.8 83.7
Parallelomorphus laevigatus 0.25 0.58 131 1.12 426  87.96
Halammobia pellucida 0.42 0.49 1.14 0.77 3.73 91.7
4000 6000 44.18
Talitrus saltator 2.85 8.49 16.39 2.73 37.11 37.11
Phaleria provincialis 6.37 2.37 11.19 1.7 25.33 62.44
Tylos europaeus 5.85 3.64 8.84 2.34 20.01 82.45
Arctosa perita 1.11 1.14 2.44 1.88 5.52 87.97
Parallelomorphus laevigatus 0.25 0.68 1.59 1.57 3.6 91.57
5000 6000 23.61
Tylos europaeus 5.23 3.64 5.71 1.26 24.17 24.17
Talitrus saltator 6.46 8.49 5.64 2.19 23.88  48.04
Phaleria provincialis 4.17 2.37 5.61 1.75 23.77 71.81
Arctosa perita 1.17 1.14 1.73 0.83 7.33 79.15
Halammobia pellucida 0.49 0.15 1.25 0.64 5.3 84.45
Parallelomorphus laevigatus 0.58 0.68 1.18 1.38 5 89.45
Neuroptera larvae 0.47 0.29 0.98 1.43 4.15 93.59

Management Plan this sector of the beach has tesardd an integral reserve, where
tourists cannot stay for leisure activities (Scapil0). The results on the macrofaunal
community from the present study may support thisservation strategy.

The detailed SIMPER analysis of dissimilarity amait@tions (Tab. 6) confirmed that the
proximate (with relation to the impact) station8@R2 and 3000) and the distant ones (5000
and 6000) harbour quite different communities, waittissimilarity of 63% from one extreme
to the other. The 4000 station had intermediateimitarity values with respect to both kinds
of stations, which confirms it as a transition gdiom eroded to accreting stations.

To conclude, the behavioural indicator and the wfacinal analyses obtained in this study
validated reciprocally, as both showed a changerfantation and macrofaunal community)
at about 4000 m of distance from the river moutbp@rently, the seawall modified coastal
sedimentary dynamics immediately after his consipacas the effects on the macrofaunal
community were already evident less than one yiar the end of the works.

About the scope of this study, i.e. the validatidisun orientation of . saltatoras a
bioindicator of impact, the sun orientation behavibas short time scales, which is desirable
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for an early bioindicator and makes this kind ofdé¢s a promising path to follow,
particularly when studying short-medium term imgasuch as those of engineering
interventions. It would be interesting to repedt #ind of experiments on shorter time-
scales, possibly few weeks before the beginningadied the end of the analysed impact, to
evaluate how much it is actually effective on tleeyshort period. However, it is rarely
possible to perform field experiments during hamdieeering works. The deep existing
knowledge regarding talitrids’ orientation and exgpl (Williamson 1951; Pardi and Papi
1952, 1953; Scapini et al. 2002; Scapini 2006) ptexdiwith their short life-span, the rapid
generation turn-over and their abundance and diffusn temperate sandy shores, may make
the sun orientation of. saltatora reliable bioindicator of impact on sandy bedelbitity,
which is not expensive, not time-consuming, dods@guire to capture rare or endangered
species and furnishes results that are easy anddiate to interpret.
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3.3 Case study 2the Leirosa beach, Portugal

The Leirosa beach is located to the south of Figuda Foz, midway along the

Portuguese Atlantic coast. Here a long, well dgwedbdune system protects the
village of Leirosa and two paper factories.In 1898ubmarine pipeline was built to

discharge the industrial and civil effluents, ahd tlune was rebuilt using sand and
rocks as inner core for protection.However, thetiooity of the dune system was

seriously damaged; moreover, the use of heavy mehiaggravated the coastal
erosion already caused by a groyne located lessIhan north, which caused the

retention of large amounts of sand and increasecetbhsion problems southwards
(Antunes do Carmo et al. 2010). Due to these eeadywamics, by the end of 1999
the protection dune was almost broken and flatprimtect the aeration and load

chamber of the outfall pipe, a rehabilitation ot tbdune started in March 2000

(Schreck Reis et al. 2008). Sand (very similahtd bf the dunes in terms of texture
and nutrient content) was brought from a nearbgndlsite, and the foredune was
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rebuilt along an extension of about 200 m. Aftez thtervention, the sand dune
system was replanted with transplantsAofimophila arenarialL.) Link, the most
common grass used in these situations, easy tectahd transplant and rapidly
propagating (Van der Putten 1990), which is conedl¢o be the most appropriate,
durable, and effective way to rehabilitate dunean(er Putten 1990;Van der Laan
et al. 1997), but unluckily in winter 2000-01 stgowinds and unusually heavy
precipitations caused great damage on the coadtifrenocean front of the dune
system was destroyed. After evaluating several oaksttior a new rehabilitation of
the dune, in February 2005 and geotextile containdrere placed, filled with sand
(geocontainers) in a pyramidal formation paraltelthe coastline, to a height of 8
metres. Once the sand containers were in plac€) @ layer of sand was deposited
and a dune revegetation was performed withmophila arenariglL.) transplants.
However, the hydrodynamic forces that affecteddbee led to the opening of the
geotextile layers in some places, and some comgimnere also shifted from their
initial position. Hence, geotextile tubes were @t reinforce the bottom layers of
the rehabilitated stretch of the dune. In July 20@8tubes (approximately 20 m long
and 1.60 m in diameter) were prefabricated to avaidre of the joints, placed at
the bottom of the existing structure and then dillgith a suspension of sand and
water, to give additional stability to the duneusture (Antunes do Carmo 2010).
However, already in mid-December 2008 strong erositects were felt in Leirosa,
with a considerable amount of sand removed frombtbach and the front of the
dune, which left the geotextile tubes completelgased. Anyway, the structure as a
whole was not affected, so it was planned to ctiversea face of the dune with sand
again, and a revegetation was performed in Aprl92Q@o ensure better fixation of
the sand and stabilization of the front of the as&r dune system. The dune stretch
under intervention has remained stable for thedagtars, whereas the sides to the
left and right of it have suffered strong erositong hundreds of meters, showing a
regression of about 4/5 m each year (Antunes don€#&010). As no data were
available on talitrids’ behaviour and macrofaunamemunity on this beach before
the intervention, we decided to evaluate behavi@adaptations of sandhoppers and
macrofaunal features in two points, the first olwse to the rehabilitated dune and
the second one in front of the natural, eroded dtmenake a spatial comparison,
instead of the temporal one that was made in #liarft case study. In this case, what
was assessed is the suitability of the behavioodatators to monitor the long-term
effects (more than 4 years ago) of a soft-engingeintervention, which are still
poorly understood. The following two published papdescribe the outputs from
this study, and a comprehensive discussion, on thetitalian and Portuguese case
study, can be found in the 3.4 section.
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3.3.1 Behaviour ofTalitrus saltator (Crustacea: ESTUARINE,
Amphipoda) on a rehabilitated sandy beach on the COASTAL
European Atlantic Coast (Portugal). AND SHELF
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ABSTRACT

Environmental and human controls are widely acakptethe main structuring forces of the
macrofauna communities on sandy beaches. A popolaii the talitrid amphipod-alitrus
saltator (Montagu, 1808) was investigated on an exposedyshedch on the Atlantic coast
of Portugal (Leirosa beach) to estimate orientatiapabilities and endogenous rhythms in
conditions of recent changes in the landscapefiéatireconstruction of the foredune) and
beach morphodynamics (stabilization against erosmm the sea). We tested sun orientation
of talitrids on the beach and recorded their locmmactivity rhythms under constant
conditions in the laboratory. The orientation datre analysed with circular statistics and
multiple regression models adapted to angularidigions, to highlight the main factors and
variables influencing the variation of orientatidrhe talitrids used the sun compass, visual
cues (landscape and sun visibility) to orient dxelgrecision of orientation varied according
to the tidal regime (rising or ebbing tides). A ldfined free-running rhythm (circadian
with in addition a bimodal rhythmicity, likely tidawas highlighted in this population. This
showed a stable behavioural adaptation on a béatihas experienced a process of artificial
stabilization of the dune through nourishment axticover a decade. Monitoring the
conditions of such dynamic environments and théligase capacity of the inhabiting
macroinfauna is a main challenge for sandy beaclogists.

1. Introduction the coastlines (Bird, 1996; McLachlan and
Brown, 2006). These unique ecosystems are
Ocean sandy beaches are dynamiciconic assets to society and are facing
environments that make up two-thirds of escalating pressures worldwide (Brown and
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McLachlan, 2002; Schlacher et al., 2007, more and more frequently ask the advice of
2008;Defeo et al., 2009). The significant researchers (e.g.Peterson and Bishop, 2005;
loss of beach-dune habitats as a result of Fanini et al., 2009; Walker and Schlacher,
global warming, sea level rise and marine 2011; Schlacher and Thompson, 2012;
erosion processes caused by both naturalLeewis et al., 2012). However, due to
and human induced impacts is increasing, limited data about the life history of the
and beaches are identified as threatenedaffected species, the absence of previous
ecosystems (Defeo et al.,, 2009; Dugan etdata (before restoration process) and on
al., 2010) especially as >70% of the world’s recovery rates, as well as the possibility of
beaches are experiencing erosion (Bird, cumulative effects of repeated damaging
1996). In addition, a plethora of events may compromise the scientific
anthropogenic impacts from coastal inference about the fauna responses to
engineering, industrial activities, environmental threats. The benthic
urbanization, pollution and activities linked organisms inhabiting the littoral zone of
to tourism, are ubiquitous in marine sandy beaches are limited to species with a
communities (Schlacher et al., 2007;Defeo high tolerance towards several forms of
et al., 2009;Browne and Chapman, 2011). environmental stress, however, this high
In the recent decades, coastal managementolerance is not unlimited (Jaramillo et al.,
has been challenged to develop and 1996;MclLachlan and Brown, 2006). The
implement measures that may safeguard theresident mobile beach fauna has to cope
ecological and functional values of beach with this harsh and dynamic system and
and dune ecosystems. Socalled “soft may use integrated behavioural adaptations
engineering” interventions (nourishment in order to reach and maintain the optimal
processes) seek to mitigate beach erosion,safe zone on the beach (Pardi and Ercolini,
but may cause ecological damage to sandy1986; McLachlan and Dorvlo, 2005;Fanini
beach habitats (Nordstrom, 2005; Petersonand Scapini, 2008). The beach populations
and Bishop, 2005;Speybroeck et al., 2006; display a range of unique adaptations to
Bezzi et al., 2009). Sand dunes are commonthese environments, including mobility and
features of shore areas, at the interfaceburrowing abilities, rhythmicity in their
between the sea and land. Dune behaviour and orientation plasticity
environments have significant values, (Brown, 1996;Scapini, 1997;Nardi et al.,
forming natural barriers that protect coastal 2003;Defeo and Gomez, 2005;McLachlan
communities against the effects of severe and Brown, 2006;Scapini, 2006;Rossano et
weather events, providing habitat for al., 2009;Fanini et al., 2012a,b).

several species and acting as buffer againstThe sandhoppéFalitrus saltator(Montagu,
eroding wave action (Short, 1999). Human 1808) is a common and widespread
pressures on dune systems are diverse, andMediterranean, Baltic and Eastern Atlantic
these systems have been severely modifiedcoasts) inhabitant of sandy beaches, which
(Nordstrom, 2000). Artificial beach lives on beaches with granulometry ranging
nourishment and stabilization of shorelines from medium to coarse sand (Marques et
have been intensely used worldwide as al., 2003). This species spends its whole
opportunities to restore natural beach andcycle on the supralittoral zone with
dune habitats (Nordstrom, 2005; Bezzi et incursions into the intertidal area during
al., 2009; Bakker et al., 2012). The low tides or to the sand dunes. Therefore,
mitigation of the (natural and human) talitrid amphipods have developed
threats to beaches and of the ecological behavioural adaptations to cope with a wide
impacts on macrofaunal communities is range of environmental variation to
becoming a challenge for managers, who maintain their position across the beach,
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avoiding dry conditions and inundation by

waves (reviewed by Scapini, 2006).
Behaviour in talitrids represents an
integration of environmental features

experienced by individuals during their life

maintain the suitable optimal zone when
tides recede (Rossano et al., 2009). A
precise endogenous clock and navigational
ability has allowed talitrid amphipods to

become a model for investigations on

span, which is expressed in a continuous behavioural adaptations in sandy beach

updated process of adaptation to the
environment and may become inherited
through generations (Hartwick, 1976;
Scapini, 2006; Fanini and Scapini, 2008).
The environmental features, such as
landscape cues, seasonality of climatic
conditions and habitat dynamics (e.g. tidal
regime), may influence the orientation
performance of talitrids on sandy shores
(Hartwick, 1976; Scapini et al.,, 2005a;
Fanini and Scapini, 2008). Seasonal
variations of climatic conditions are known
to affect the life cycle and the behaviour of
Talitrus saltator(Scapini et al., 2005a). In

environments (Bregazzi and Naylor, 1972;
Scapini et al., 1992, 1996, 2005b; Rossano
et al., 2008). Several studies have attempted
to establish the suitability of supralittoral
amphipods as bioindicators of the impacts
on beaches, such as nourishment processes,
mechanical beach cleaning, constructions
and activities linked to tourism, which may
alter the population structure and in some
cases also the behavioural responses
(Scapini, 2006; Fanini et al., 2007, 2009;
Ugolini et al., 2008; Veloso et al., 2008;
Scapini and Ottaviano, 2010).

In the Leirosa beach (European Atlantic

this sense, orientation performance may coast, Portugal), a project of stabilization of
rapidly change on unstable beaches,the dune system trough geotextile
whereas under stable conditions, incorporation was carried out in the past
sandhoppers tend to develop a sun compassiecade (Reis et al., 2008). The main goal of
mechanism to recover the optimal zone in our study was to describe the behavioural
the beach (reviewed by Scapini, 2006). features of sandhoppers in this
Orientation in these species may be affectedreconstructed beachedune system and
also by human impacts on beaches such agprovide baseline information about the
trampling, beach erosion and groyne pattern used by this species to cope with the
constructions (Scapini, 1997; Scapini et al., physical constrains in this beach. The lack
2005a; Fanini et al., 2007). Thus, of previous information regarding the
sandhoppers  orientation  could be dynamics of the resident species did not
considered as a suitable bioindicator of allow us to pose the question on the direct
beach changes and may be proposed toeffects of these perturbations dralitrus
assess beach conditions (Fanini and saltator behaviour, through a preand post-
Scapini, 2008). Sandhoppers also present aaction experimental design. However, our
rhythmic adaptation to cyclic phenomena as study is needed to propose hypotheses on
night-day alternation and tides. Differences the population responses to ongoing
were observed with latitude and ecological changes. Our hypothesis was that to an
conditions in the rhythmic locomotor effective dune restoration measure might
behaviour, namely the expression of correspond behavioural features
circadian periodicity (Nardi et al., 2003; (orientation precision and sharp activity
Scapini et al., 2005b;Rossano et al., 2008, rhythms) fitted to the actual environment.
2009). The ecological importance of tidal The ultimate goal was to test whether a new
cycles and related orientation behaviour in artificial stabilized environment (foredune)
supralittoral species has highlighted the may lead to a stable behavioural
importance of rhythmic behaviour to avoid performance.

predation, desiccation and immersion, and
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Leircsa
Beach

coast of Portugal (Photo credits for the right ieta@oogle Earth, Version 6, accessed January 2012).

a local port and reduced sediment

2. Materials and methods deposition as a consequence of engineering
) interventions in the watershed (Carmo et
2.1. The study site al., 2010). From 2001 to 2009 beach

The Leirosa sand dune system ergsion problems did not permit the
(40°02'57.33"N,  08°53'35.01"W) is  maintenance of the frontal dune and several
located south of Figueira da Foz, on the proposals for a rehabilitation of the Leirosa
European Atlantic Coast (Portugal) and has sand dunes were analysed. The adopted
an extension of about 10 km (Fig. 1). The solution consisted of dune reconstruction
beach is characterised by a well-developed using beach nourishment with layers of
sand dune ecosystem with low pressure geptextilesfilled with local sand and a
from tourism. The beach is mesotidal with monitoring programme is under way (Reis
semidiurnal  tides, with waves that et al, 2008:Carmo et al., 2010). The
frequently reach amplitudes of about 3 m. grientation experiments took place on the

The sea direction, the Theoretical Escape peach in front of the artificial foredune that
Direction for seaward orientation (TED, the had been recovered .

perpendicular to the waterline measured at
the collection site), was 310°. In the Leirosa 2 2. Orientation experiments

beach, an underwater effluent discharge Qrientation experiments were performed on
system was constructed in 1995 and the the reconstructed site of the beach in May
dunes were damaged and completely and September 2011. Sandhoppers were
destroyed (Reis et al., 2008). After three collected on the beach short before each
years, a rehabilitation action was experiment and kept in a container with
conducted, which began with the mojst sand. The experiments were
reconstruction of the foredune, followed by performed using a Plexiglas arena with a 40
its re-vegetation, in order to rapidly re- cm diameter, having 72 pitfall traps of
establish the desired height and slope of thegeeach on its rim. The arena was positioned
beachedune  system (Reis et al, on a tripod at about 1 m above the beach
2008;Carmo et al, 2010). This coastal surface, with the pitfall 72 oriented to the
region is currently characterized by strong North. The amphipods were placed in the

active marine erOSion, mainly due to littoral centre of the arena and released after being
drift retention caused by the construction of
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kept 1/2-min in a Plexiglas tube. Tests were system, within a temperature controlled
carried out in the morning, starting at 9:00 room (Scapini et al., 2005b; Rossano et al.,
a.m. solar time, and in the afternoon, 2008, 2009). Individuals were kept in the
starting at 3:00 p.m. solar time, alternating humid substratum collected on the shore of
two conditions regarding the landscape origin and “Tetramin’dry fish food was
vision, with and without screen, using a providedad libitum on a piece offiltering
white cardboard positioned around the paper. Each recording chamber was
arena to screen off the landscape view (this connected to a logger, downloading every
protocol was the same as that of Scapini et20 min the number of the infrared ray
al., 2005a). During the experiments, the interruptions caused by the animals surface
following environmental variables were activity. Recordings were performed in
recorded: air temperature, air humidity, sun constant dark and at a constant temperature
visibility and sky cover. The sun azimuth of 18°C+1°C for 21 days.
was estimated from the geographic
coordinates of the site and the time of the 2.4. Data analysis
day of each orientation release. After the 2.4.1. Orientation
release of a samples of 8 groups of 10 Individual data of orientation expressed as
individuals each, amphipods were collected angles to the North (°) were plotted in
from the pitfall traps and stored in 75% circular diagrams and the statistics of
alcohol for later morphometric analyses circular distributions were estimated using a
under the microscope to estimate the sex,library developed ad hoc working within S-
cephalic length and number of articles of Plus Insightful software (Marchetti and
the second antenna, following Marques et Scapini, 2003). For each circular
al. (2003). During each experiment, at low distribution the following statistics were
tide, the extension of the intertidal and calculated: the mean angle, the mean
supratidal zones and the beach slopes weregesultant length, the confidence interval of
measured and beach profiles were drawn.the mean direction and the Rayleigh test for
Sediment grain size composition was uniformity (Fisher, 1993). The density
determined and classified according to the distribution curve, smoothed with the kernel
Wentworth scale described inMcLachlan method, was also estimated for each
and Brown (2006). Meteorological data, distribution. The effects of environmental
water temperature and salinity, wave height variables and factors were analysed using
and period and wind velocity were obtained multiple regression analysis adapted to the
from the nearest meteorological station angular distributions (SPLM, Spherically
(Figueira da Foz harbour, Projected Linear Models, Marchetti and
http://www.meteo.pt/pt/maritima/costeira).  Scapini, 2003). The best model (maximum
likelihood with the least number of
2.3. Endogenous activity rhythms parameters) was chosen using the AIC
In May and September 2011, live samples (Akaike Information Criterion) and the
of freshly collected adulfalitrus saltator effects of each individual variable were
were air-transported within a sealed aeratedestimated using the LTR (Likelihood Ratio
box under dark conditions from Leirosa Test), by comparing the best model with the
beach to the Department of Evolutionary nested one without the variable tested.
Biology, University of Florence (Italy). For
each experiment, a total of 55 talitrids were 2.4.2. Endogenous activity rhythms
placed individually in cylindrical recording The results of the recording sessions were
chambers (12 cm in diameter, 16 cm high), presented for analysis in the form of
provided with an infrared ray recording actograms, drawn with the software Chart
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35 (developed by D.D. Green, University of salinity had a mean value of 36.1+ 0.5
Birmingham, UK). The activity was plotted during both experimental months (Table 1).
showing 48 h in the two adjacent columns For the orientation experiments, a total of
and the 21 days of recording in the rows. 277 amphipods were analysed (161 in May
The dashed bars at the top of the actogramsand 116 in September), and the sex ratio
represent the dark in the natural lightedark showed a higher percentage of females
cycle at the day of collection and the arrows (72% in May and 62% in September) with
the high tide peaks during the recording respect to males. The sandhoppers
period. The times of the high tides were population had a mean cephalic length of
calculated using the Instituto Hidrografico about 1 mm and the number of antenna
tide tables (http://www.hidrografico.pt/). articles ranged from 6 to 39 (Table 2).
Periodogram analysis was performed on the During the orientation experiments the
time series, based upon the Whittaker majority of individuals had conditions of

periodogram and modified by Harris and
Morgan (1983), using the Time Series
software package (Gerard Harris
Computing, Bristol, UK). The percentages
of survival, number of active animals
(animals active for at least 2/3 of the

visible sun and the mean sky cloudiness
was about 1 in the ranged 0-8 scale,
indicating a clear sky (Table 2). Air
conditions (temperature and humidity)
showed clear seasonal trends, which is the
typical pattern found in this temperate

recording session), and the number of region (Table 2).

periodic animals (circadian or bimodal)

were determined. Periods were calculated in 3.1. Orientation tests

a range from 10 h 20’ to 30 h 20. The

period definition was reported as Table 1.Beach physical environmental features: mean
correlation ratio and the 99.9%, 99% and vaIL_Jes + standard 'deviations for the experimental
95% probability lines were drawn. All period of study are given.

. . . Characteristic Leirosa
periods calculated by periodogram analysis ~ge,ch width (m) 16+8
were considered significant at the 95%  supralittoral area extension (m) 29 +6
probability line. When present, bimodality =~ Average slope (%) 6+0.4
periods were checked. MESA analysis g‘g;fi‘éﬁi h:;i}l‘l;o(r‘:gtr () fédlium
(Maximum Entropy Spectral Analysis) was & y (0.250 - 500)
also conducted to check signal-to-noise Tidal range (m) 0.36 - 3.20
ratio (SNR). Wave height (m) 1.5+0.5

Wave period (s) 9+1

Water salinit 36.1£0.5
3. Results Water tempe}rlature °Q) 16.8+2.3

Wind velocity (m/s) 14.6 + 1.4

According to theMcLachlan’s (1980) rating
scheme, Leirosa is classified as an exposedThe circular distributions of the orientation
beach (exposure rate: 15). During both angles ofT. saltatorin both months (May
experimental months (May and September) and September) are shown in Figure 2 with
the environmental measurements were summary statistics information. The general
taken on the beach at the ebbing tides, and arend of orientation for this population was
supralittoral zone of about 30 m of in the north-western quadrant with a
extension with average slope of 6% resulted unimodal distribution of orientation angles,
(Table 1). According to Wentworth scale, and a mean direction of 312° + 10° that
Leirosa beach had medium sand grainsincluded the TED (310°) in its confidence
(Table 1). The water temperatures rangedinterval. The Rayleigh test for uniformity
from 14.5°C to 19.1°C and the water was significant for the whole distributiop (

116



< 0.001). The variables considered in the
regression SPLM analysis were: month

(May/September), sun azimuth, landscape parameters)

vision (landscape/non landscape), tide
(rising/ebbing), air temperature, air
humidity, sky cover (0-8), sun visibility

(visible, veiled, shaped, not visible), sex
(m/f) cephalic length and number of
antenna articles. Morning/afternoon
(am/pm) and rising/ebbing tide gave the
same information (ebbing tide in the
morning, rising tide in the afternoon), so we
did exclude morning/afternoon from the
analysis). We start with the additive model
including all the variables and factors (10)
that could affect orientation:

Orientation ~ month + sun azimuth +
landscape vision + tide + sun visibility +

sky cover + air temperature + air humidity
+ antenna articles + cephalic length;
Likelihood = 844.0636; AIC = 896.0636;

Degrees of freedom = 251.

We developed a number of models by

reducing the number of variables. The bestin common

additive model chosen (according to the
Akaike information criterion, AIC) was the
following:

Orientation landscape  vision***+
month**+ tide**+ air temperature*+ air
humidity*+ antenna articles*+ cephalic
length;  Likelihood =853.8913; AIC
=889.8913; Degrees of Freedom =259
(***p<0.001; **p<0.01; *p<0.05;
Likelihood Ratio Test).

The factors and variables are displayed in a September,

decreasing order of significance according

the best model (with the maximum
likelihood and minimum number of
was described with the

interaction of month:

Orientation ~ month (landscape vision***+
sun azimuth***+ sun visibility***+
tide***+ cephalic length**); Likelihood
=813.3399; AIC =861.3399; Degrees of
freedom =253 (***p<0.001; **p<0.01;
*p<0.05; LRT).

Two separated models were consequently
calculated for each month:

May: Orientation ~ Landscape vision***+
sun visibility***+ antenna articles***+ sun
azimuth**+ tide*, Likelihood =487.0301;
AIC =511.0301; Degrees of freedom =148
(***p<0.001; **p<0.01; *p<0.05; LRT).
September: Orientation ~ Sun azimuth*+
tide*+ air humidity*+ cephalic length*,
Likelihood =315.5825; AIC =335.5825;
Degrees of freedom =106 (***p<0.001;
**p<0.01; *p<0.05; LRT).

The two models obtained have some factors
(sun azimuth, tide and
morphological measures regarding the size
of the individuals, namely, antenna articles
and cephalic length). To highlight the

effects of the significant factors, we
analysed the circular  distributions
separately (Fig. 3 with the respective

statistical information summarised in Table
3). The distribution of angles revealed that
amphipods had a more precise orientation
in September than in May (Fig. 3). In

sandhoppers were less

dispersed in comparison to May (the

to the LRT; factors not included in the circular dispersion was lower, the mean
model did not significantly contribute to resultant length was higher and the
improve the likelihood of the model. The confidence interval was narrower,Table 3).
landscape vision was found to be the most The distribution of orientation angles in
influencing factor, followed by the month. May revealed that amphipods were better
In order to check the importance of the oriented when landscape vision was
seasonality on orientation, a model with the permitted, while with the landscape
interaction of the month with all the other screened off a scattered response was
variables and factors was developed. In this observed (Fig. 3). In fact, without landscape
model, the month factor displays a vision significant deviations from the TED
significant interaction with all other factors, were confirmed by the confidence intervals
(LRT, likelihood ratio test, p<0.05) thus, of the mean direction (70° + 22°, not
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Table 2.Environmental and population variables observeéhduhe orientation experiments in Leirosa beachyM
and September). Mean values + standard errors,amexdid range (given by the minimum and maximumheéc

during the experiments) and N, the number of imhligis used in the orientation tests

May September
Median
Mean + SE Median (Range) Mean + SE (Range)
N 161 116
Females (%) 72 62
Sex ratio (m/f) 0.4 0.6
Number of antenna article 23 (6-34) 20 (10-39)
Cephalon (mm) 0.8+0.1 0.8(0.2-1.3) 1.0+0.1 1(0.4-1.9)
Air temperature (°C) 28.1+0.4 26 (22 - 35) 24.4+0.2 24 (22 - 28)
Air humidity (%) 543+1.3  66(26-75) 753+0.9  77(60-92)
Sky Cover 1(0-8) 1(0-8)
Sun visible (n) 134 99
g £ Talitrus saltator (Leircsa)
& °
- £ \ _ i C TED=310°
/ / 22 P i Mean angle = 312°
|‘ w.\. % e [ i ! Confidence Interval (95%) = 10
wh : "',i_‘| £ z_ / iy S Mean resultant length = 0.3428
| e ‘:s’fﬁ-!-‘ iz AN H \\ ,/ i Sample circular dispersion = 3.4870
R S/ ol VNS SN | Skewness =-0.0297
\\"’%ﬁ . h‘,@% 1 | Kurtosis = 0.3848
LA AR ol J ‘. Rayleigh test: p <0.001
s . (; ‘3'0 TErU 270 U 90 1;0 2;0 [') .

Angles

Fig. 2. Circular plot and summary statistics of orientatémgles ofTalitrus saltator(Montagu, 1808) tested on Leirc
beach. Density estimates (kernel method) are doplutted on the Cartesian graphs (on the rightyowrwith

continuous line: Theoretical Escape Direction sedaéTED); Arrow with punctuatedrle: Mean Angle;N: number
sampled individuals.

including the TED, Table 3). The best 3).For both months a better orientation was

model for May also described sun visibility observed for bigger individuals, which had
as a highly significant factor (Table 3). A more than 15 antenna articles (May) and a
better orientation was shown by animals cephalic length higher than 1 mm
tested with visible sun as compared to sun (September, Fig. 3). However, the Rayleigh
not visible. Thiswas confirmed by the tests for both distributions of the small and
Rayleigh test that was significant with sun big individuals were significant (p<0.001),
visible only (Table 3). The experiments with the exception of the distribution
were carried out in the morning and in the obtained with animals with less than 15
afternoon (with respectively different sun antenna articles (Table 3).

azimuths) and the SPLM analysis

confirmed the sun azimuth as a significant 3.2. Endogenous activity rhythms

factor for both months (p<0.01). The More than 90% of the individual tested (all
distribution obtained in September was were adults) survived in the recording
unimodal when the tide was ebbing, but chambers during both test periods (May and
with the rising tide, some smaller peaks September) and were healthy at the end of
appeared to different directions (seeFig. 3). the experiments. Due to sand accumulation
This scattered response was confirmed byin front of the sensors, some data were
the Rayleigh test (not significant,Table discarded (not recorded) and only the
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animals active (and recorded) for more than p>0.05). Some slight differences in the
15 days were analysed (49 individuals). The mean periods and SNR were observed
percentages of survival, activity and between the two months, with no
rhythmicity were not significantly different significant differences (Wilcoxon Rank
between the two months (Fisher Exact Test, Sum Test, p>0.05), thus we analysed
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Fig. 3. Circular plots for angular distributions considerisome significant factors resulted from the besntation
model for both months. Arrow with continuous liEneoretical Escape Direction seawards (TED); Arnwith
punctuated line: Mean Angle. The respective sumratatystics are reported in Table 3.

the total samples of both recording sessionsdarkness, with a mean period of 24 h 15'. A
together. The inspection of the actograms second activity peak (bimodal pattern) was
(Fig. 4a and b) indicated that talitrids were significant at 12 h 8for the 26% of the

mostly active during the nocturnal active animals, but with a minor definition

subjective hours, however, some of them (SNR = 0.06 + 0.04) in comparison with the
showed a second peak of locomotor circadian peak (SNR = 0.22 + 0.04). During
activity. The periodogram analysis showed both months, the activity of several adults
that about 96% of the considered animals peaked also just before the high tide hours
had a clear locomotor activity pattern during the spring tide (arrows, Fig. 4a). The
throughout the experiment, with a basic same pattern of activity was found with the
circadian rhythm significant for 85% of the periodogram analysis (Fig. 4c and d), which
active amphipods. The activity represents the free-running periods of the
corresponded to the time of subjective individuals, estimated over the entire time
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Table 3. Summary statistics for orientation distributio@$: Confidence interval (95%), N: Number of indluials
in the distribution. TED = Theoretical (expectedcipe Direction seawards.

Mean direction * Mean Circular p-value
Month Test Condition N CI vector dispersion (Rayleigh
(TED = 310°) length P test)
May All 161 312°+15° 0.2313 7.913 <0.001
September  All 116 320°+12° 0.5544 1.104 <0.001
May Landscape vision 80 296° £ 13° 0.604 0.9748 <0.001
May No landscape vision 81 70° £ 22° 0.1978 11.73 n.s.
May Sun visible 133 302°+17° 0.2331 7.32 <0.001
May Sun shaped 27 239° £ 26° 0.4747 1.141 n.s.
May Ebbing tide 79 290° + 18° 0.3476 4.032 <0.001
May Rising tide 81 284° + 25° 0.1372 20.04 ns.
May Antenna articles > 15 118 292°+17° 0.2892 5.662 <0.001
May Antenna articles < 15 36 330°+ 30° 0.258 6.553 n.s.
September  Ebbing tide 76 319°+12° 0.6514 0.6752 <0.001
September  Rising tide 40 350° £ 23° 0.4451 1.981 <0.001
September Landscape vision 60 320°+ 15° 0.5738 1.131 <0.001
September  No landscape vision 56 320° £ 16° 0.5337 1.056 <0.001
Cephalic length < 1
September mm 57 334°+17° 0.5331 1.343 <0.001
Cephalic length > 1
September mm 55 326° + 15° 0.5973 0.8354 <0.001

series (21 days), showing a circadian period (Borgioli et al., 1999;Scapini et al., 2005a;

and a bimodal period peak recorded in
some individuals (e.g. Fig. 4c ). In order to
check the bimodality, periodogram and
MESA analyses were performed on 5
individuals that showed clear bimodality
(Fig. 5). These times series confirmed a
clear circadian periodicity around 24 h 20’
(periodogram) and 24 h 50’ (MESA) for the
five individuals with a second (bimodal)

period of 12 h 20’ (periodogram) and 12 h
50" (MESA). The difference of about 30

min between the periodogram and MESA
analyses is known and was explained
byPalmer (1995). For the bimodal

actograms (Fig. 5a) a higher definition was

Fanini and Scapini, 2008; Ketmaier et al.,
2010). In our case we focused on a
particular sandy beach that had been
subjected to human induced changes in the
dune system, with nourishment processes
along a decade (Reis et al., 2008; Carmo et
al., 2010). In order to assess the stability of
the actual artificial foredune we
investigated thd alitrus saltatorbehaviour

by means of field observations (orientation)
and laboratory experiments (endogenous
rhythms). Despite the long duration of the
nourishment process and the difficulty to
maintain a stable foredune in this beach, the
environmental variables presented small

shown for the circadian rhythm than for the fluctuations throughout the study period
bimodal one, and a clear coincidence of this (May and September 2011), thus indicating
activity pattern with the diurnal high tide a relative stability of the environmental
time was visible (Fig. 5a, see arrows). physical conditions. The results from the
orientation tests revealed that the talitrids
have good orientation capabilities towards
the TED and use both sun and landscape
Previous studies on talitrids reported cues to recover the safe zone in this beach,
significant relationships among behavioural near the water's edge. This capacity is in
performances of individuals, population agreement with the literature available for
structure, genetic variability of populations Talitrus saltator regarding orientation,
and the morphodynamics of the shorelines characteristic for stable shorelines (Borgioli

4. Discussion
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et al., 1999; D’elia et al., 2001; Scapini et view. In fact, for this population, the

al., 2005a; Scapini, 2006). We confirmed multiple regression analysis (SPLM)

also for this population the importance of highlighted visual cues (landscape vision,
landscape vision in orientation, since sun azimuth and sun visibility) as the main
talitrids allowed to see the landscape factors influencing orientation response to
features performed more concentrated landscape vision suggests that this feature
seaward orientation as compared to those,represents a mechanism other than sun
which had the landscape screened off from compass used by sandhoppers to orient
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Fig. 4. Actograms and periodograms of two individuaf Talitrus saltator(Montagu, 1808) recorded
singly in May and September. Dashed bars at thet@ztograms indicate times of natural darkness at
the day of sample collection; arrows represent hidé peaks during the recording period. Activisy i
double plotted on the right of and below first 24”hobability lines in the periodogram are, frora tbp

to bottom, the 99.9%, 99% and 95% probabilitiegkesk significance. (a) Experiment of May, animal 5
and respective periodogram ¢c)(circadian period) = 24 h 20’ , SNR = 0.918,(bimodal period) = 12

h 20’, SNR = 0.013. (b) Experiment of Septembennah7 with respective periodogram (e)= 24 h

20’, SNR = 0.816.
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seawards, responding to immediate physicalto maintain their safe zone on the beach
changes, such as dehydration. This is in (Scapini et al., 1992). It is known that the
accordance with the findings on the temporal factor may strongly affect the

Mediterranean coasts (Borgioli et al., 1999; motivation of sandhoppers to express zonal
Scapini, 1997, 2006), where populations recovery, determining different

from flat beaches relied more to the sun physiological conditions with respect to

compass in contrast to populations with a surface moisture (reviewed by Scapini,
well-developed dune landscape, which rely 2006). In fact, in the Leirosa site, in

more onlandscape vision. The high September 2011 we registered a dry late
foredune resulted from the rehabilitation summer season, with higher temperatures
process in the Leirosa beach might provide when compared to the standard recorded in
a prominent landscape cue, particularly the previous year (for more details visit
after the final restoration process (May http://www.meteo.pt/pt/oclima/acompanha

2011). The risks that sandhoppers may facemento/). The SPLM analysis emphasised
in dynamic environments led them to the importance of the interaction of month
include landscape features (such as theas a factor influencing orientation, and the
silhouette of the dune) into their behaviour significant factors differed between the two
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Fig. 5. Mean of activity of 5 bimodal individuala)(and respectivperiodogram and MESA analy:
Dashed bars at the top of actograms indicate tohesitural darkness on the collectioaydand arron
represent high tide peaks during the recordingogeProbability lines in the periodogram are, frtire
top to bottom, the 99.9%, 99% and 95% probabilifies peak significance. (b) Periodogrant
(circadian period) = 24 h 20’, SNR = 0.43b, (bimodal period) = 12 h 20’, SNR &.103; (c) MES
analysisic = 24 h 50’,spectral density ¥4 323B8,%2 12 h 50’, spectral density = 136.
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months, with a high dependence on the biological timing systems (endogenous
landscape vision in May, while in clocks) that can oscillate within the range of
September the  meteorological (air environmental periodicities. Free-running
humidity) conditions were recorded as the endogenous rhythms of circatidal, circadian
main  factor  affecting sandhoppers and circalunar periodicity were
orientation. An important factor responsible demonstrated for marine coastal species
for orientation in talitrids on the Leirosa (e.g. Carcinus maengs in constant
beach was the tide, as sandhoppers werdaboratory conditions (reviewed in Naylor,
better oriented with ebbing tides than with 2010). Similarly, in mesotidal beaches, as
rising tides. According to previous findings Leirosa, mechanisms that allow a supratidal
on talitrids from Atlantic beaches (reported species to anticipate the tidal change can be
in Naylor, 2010), when the tide was ebbing of critical importance to avoid immersion,
the animals tended to follow the water that drowning or desiccation (reviewed
moved away and directed seawards to byTessmar-Raible and Raible, 2011). It is
search for food and shelter against well known that the circadian and/or
dehydration near the waterline; instead, circatidal rhythms expressed in animals
when tide was rising talitrids were more maintained under laboratory conditions
scattered, as if they tended to escape fromreflect patterns of behaviour expressed by
the advancing water to avoid being the organisms in their natural habitat
submerged and recover the supralittoral (Palmer, 2000; Naylor, 2010). Here, we
zone. The multiple regression analysis of investigated the endogenous locomotor
orientation distributions emphasised the activity of Talitrus saltator from a
importance of tidal influence on the mesotidal beach in the eastern Atlantic
precision of sandhoppers orientation in this coast with an artificial foredune. The
mesotidal beach. Our results agree with the periodogram analysis showed a clear
studies performed on other Atlantic sandy endogenous rhythm inTalitrus saltator
beaches in Brittany (France), where talitrids close to 24 h (24 h 15’ + 6’) throughout the
also relied on tidal cycles (Gambineri et al., registration period of 21 days and a second
2008;Rossano et al., 2009). In general, our bimodal activity peak near 12h (12h 8’ +
results confirm older findings, throwing 7’), which appeared just before the high tide
new light on the ecological meaning of hours. The high tide and night-time patterns
sandhoppers orientation and the conditions of activity clearly suggest thafalitrus

in which a learning of direction finding may saltator population from Leirosa possesses
occur in nature (Scapini, 1997, 2006). From both circadian and circatidal biological
these results we infer that dunes clocks. The circadian pattern of this species
stabilization, despite the changes in the is a trend basically similar to that reported
landscape, favours a high precision of in earlier studies for Mediterranean and
orientation towards a safe zone, which Atlantic populations (Bregazzi and Naylor,
suggests a local behavioural adaptation in 1972; Nardi et al., 2003; Scapini et al.,
the short time, as Fanini et al. (2007) 2005b; Nasri Ammar and Morgan, 2006;
proposed regarding nourishment processesRossano et al., 2008, 2009). Williams
on Mediterranean beaches. The inhabitants(1983), in the Isle of Man (UK) analysed
of coastal habitats are exposed to severalthe endogenous rhythms in the amphipods
environmental cycles, such as the light-dark Talitrus saltator, Deshayesorchestia
cycle, the ebb and flow of tidal waters and deshayesi and Orchestia gammarellys
the alternation of seasons (Palmer, 2000;revealing that endogenous rhythms
Naylor, 2010). These cyclic environmental displayed a nocturnal circadian pattern,
variations result in the need for selection of with no clear evidence of any circatidal
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influence. On the other hand, Craig (1973) talitrids tended to rapidly disperse to
for the Californian talitrid Orchestoidea  different directions, likely to avoid the risk
corniculatg and other authors for Atlantic of inundation by the waves. This high
sandhoppersT( saltatorandD. deshayesi  activity of sandhoppers was also in
Gambineri et al.,, 2008; Rossano et al., accordance with the rhythms observed
2009) demonstrated that the migratory during the 21 days of recording. The free-
behaviour of these species was related torunning (endogenous) activity rhythm of
tidal periodicity. On the Chilean coast, talitrids inhabiting the Leirosa beach
Jaramillo et al. (2003) showed evidence of a showed that adults become active at night,
circatidal component with circadian move about to forage near the water, and
locomotor  activity in the talitrid burrow at sunrise. We may also infer that
Orchestoidea tuberculataln our study, they emerge during the day to move on the
Talitrus saltator showed a tidal rhythm surface of the beach at the high tide to
component in the locomotor activity, a avoid being submersed by waves on this
pattern also found on the Atlantic French exposed beach, a pattern also found in the
coast (Rossano et al., 2009). In our case, theFrench Atlantic coast (Fallaci et al., 1999).
tidally rhythmic behaviour persisted for the We emphasise that such natural pattern of
whole recording session (21 days) under behaviour was described after the
constant conditions. It was assumed that thegeomorphological alterations suffered by
biological clock that governs tide- the Leirosa beach. In talitrids, behavioural
associated intertidal organisms’ rhythms variation is expected to be the first reaction
has a period of approximately 12.4 h, an to environmental changes, thus suggesting a
interval that reflects the period of the ebb stabilization of the beach environment
and flow of the tide (Palmer, 2000). Our under study. The actual stabilization of the
results confirm a similar trend. Although foredune in the Leirosa beach, as a result of
more than 90% amphipods survived at the a decade of engineering actions, has
end of the recording sessions, only 26% induced stable orientation behaviour and
showed a clear bimodal rhythm, likely due clear endogenous rhythms ofalitrus

to the stress of being in laboratory under saltator. A continuous stabilization process
constant  conditions. Palmer (2000) is under way in this beach and this baseline
hypothesized that the lack of evidence of information may be important for future
circatidal endogenous rhythmicity in crabs management and monitoring programs.
may be a result of the breakdown of internal Our results reinforce the conclusions made
coupling processes between the circadianby Scapini and Ottaviano (2010), who
and tidal clocks causing the missing peaks proposedTalitrus saltator behaviour as a
or slitting rhythms. We agree with Palmer bioassay to assess the conditions acting on
(2000), who poses the question of the beaches, in particular physical constrains.
absence of particular stimuli in the We encourage researchers to take into
laboratory, typical of a particular shoreline, account the behavioural traits of these key
such as wave action, making the tidal species in such environments when dealing
rhythm difficult to persist and not easily with monitoring programmes and policy
detectable during the recording sessions. Instrategies.

our case, all animals that displayed bimodal
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ABSTRACT

In the last decades the increasing urban developrmoencoastal areas have produced
extensive modifications on shores all over the diomaking critical the active management
of pressures on sandy beaches. The use of engigessiutions to counteract beach erosion
has been significantly increasing; the ecologicallidgators used to monitor these
interventions generally focus on short- and mediam effects, while little is known on
their effectiveness on long-term temporal scald® Tollowing ecological indicators have
been tested in the present study: (a) macrofawmahwnity abundance and diversity and (b)
orientation behaviour ofalitrus saltator a talitrid amphipod widespread on Mediterranean
and European Atlantic sandy beaches. Two sites w@neidered on a sandy beach of the
Portuguese Atlantic coast, one located in frora afitural dune and the other at about 500 m
of distance, where the dune had been rebuilt bet 2060 and 2008 using geotextile tubes.
In 2011 and 2012, macrofauna sampling and ori@mtagixperiments oif. saltator were
performed at both sites in spring and autumn; copteaneously the main environmental
variables were registered. Macrofaunal data wegdyaed through multivariate statistical
tests, and for the orientation distributions thecuar statistics were calculated and
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multivariate analyses for angular data were peréatnGeotextiles appeared to be successful
in stabilising the recovered dunes; accordinglg, diversity of the macrofaunal communities
and the orientation performances Tof saltator showed no differences between the altered
and control sites. Significant reductions were mihedess observed in the artificial-dune site
regarding the abundance ©f saltatorand, to a lesser extent, macrofaunal densitikslyli
ascribable to the presence of geotextiles instdad wegetated natural dune, preventing
invertebrates to burrow into the sand. These resatimplementing a more comprehensive
study on these two sites, indicate the abundande sdltatoras the best indicator to follow
long-term effects of this kind of soft-engineerimgervention. The use of this bioindicator
may be recommended for the late phases of monijtoprocedures in dune-recovery
processes.

1. Introduction the effects of interventions on local
communities should be always considered
Sandy beaches are among the mostwhen planning management, conservation,
important  environments for human or restoration strategies. The use of
activities (Schlacher et al., 2008), being geosynthetic containers was initiated more
intensively exploited especially in the last than 50 years ago in the USA, The
two centuries (Nordstrom, 2000). In the Netherlands and Germany (Saathoff et al.,
coming decades about three quarter of the2007), and has become increasingly
world’s population will live within 60 km  popular. Although this intervention impedes
of the shoreline (Povh, 2000) intensifying the natural morphodynamics of the coast y
human pressures both as direct and indirectpreventing erosion, so that a static shoreline
impacts. Sandy beaches will be squeezedmay develop, geosynthetic containers are
between rising sea level and coastal erosionconsidered a soft solution because, if an
on the marine side and expanding human unforeseen environmental impact ensues,
populations and development on the they can easily be sliced open and removed,
landward side (Schlacher et al., 2008; van spilling sand back onto the beach (Corbella
der Weide et al., 2001). To slow down this and Stretch, 2012). Moreover, the use of
trend, an active management has becomegeotextile tubes to create artificial dunes
necessary for most coastal zones. Currently,reduces costs, time and environmental
managers involved in coastal defence tenddamage, with the advantage of being
to focus on physical and geomorphological adaptable to the morphology of the dune
features (James, 2000; Micallef and system and using locally available sand
Williams, 2002), despite more and more (Oumeraci et al., 2003; Stokes et al., 2012).
evidences have been accumulated ofRecent examples of successful application
ecological change in beach ecosystems dueof geotextile tubes come from the coastal
to human interventions (Brown and zones of USA (Harris and Sample, 2009),
McLachlan, 2002; Defeo et al., 2009; Australia (Jackson et al., 2004) and the
Dugan et al.,, 2010; Jones et al., 2007; Republic of Korea (Shin and Oh, 2007),
Schlacher et al., 2007, 2008). Sandy where positive outcomes were obtained in
beaches are dynamic habitats, with terms of coastal protection. However, very
specialised living communities structured little is known on the effects of dune
mainly by physical forces (Defeo and recovery with geotextiies on biotic
McLachlan, 2005; McLachlan and Brown, communities, if compared to the several
2006). A deep knowledge of biotic studies on the ecological impacts of both
responses to modifications of the physical beach nourishments (reviewed in Goldberg,
environment is therefore a critical step, and 1988; Peterson et al., 2006; Speybroeck et
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al., 2006) and hard-engineering diversity and the structure of the
interventions (Bertasi et al., 2007; Dugan et macrofaunal community are considered
al., 2008; Martin et al., 2005; Sobocinski, representative bioindicators of impacts on
2003). Negative nourishing effects were sandy beaches (Fanini et al., 2009; Lercari
observed at the population, community and and Defeo, 2003; Peterson et al., 2000;
ecosystem levels on all the biotic Schoeman et al, 2000). Intertidal
components (Bishop et al., 2006; Fanini et invertebrates are at the basis of the food
al., 2009; Speybroeck et al., 2006). chain (Audisio, 2002; McLachlan and
Generally, if the interventions were Brown, 2006), thus representing a key-
carefully planned, they may represent short- component of the beach ecosystem.
term, pulse disturbance (Peterson et al., Arthropods in particular, well adapted to
2006) and a rapid ecological recovery may harsh climatic conditions and involved in
occur after few months, as sandy-beach the processing of nutrients from both sea
species are adapted to severe physicaland land, have been recognised as reliable
disturbances (Hall, 1994). On the other bioindicators of ecosystem stability and
side, hard-engineering interventions often recommended for use in conservation
promote erosion by the development of rip planning of sandy beaches (Colombini et
currents (Hsu et al., 2007; Martin et al., al., 2003; Finnamore, 1996; Mattoni et al.,
2005; Phillips and Jones, 2005), altering the 2000). However, a relatively little attention
hydrodynamic regimes of the coastal zone, was given to the longterm effects of human-
which in turn drive the composition of induced disturbances on the macrofaunal
benthic macrofaunal assemblages (Defeocommunity structure of beaches (Bessa et
and McLachlan, 2005; McLachlan and al.,, 2013a; Lercari and Defeo, 2003;
Brown, 2006). Substantial changes to the Schoeman et al., 2000). Another potential
system ecology were generally observed indicator of shoreline changes is the
after these interventions (Brown and behaviour of the invertebrates dwelling
McLachlan, 2002; Chapman and Bulleri, sandy beaches, which may represent a first
2003; James, 2000; Speybroeck et al.,response to changes in their life-
2006). Frequently, as eroding beaches tendenvironment. Almost all beach arthropods
to become narrower, the reduced habitat display common adaptive behaviours, such
disposability directly impacts diversity and as digging attitudes, rhythmic activity
abundance of biota in the upper intertidal patterns, and orientation abilities to quickly
zone, with consequences at all the trophic recover the safest zone on the littoral
levels, thus engendering long-term (Audisio, 2002; Schlacher et al., 2008).
ecological effects on the whole community Several behavioural studies were carried
(Bertasi et al.,, 2007; Dugan et al., 2008; out on the sandhoppédralitrus saltator a
Martin et al., 2005; Sobocinski, 2003). To widespread talitrid amphipod that often
monitor the effects of dune-recovery using dominates (in term of abundance) sandy
geotextiles, managers need effective beach communities at temperate northern
ecological indicators. Furthermore, being latitudes on Mediterranean and Atlantic
the ecological effects of such interventions coasts (Scapini, 2006). One of the most
relatively unknown, various indicators interesting behavioural aspects shown by
should be considered to obtain indications this and related talitrid species is zonal
fitted to different ecological compartments recovery, namely the ability to come back
or functional roles, depending on the to the intertidal beach zone after
impacts to be assessed (Dale and Beyelerspontaneous or accidental displacements,
2001; Niemerijer and de Groot, 2008; Pinto searching for the right moisture conditions
et al.,, 2009; Salas et al., 2006). The to burrow into avoiding dehydration risk
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(Pardi and Ercolini, 1986). The correct highlight eventual impacts ascribable to the
orientation is ensured by a redundancy of intervention: (a) a control site, where no
mechanisms, both heritable (sun-compass,relevant alterations have been observed
beach slope) and learned (landscapeover the last two decades and (b) a site in
features, reviewed by Scapini, 2006); front of the artificial dune. We aimed to
orientation can also be modified according assess which long-term impacts are
to the immediate climatic and ecological susceptible of being detected by the
beach characteristics, adapting to an selected indicators, assuming that three
increasing risk of dehydration or years represent a reasonably long temporal
submersion. Populations off. saltator range in very dynamic and changeable
exhibit a higher seaward concentration on environments such as sandy beaches
beaches that are stable in time and result(Dugan et al., 2008; Martin et al., 2005;
more scattered if changes frequently occur McLachlan and Brown, 2006; Sobocinski,
(Borgioli et al., 1999a; ElGtari et al., 2000; 2003). This study represented an extension
Scapini et al., 1995). For this reason talitrid of two previous studies in the same sites;
sun orientation was proposed as anthe first one analysed the macrofaunal
indicator of human-impact on shoreline community features to detect eventual
stability (Fanini et al., 2007; Scapini et al., effects of the dune-recovery intervention
2005). Since the species’ life-span in the (Bessa et al.,, 2013a), while the second
Mediterranean area ranges from 6 to 9 represented a first assessment of
months (Marques et al., 2003), orientation behavioural adaptations ih. saltator sub-

is expected to reflect the response to quite populations on the same rehabilitated sandy
recent changes, while little is known about shore (Bessa et al., 2013b). Here the same
the effects on the populations’ orientation features were studied in parallel and the two
over longer periods. sites were compared, to assess whether and
In this paper, the diversity and abundance which bioindicator may be proposed for
of the macrofaunal community and the long-term monitoring of dune recovery with
orientation behaviour off. saltator were geotextiles.

analysed on a sandy beach, where a dune-

recovery intervention was carried out three 2. Materials and methods

years before. Two sites were defined,

having the same physical conditions, to 2.1. The study-site
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Fig. 1. (a) Study
site: location of the
Leirosa beach on
the Portuguese coast
(40°02'57.33"N,
08°53'35.01"W);
photo credits for the
image on the right:

Google Earth,
Version 6, accessed
January 2012,

adapted from Bessa
et al. (2013b). (b)
The experimental
sites: pO = shore in
front of the natural

dune, pl = shore in
front of the

reconstructed dune,
where the geotextile
tubes are  well

visible (photo by

D.H. Nourisson).

En
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The Leirosa beach (40°02'57.33”"N, Reis et al., 2008). Additional works were
08°53'35.01"W) is located to the south of thus carried out to rehabilitate the sand
Figueira da Foz, midway along the dune system, the last of which in 2008, with
Portuguese Atlantic coast (Fig. 1a). The the installation of geotextile prefabricated
beach is mesotidal with semidiurnal tides, tubes filled with locally available sand and
and waves frequently reach amplitudes of water. Although the structure as a whole
about 3 m. The well-developed sand dune has endured, strong erosion effects were
system is about 10 km long, and protects still visible in Leirosa (Antunes do Carmo
two cellulose pulp and paper factories et al., 2010) and the tubes today are
located behind it. In 1995 a submarine completely exposed, showing signs of
pipeline was built to discharge the industrial geotextile disruption (Fig. 1b). The two
effluents, damaging the continuity of the beach points chosen to assess the effects of
dune system due to the use of heavythe reconstruction were called pO (control
machinery. After this intervention the dune site, in front of the natural dune) and p1 (the
was rebuilt (March 2000), but in the impacted site, in front of the artificial
following years a considerable erosion dune), at about 500 m to the south (Fig. 1c).
affected the whole coastline south of In 2011 and 2012, sampling of macrofauna
Figueira da Foz, due to important changes and orientation experiments dn saltator
engendered by the various human was performed at the two sites, in spring
interventions in the surroundings on the and autumn. To characterise the
shore sedimentary dynamics (Antunes do environmental features we registered,
Carmo et al., 2010; Duarte and Reis, 1992; during the ebbing tides, beach slope and
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width, the extension of the intertidal zone, sieved through 1 mm mesh bags in the
sand temperature, water salinity, wave swash and the samples were fixed in situ
height and period. During the orientation with 5% formalin, to separate and identify
experiments we also recorded air the collected animals in the laboratory. To
temperature, air humidity, sky cover determine sediment characteristics,
(assessed on a conventional scale from O/8triplicate sediment cores (2.5 cm diameter,
to 8/8) and solar radiation because of their 30 cm deep) were also taken at each
possible effects on the orientation @f sampling level and kept in airtight plastic
saltator. The sky cover directly influences bags to analyse them in the laboratory.
the solar visibility, thus allowing or There sand granulometry was determined
preventing the use of the sun compass,using the Wentworth scale (Brown and
while the solar radiation includes also MclLachlan, 1990), together with organic
information about climatic conditions, in matter in the sediment and moisture
particular increasing the dehydration risk of content, according to the procedures
amphipods during the tests. The sun described in Marques et al. (2003) and
azimuth was estimated from the Gonc, alves et al. (2009), using the
geographical coordinates of the site and the GRADISTAT 8 software (Blott and Pye,

time of the day of each orientation test. The 2001).

shoreline direction was also registered, rom

which the TED (Theoretical Escape 2.3. Orientation experiments on T. saltator

Directions seawards) for sandhopper Orientation experiments were performed
orientation was calculated, i.e. the simultaneously at pO and p1, in May and

perpendicular to the seashore. October 2011 and in June and October
2012. Adult amphipods were removed from
2.2. Macrofauna sampling the sand in the morning of the experiments

Macrofaunal communities were sampled and were tested in two experimental arenas
during low neap tides, simultaneously at pO (40 cm of diameter) having 72 pitfall traps
and pl, in May and October 2011 and in of 5° each at their rim, placed horizontally
June and October 2012. Samples wereat one metre height (Scapini et al., 2005). A
taken at regular intervals along two shore- transparent cylindrical screen covered each
normal transects extending from the swash arena device and a white cardboard (10 cm
zone around the low tidewater mark to the height) was applied around it at alternate
base of the foredune; ten equidistant releases of 10 animals, to have one release
sampling levels were considered acrosswith the landscape vision allowed and the
each transect. The mean high water neapfollowing one with only the sky visible.
tide mark was used as a reference point toAbout 80 individuals (4 releases of 10
define the supralittoral and the intertidal animals with the landscape view and 4 with
zones. Five sampling levels were screened landscape) were tested in the
considered in the supralittoral zone of the morning (from 9:00 to 11:00, solar time)
beach and five in the intertidal one, and 80 in the afternoon (from 15:00 to
adjusting the intervals between levels as 17:00, solar time). After having registered
necessary through the year. This sampling the angles of orientation to the North of the
procedure was able to account for trapped individuals, these were individually
differences in the spatial distribution of stored in alcohol 75% for later observations
macrofauna throughout the year (Gongalves and measurements. In the laboratory, the
and Marques, 2011). For each level and sex (males, females and juveniles of a
each transect, three cores (inner diameter 259ength < 5 mm, having no visible external
cm, 30 cm deep) were taken. The sand wassex characteristics) and the reproductive
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status (ovigerous, mature and immature distributions was carried out and the
females) were determined for each following statistics were calculated: the
individual. The cephalic length and counted mean angle, the mean resultant length (r)
the number of right antenna articles of each and the 95% confidence intervals of the
individual as proxies of age were also mean direction (Fisher, 1993). The
measured (Marques et al., 2003; Williams, Rayleigh test for uniformity was applied to

1983). the circular distributions, based on the
length of the mean vectors to test the
2.4. Data analysis concentration of the individual directions

To assess the effects of the artificial dune around the mean (Batschelet, 1981). The
on the beach features a Principal density curves, smoothed with the kernel
Component Analysis (PCA) was performed method, were estimated and double plotted
using an Euclidean distance resemblanceon Cartesian graphs, to better show the
matrix from normalised data of the peaks of the distributions. Multiple
following variables: water salinity, beach regression analyses adapted to circular data
width and slope, wave height and period, (SPLM, Spherically Projected Linear
sediment organic matter contents, sedimentModels) were applied, with the angles of
moisture and temperature. Univariate biotic orientation as dependent variables and
metrics (total faunal density, species environmental and intrinsic variables as
richness, Shannon-Wiener diversity index) independent ones (Marchetti and Scapini,
and the abundance of most abundant2003; Scapini et al., 2002). The best
species were compared for p0 and pl models, having the maximum likelihood
through a series of Permutational Analyses with the least number of parameters, were
of Variance, PERMANOVA (Anderson et chosen using the AIC (Akaike Information
al., 2008), after converting them in Criterion). The significance of each
Euclidean distance similarity matrices. The influencing factor was tested through the
design included three fixed factors: (A) site Likelihood Ratio Test (LRT), by comparing
(natural vs. artificial dune), (B) beach zone the best model with the nested ones without
(supralittoral vs. intertidal) and (C) time the tested variable.

(May 2011, October 2011, June 2012,

October 2012). Multivariate differences in 3. Results

assemblage structure between p0 and pl

were tested through PERMANOVA tests, 3.1. Environmental features

with the same three factors design used forThe mean values of the environmental
the univariate metrics. When interactions variables during the macrofauna sampling
between factors resulted significant, are given in Table 1. The beach slopes and
pairwise comparisons (Anderson et al., widths were measured separately at pO and
2008) were also made. The abundance datgpl, as the erosion effects were different at
were fourth-root transformed and converted the two sites, producing higher slopes and
on a Bray—Curtis resemblance function. smaller widths in the control site with
Both the global analysis and the pairwise respect to the reconstructed one. Leirosa
comparisons were based on 9999 beach had medium sand grains, according
permutations. All the statistics on to the Wentworth scale, and organic
macrofaunal assemblages were made usingcontents of about 36% in the intertidal zone
the software Primer 6 with the Permanova+ and 17% in the supralittoral one. Moisture
add on (http://www.primer-e.com). about ten times higher in the intertidal
Regarding the orientation data of. zone's sediment than in the supralittoral
saltator, the analysis of circular one, while the sand temperature was
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Table 1. The main beach environmental variables,
from measures obtained durinthe macrofaunal
communities samplings (2011-2012). Values are
indicated asmean + SE and, when adequate, range
(min—max).

Variables Leirosa beach
p0 pl
Beach slope 12.9+1.8 9.8+0.8
(12.0-13.7) (7.2-12.0)
Beach width (m) 69.8+3.7 438+1.3
(60.0 — 76.0) (40.0-
46.0)

Sediment
granulometry (mm)
Shoreline direction
(°)

Seawards direction
(°)

Organic matter -
intertidal (%)
Organic matter -
supralittoral (%)
Sediment moisture
- intertidal (%)
Sediment moisture
— supralittoral (%)

Medium sand (0.25 — 0.50)
220+0
310+0
35.8+8.5(29.6-42.1)
16.8 +1.6 (16.7 - 17.0)
12.3+3.6(8.7-15.9)

1.3+0.6 (0.6-1.9)

height and water salinity. During the
orientation experiments onl. saltator
(Table 2), the air temperature ranged from
18.2°C in October 2012 to 35.5°C in May
2011, the relative humidity ranged,
conversely, from 26.7% in May 2011 to
100% in October 2012, when a storm
interrupted the orientation experiments
before the end of the experimental session.
In October 2012 the solar radiation assumed
the minimum value observed, of 10.1 Ix,
while it reached 133.4 Ix in June 2012. In
half of the observations, there were not
clouds in the sky, but a minor percentage of
sandhoppers was also tested with a sky
cloudiness reaching 6/8 (in the conventional
scale from 0 to 8/8) in October 2012.

Table 2. Environmental variables registered during the
orientation experiments ofalitrus saltator in the
experimental period (2011-2012)Sky cloudiness
percentages are referred to the ratio number of
observations under each condition/ total of
observationsValues are indicated as mean + SE -

Sediment 14.5+1.3 (12.0-18.0) range (min — max).

temperature - Variables Leirosa beach
intertidal (°C) Air temperature (°C) 23.9+0.1(18.2-35.5)
Sediment 23.8+2.7(21.0-28.0) Air relative humidity (%)  70.6 + 0.6 (26.7 — 100.0)
temperature - Solar radiation (lux) 74.6£1.2(10.1-133.4)

supralittoral (°C)
Water salinity
(PSU)

Wave height (m)
Wave period (s)

0/8=48; 1/8=23; 2/8=2;
4/8=10; 5/8=6; 6/8=11

Sky cloudiness (% of

35.5+0.2 (35.0- 36.0) observations)

2.2+0.3(1.0-3.1)

9.3£0.5 (8.0 -10.0) 3.2. Macrofaunal communities

A total of 739 individuals of 8 species were

almost ten degrees lower in the intertidal counted in the samples collected for this
zone with respect to the supralittoral one Study. Six species were crustaceans, one
(Table 1). The data on sand granulometry, Was an insect and one was a polychaete.
wave period and height and intertidal width Numerically, crustaceans represented the
allow to C|assify Leirosa as an exposed 99% of all individuals, and among these 5%
beach (exposure rate: 15), according to theWere amphipods, 30% were isopods and 5%
McLachlan’s (1980) rating scheme. The Wwere mysids. The most abundant species
PCA analysis indicated that five factors Was T. saltator (42%), followed byTylos
were responsible for the 95.2% of the total europaeug20%),Talorchestia brito(12%),
variance observed between p0 and p1, with Haustorius arenariug(11%) andEurydice

the first principa| Component PC1 pulchra (10%) PERMANOVA tests on the
(accounting for the 39.8% of the variance) univariate descriptors (Table 2) showed
mainly influenced by the sediment features significant differences between the beach
(moisture, temperature and organic matter zones and the sampling time (month)
contents) and the second principal concerning several univariate metrics, but

component PC2 (18.3%) linked to wave between the natural and the artificial dune
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sites only the abundance daf. saltator

7.63, P (perm) = 0.007, Table 3, Fig. 2a).
resulted to be significantly different when Due to the significance of the interaction
considering the whole beach (Pseudo F =Site X Zone for both the abundance

Table 3. Summary of one-way PERMANOVA comparing univariadescriptors at the natural (p0) and
reconstructed site (pl) at each of the two shoregdsupralittoral vs. intertidal) and during falifferent times
(M11 = May 2011, O11 = October 2011, J12 = June228id O12 = October 2012jf residual = 64, total = 79.

Bold values: significant results.

Source A: Site B: Zone C: Time (M11, AXB AXC BXC
(p0 vs.p1) (sup. vs. 011,J12,012)
intert.)

df 1 1 3 1 3 3
Total density MS 208.83 948.82 779.04 1564.2 723.17 387.62
(ind. m?) Pseudo F 0.78 3.56 2.93 5.87 2.72 1.46

P (perm) 0.389 0.063 0.040 0.016 0.049 0.241
Species richness MS 0.01 5.51 13.08 1.01 3.45 241
(S per sample) Pseudo F 0.01 4.30 10.21 0.79 2.69 1.88

P (perm) 0.918 0.043 <0.001 0.372 0.053 0.138
Species diversity MS 0.004 1.50 5.94 0.03 0.88 1.60
(Shannon-Wiener  Pseudo F 0.01 2.01 7.94 0.05 1.17 2.13
index) P (perm) 0.94 0.161 <0.001 0.830 0.329 0.100
Abundance MS 5.49 17.60 1.19 2.98 0.55 0.51
Talitrus saltator Pseudo F 7.63 24.46 1.65 4.14 0.76 0.70
(ind. per sample) P (perm) 0.007 <0.001 0.184 0.044 0.526 0.570
Abundance MS 6.05 14.45 14.9 5 1.88 5.02
Talorchestia brito  Pseudo F 1.53 3.65 3.77 1.26 0.48 1.27
(ind. per sample) P (perm) 0.224 0.052 0.013 0.264 0.712 0.30
Abundance MS 14.45 217.8 9.48 16.2 53.68 9.43
Tylos europaeus Pseudo F 1.24 18.74 0.82 1.39 4.62 0.81
(ind. per sample) P (perm) 0.284 <0.001 0.520 0.261 0.003 0.517

of T. saltatorand faunal density (Table 2),

concerning the interaction Site X Time

pairwise PERMANOVA tests were carried
out a posteriori, highlighting that both
dependent variables were significantly
lower in the supralittoral zone of p0 and p1,
which is consistent with the strongest
impact of the dune-recovery intervention in
the latter sector of the beach (Fig. 2b and c). period.
Other significant differences were found

(Table 3), but the pairwise comparisons
showed that no regular trends can be
inferred, as some descriptors significantly
differed between p0 and pl in only one of
the four sampling times, and the pattern was
not the same for the whole experimental
The PERMANOVA analysis

Table 4 Summary of three-way PERMANOVA comparing macrofauassemblages at the natural (pO) and
reconstructed site (p1) in each beach zone ammbiatimes (M11 = May 2011, O11 = October 2011, 31ine 2012
and O12 = October 2012). Data fourth-root transtmnBold values = significant results.

Source df MS Pseudo F P (perm) Unique
permutations

A: Site (pO vs. p1) 1 2157.1 2.62 0.06 9957

B: Zone (supralittoral vs. intertidal) 1 21403 26.03 <0.001 9961

C: Time (M11, 011, J12, 012) 3 5310.1 6.46 <0.001 9935

AXB 1 1008.0 1.23 0.322 9969

AXC 3 1606.8 1.95 0.050 9932

BXC 3 1621.6 1.97 0.047 9946

Residual 64 822.3

Total 79
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analysis (Table 4) confirmed the differences betwee the beach zones and
the times of the sampling, while between immature females, juveniles, adults = Chi-
the two sites no significant differences were square test P-values > 0.05). In the whole
found. A pairwise test carried out a experimental period the seawards direction,
posteriori on the interaction Site X Time representing the theoretical escape direction
showed that a significant difference in the for the sun orientation of. saltator was at
community of the two sites existed in May 310° to the North, in both sites and the
2011 (t = 1.98, P (perm) = 0.017, unique observed directions were generally quite
perms. = 9968) and October 2011 (t = 2.94, adherent to the TED (Table 6). The highest
P (perm) = 0.002, unique perms. = 9964), deviations were observed when the
but not in the samples of 2012, when the individuals were tested with the landscape
two sites showed more similar screened off, when they also showed the
communities. lowest concentrations around the mean. The
Rayleigh tests indicated that all
3.3. Orientation experiments on T. saltator distributions  obtained  with  visible
For the orientation experiments a total of landscape were highly significant, while the
1090 individuals ofT. saltatorwere tested, distribution observed in October 2012 at p0
of which 291 in May 2011, 272 in October without the landscape cues resulted
2011, 284 in June 2012 and 243 in October scattered (Rayleigh test: P-values > 0.05).
2012. The main population characteristics’ The circular distributions obtained at p0O and
summaries for p0 and pl are reported in pl with visible landscape (Fig. 3) showed
Table 5. At both sites the individuals had the main differences between the two sites
highest numbers of antennal articles in in October, both 2011 and 2012, while in
October 2012, while the cephalon lengths May 2011 and June 2012 the experimental
were shortest in June 2012 both at pO andresults at the two sites were very similar.
pl. The sex ratios were generally in favour On the other side, when tested without
of males, the immature females were landscape (Fig. 4) sandhoppers were
always much more abundant than the orientated in a similar direction in October
mature ones, and the same was observed fo2011 and June 2012, when they were quite
the adults with respect to the juveniles. No well seawards directed, while in May 2011
significant differences appeared between pOand October 2012 differences were
and pl (antennal articles and cephalon observed between the two sites, with mean
lengths = Wilcoxon rank sum test; vectors directed longshore or dune-wards.
frequencies of males, females, mature, The SPLM analyses highlighted the effects

Op0 Epl

intertidal supralittoral intertidal supralittoral
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Fig. 2. Differences between sites: (a) total abundandgatifrus saltator (b) abundance dF. saltatorin each beach
zone; (c) faunal density in each beach zone. Medues (£SE). Significance values: PERMANOVA testsaibed
in Table 2 and in the text: ***P < 0.001; **P < Q0*P < 0.05.
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on the orientation distributions of the In our study, the geomorphological
following variables and factors: site (pO, measurements seem to confirm that the
pl), year (2011, 2012), month (May, June, intervention lowered the effects of the sea
October), season (spring, autumn), tide erosion, as in the reconstructed site pl the
(ebbing, rising), landscape Vvisibility beach was flatter than in the control site, pO
(visible, not visible), time of the day, sun (Table 1). Nevertheless, a specific study
azimuth, cloudiness (from 0/8 to 8/8), should be required (Mendonca et al., 2012),
global insulation, air temperature, air to assess the erosive rates at both the sites,
humidity, sex and reproductive status, in order to exactly evaluate whether the
number of antennal articles and cephalon observed differences are ascribable to the
length of the individuals. Starting from a dune-recovery intervention. In other words,
simple additive model, we also developed pl became a more dissipative beach with
alternative models including interactions of respect to pO that showed a more reflective
the most significant factors with all the typology (McLachlan and Brown, 2006).
other parameters. The best model chosenThis change is likely to have engendered
according to the AIC, showed a significant variations also in the biotic assemblage
interaction of the landscape with the other structure that is driven mainly by physical
factors, as follows: forces. However, the  macrofaunal
Orientation ~ landscape visibility***  community showed a quite undiversified
(month*** + sun azimuth*** + solar species composition, as it is the rule for
time*** + cloudiness***) + air humidity** exposed mesotidal beaches (Brazeiro, 2001;
+ air temperature* + tide Defeo and McLachlan, 2005); crustaceans
(Likelihood = 3465.6524, AIC = were the most abundant, afid saltator
3525.6524, degrees of freedom = 1060; *p represented the dominant species during the
< 0.05; *p < 0.01; **p < 0.001). Factors whole experimental period. Looking at the
without *(p > 0.05), although not univariate macrofaunal descriptors, only the
significant, were retained as they improved abundance of T. saltator showed a
the AIC of the model; the factors not significant reduction from the natural- dune
included in the interaction acted in the same site to the reconstructed one considering the
way on the orientation behaviour whole shore-normal transects(Table 3, Fig.
independently from the landscape visibility. 2a). This result is in accordance with the
findings obtained by Bessa et al. (2013a) on
4. Discussion this same beach in 2010-2011,

Table 4. Summary of three-way PERMANOVA comparing macrofduassemblages at the natural (p0) and
reconstructed site (p1) in each one of the two bhemmnes (supralittoral vs. intertidal) and at fdlifferent times
(M11 = May 2011, O11 = October 2011, J12 = June22¥id O12 = October 2012). Data fourth-root tramséal.
Bold values = significant results.

Source df ms Pseudo F P (perm) Unique
permutations

A: Site (pO vs. p1) 1 2157.1 2.62 0.06 9957

B: Zone (supralittoral vs. intertidal) 1 21403 26.03 <0.001 9961

C: Time (M11, 011, J12, 012) 3 5310.1 6.46 <0.001 9935

AXB 1 1008.0 1.23 0.322 9969

AXC 3 1606.8 1.95 0.050 9932

BXC 3 1621.6 1.97 0.047 9946

Residual 64 822.3

Total 79
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Table 5. Talitrus saltator population relative to the samples
used in the orientation experiments at p0 and p1.

po pl
Antennal articles
mean * SE 22.7+0.5 20.5+0.5
range (min —max) (10-38) (6—35)
May Ceph. length (mm)
2011 mean * SE 1.13+£0.03 1.24 £0.04
range (min — max) (0.37 - 2.05) (0.44-2.11)
Sex ratio m/f 49/94 =0.20 12/109 =0.11
Fem mat/immat 22/76 3/106
Juveniles/adults 0/143 27/121
Antennal articles
mean * SE 22.26 £0.37 20.60 £4.33
range (min — max) (11-38) (11-38)
Oct. Ceph. length (mm)
2011 mean * SE 1.28 £0.02 1.18 £0.03
range (min — max) (0.56 —2.11) (0.67 —2.44)
Sex ratio m/f 46/107 = 41/76 =0.54
0.43
Fem mat/immat 2/105 3/73
Juveniles/adults 2/153 0/117
Antennal articles
mean * SE 21.01+0.42 21.81+0.49
range (min — max) (12-33) (14 -35)
June Ceph. length (mm)
2012 mean * SE 0.93+0.02 0.95+0.03
range (min — max) (0.52 -1.48) (0.44 - 1.68)
Sex ratio m/f 55/87 =0.63 69/66 = 1.05
Fem mat/immat 9/78 4/62
Juveniles/adults 4/142 2/135
Antennal articles
mean * SE 25.98 £0.39 25.62+0.44
range (min — max) (15-36) (16 — 40)
Oct. Ceph. length (mm)
2012 mean * SE 1.26 £0.02 1.21+0.02
range (min —max) (0.61—2.00) (0.72 - 1.89)
Sex ratio m/f 65/62 = 1.05 54/63 =0.86
Fem mat/immat 0/61 0/63
Juveniles/adults 0/126 0/117
difference between the control and

artificial-dune sites resulted to be concentratedpeculative, as
in the supralittoral sector (Fig. 2b), where alsyariations

coverage sand was removed by the sea
and wind that left a sandy layer too thin
for animals burrowing into. It is
noteworthy that, on the contrary, faunal
density was higher, though not
significantly, in the intertidal zone of the
artificial dune site compared to the
control one (Fig. 2¢). The conditions at p1
after the soft-engineering intervention
seem to favour in some way the intertidal
species, which is an opposite finding with
respect to what was observed for the hard-
engineering solutions (Bertasi et al., 2007;
Dugan et al.,, 2008; Martin et al., 2005;
Sobocinski, 2003). Such differences
between the two main beach zones are in
agreement with the results of the PCA,
indicating that the most influencing
environmental variables were those linked
to the sediment features that distinguish

the intertidal beach zone from the
supralittoral one (Table 1). At the
assemblage level no separation was

produced between the samples from pO
and pl. |In fact, the pairwise
PERMANOVA tests on the interaction
Site X Time highlighted that the
composition at the two sites was different
in May 2011 and October 2011, but not in
the following year (2012). It is possible
that the effects of the dune reconstruction
were still visible in2011 and had totally

thevanished in 2012, but this explanation is

seasonal/random

may also explain these

the faunal density was smaller at pl wittflifferences.
respect to pO (Fig. 2c). This is likely ascribable

to the geotextiles emergence, as most of the
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Table 6.Summary circular statistics for the orientation @xments orT. saltatorat the two sites (pO = natural dune,
pl =artificial dune) for the period of the studp{2-2012). TED = theoretical escape direction, @rdicular to the
shoreline direction. TED and observed directioregrdes (°) to the North. SE: confidence intervaltfee mean
direction,a = 0.05.

Landscape Site
p0 pl
May visible TED (°) 310 310
2011 Observed direction # SE (°) 289.80 + 16.01 296.40 + 13.34
Mean vector length (r) 0.53 0.60
Sample size (N) 71 71
Rayleigh test for randomness p <0.001 p <0.001
not visible TED (°) 310 310
Observed direction * SE (°) 57.85 + 46.06 80.52 +43.73
Mean vector length (r) 0.21 0.22
Sample size (N) 72 77
Rayleigh test for randomness p <0.001 p <0.001
Oct. visible TED (°) 310 310
2011 Observed direction # SE (%) 297.00 + 18.48 328.80 + 15.68
Mean vector length (r) 0.47 0.57
Sample size (N) 73 60
Rayleigh test for randomness p <0.001 p <0.001
not visible TED (°) 310 310
Observed direction * SE (°) 334.20+32.01 334.80+17.01
Mean vector length (r) 0.28 0.51
Sample size (N) 82 57
Rayleigh test for randomness p <0.001 p <0.001
June visible TED (°) 310 310
2012 Observed direction * SE (°) 282.60 +12.43 277.20+15.77
Mean vector length (r) 0.62 0.57
Sample size (N) 73 70
Rayleigh test for randomness p <0.001 p <0.001
not visible TED (°) 310 310
Observed direction * SE (°) 309.60 +29.71 301.30+21.81
Mean vector length (r) 0.31 0.37
Sample size (N) 73 68
Rayleigh test for randomness p<0.01 p <0.001
Oct. visible TED (°) 310 310
2012 Observed direction + SE (°) 275.70 £ 21.86 243.40 +17.30
Mean vector length (r) 0.43 0.58
Sample size (N) 66 58
Rayleigh test for randomness p <0.001 p <0.001
not visible TED (°) 310 310
Observed direction * SE (°) 124.10 + undet. 177.50 £ 23.97
Mean vector length (r) 0.07 0.41
Sample size (N) 60 59
Rayleigh test for randomness n.s. p <0.001
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Table 6.

142



Concerning the orientation performances this beach that had a well-developed dune
of T. saltator the amphipods were tested system and is in agreement with previous
under various environmental conditions findings on Mediterranean coasts (Borgioli
(Table 2) and in different life-stages, et al., 1999b; Scapini, 2006) and on the
including juveniles, males mature and same Leirosa beach (Bessa et al., 2013b),
immature females according to the expected confirming that populations from beaches
population frequencies for these latitudes with a prominent dune rely mainly on
(Marques et al., 2003). The main factor landscape visual cues, in contrast to
affecting the orientation performances populations from flat beaches, which use
resulted to be the landscape visibility (Figs. preferentially the sun compass (Hartwick,
3 and 4, Table 6), which interacted with the 1976; Scapini et al., 1992). Other highly
other variables. This result was expected on significant factors on orientation were those

p0 = natural dune p1 = artificial dune
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Fig. 4. Angular distributions obtained in the sun orieistatexperiments off. saltatorcarried out with screened
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involved in the use of the sun compass (sundesigning

azimuth, solar time, sky cloudiness) that
played its role mainly when the landscape
was not visible, and the time (month) of the
experiments. This result highlights a close
relation between the amphipods’ behaviour
and the immediate climatic conditions
(Nardi et al., 2003; Scapini et al., 2005),
and is confirmed by the significance of air
humidity and temperature and the tidal
phase. The site was not included in the
model, which actually is not surprising, as
behaviour represents the immediate
response of animals to changes in their life-
environment. Thus, orientation may be an
excellent early warning indicator, but it is
not suitable to highlight long-term effects.

long-term monitoring studies
when planning interventions on beaches,
especially regarding the impacts of
relatively recently introduced

methodologies (as it is the case for the
geotextile containers), which can modify
the ecosystem features in unforeseen
directions. Environmental restoration has to
be planned with a long-term vision, but
current practices tend to concentrate on
immediate socio-economic benefits and
rarely consider the future developments of
the impacted ecosystems (McLachlan et al.,
2013; Phillips and Jones, 2005). Secondly,
there is a need to combine different
ecological indicators in order to include the
maximum number of possible effects on the

On the other hand, if the dune recovery at biotic ecosystem components, choosing
pl had not stabilised the beach specific sets of indicators for the different
morphodynamics, some effects on the phases of the monitoring procedure
behaviour of T. saltator should be still (Osenberg and Schmitt, 1996). The
visible; hence the lack of differences can be macrofaunal community analysis and the
considered as a proof of the effectiveness of orientation behaviour of. saltator proven
the recovery in terms of shoreline stability. effective bioindicators to monitor the
immediate, short and medium-term impacts
of human interventions on sandy beaches,
have proven to be unsuitable on longer
This study showed that the use of temporal scales. HoweverF. saltator a
geosynthetic containers in coastal defence,key-species of beach ecosystems, showed a
even though less impacting than building long-term effect in a reduced population
seawalls or groynes, has some long-termabundance that therefore may be considered
effects making these interventions not fully for the later phases of monitoring plans.
comparable to soft-engineering procedures, The total faunal density resulted a less
generating short-term pulse disturbance powerful bioindicator in detecting the
(Leewis et al., 2012; Peterson et al., 2006). impacts at the whole beach scale; however,
In this case, the main issue seems to havea significant difference was shown for the
been the partial removal of the sandy supralittoral zone, the most impacted beach
coverage after the  dune-recovery, sector. To conclude, there is a need of a
preventing the beach animals to burrow into major integration between ecologists and
the sand. This phenomenon is not engineers (Chapman and Underwood,
uncommon, and mathematical models used2011); both the categories have to engage to
in planning interventions may fail in fulfil gaps in what is known on coastal
forecasting the evolution of erosive defence intervention effects, aiming at
processes, particularly when these arereducing impacts as much as possible and
produced by several factors acting at the reach equilibrium between the immediate
same time (Jetten et al., 2003; Thieler et al., socio-economical needs and environmental
2000). Two main aspects were highlighted sustainability.

by this study; firstly, the importance of

5. Conclusions
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3.4 Discussion and conclusions

In this chapter we focussed on the monitoring ah&n impacts on sandy beaches.
These ecosystems experience numerous anthropogesssures, which can be
hierarchically arranged into a causal chain, stgrivith ultimate pressures (root
causes) and ending with proximate pressures (thmetliate factors eliciting a
biological response). The lack of public appreoitiof beaches as habitat
supporting unique assemblages is an ultimate féedoling to many other pressures,
such as inadequate beach management and land arsengl (Schlacher et ah
pres3d. Actually, the main threat to sandy beach ecesyst comes from the
interaction of human coastal development and ckn@itange, both of which are,
ultimately, a product of economic and human popatagrowth. Climate change
may generate an accelerated shoreline erosionsg@éalevel rise and increased
storminess), which can produce extreme effectd)admtat heavily eroded or lost.
Paradoxically, measures designed to manage theelsi®oroften create other
problems and become pressures themselves; armoigriggbuilding of seawalls
and similar structures) protects adjacent urbaetagsom erosion, but has several
unwanted ecological effects. For example, seawatlsice the size and number of
intertidal zones and cause a loss of upper beadhdansand habitat (Dugan and
Hubbard 2006; Dugan et al. 2008), which can drowipeach over time because
natural shoreline retreat is halted by the striec{Bilkey and Wright 1989). Ideally,
shorelines should be allowed to freely landwardratey under conditions of higher
sea levels. When retreat or quasi-natural shorefiagement is not a viable option,
the alternative to the use of fixed seawalls isefstore or maintain eroding beaches
through beach nourishment or other soft-engineantegventions. This strategy has
gained popularity because it maintains both sanalitht for biota and beach
amenities for humans. Actually, nourishment ofteauses a range of negative
ecological impacts (Speybroeck et al. 2006); howevethe process employs
carefully matched practices, it may represent a &logically damaging option
with respect to hard-engineering works (Finkl andalk&r 2004). Although the
initial ecological effects are usually severe, aokery of some taxa may occur
within few months, if the properties of the addediment are closely matched to the
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original beach sand (Jones et al. 2008). On ther dtand, where fill sediments are
poorly matched, ecological impacts may persist yfears (Peterson et al. 2000,
2006). Moreover, repeated nourishment episodesdargial, biannual) can degrade
beach biota and inhibit recovery and ecologicatfiams (Dolan et al. 2006). When
planning an intervention, managers with limiteddsimeed to know which impacts
matter (Jones, 2003): although several criteriatf@r ecological significance of
impacts (e.g. local extinctions, loss or reductioh critical breeding habitat,
ecosystem stability, primary productivity, etc.)vhabeen suggested, no consensus
definition of an ecologically significant impactdibeen reached (Schlacher etiral.
presg. Actually, a universally accepted criterion fasassing the degree, duration or
severity of environmental impacts is unlikely to fwind; judging the limits of
tolerable change and valuing biodiversity will vaagcording to a country’s or
society’s historical, cultural and philosophicabts and will also depend on its
economic development status and financial resoy@espini 2010). In this context,
ignorance of beach biology and the consequent ddickppreciation of beaches as
ecosystems can be a major threat for biodiverEiwini et al. 2007b).

Trying to answer to some of these issues, partiguthe monitoring of impacts
from hard and soft-engineering works on beach extesys, we decided to focus on
a widespread, key species of European and Nortltakfrshores, the sandhopper
Talitrus saltator (Montagu, 1808), which was already known to readihswer to
physical changes in its life environment, mainlyrbgdifying its behaviour (Scapini
2006). Such a prompt response might be suitabém a&arly warning bioindicator of
impacts on sandy beaches, able to highlight ongeicgogical variations more
rapidly than other bioindicators having longer e times.Two sandhoppers’
behavioural traits, the circadian rhythm of locoand@ctivity and the sun orientation,
were hence analyzed in different case studiesestty) various human impacts.

The activity rhythm showed to be dependent maimytlte habitat of the species,
with less limiting habitats allowing for lower pedicity, but a notable individual
variability was also highlighted (Scapini et al130 section 3.1.1). In the case of the
recent impact on shoreline dynamics produced atleldago beach by the
construction of a seawall, significant differendesthe sub-populations’ period
definition were found only during high summer. Tdr@mals from the more eroded
beach sector displayed a less precise rhythmiaitywpared to those from the
accreting one, likely due to a more chaotic envimment, with frequent changing of
the beach width (generally shorter than in the rothiations). This difference
between sub-populations, though probably relatedtite differing shoreline
dynamics, was not observed in the other seasonsslprobably hidden by the high
individual variability that increases under mildedimatic conditions (in terms of
dehydration risk), which allow a less defined rimitity (Nardi et al. 2003; Rossano
et al. in preparation, section 3.2.1). hence, digra activity patterns resulted hence
unsuitable to monitor short-term changes of shoeesitability engendered by anti-
erosive works, due to their too high variabilty. time Leirosa beach, where we
considered the long-term impact caused by a safirerring intervention, a well-
defined rhythmic activity was observed the site that had been subject to the
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intervention, indicating that environmental coratis were relatively stable there
(Rossano et al 2008; Rossano and Scapini 2011 aBxsal. 2013, section 3.3.1).
Also in this case, a high individual variability svlighlighted, confirming that this
behavioural feature cannot be used as a monitadoioly particularly in the case of
long-term impacts. On the other side, the rhythipicdbserved here may be
considered a proof of the effectiveness of the dehabilitation, at least in terms of
environmental stability.

The other behaviour ofF. saltatorthat was analyzed, sun orientation, resulted to be
more closelydependent on the physical characteristics of tlaelewhich makes
this behaviour appear as a suitable bioindicatoerofironmental impactdn the
Moroccan case study (Scapini et al. 2013, sectidnl} orientation tests clearly
detected an ongoing impact on the beach at thaitidt of the river mouth, where a
higher urbanization (compared to the right sidethwiraditional settlements)
probably affected the supralittoral dynamics; hierdact the supply of sediments
from the land was limited and the wind transpootatdf substrate has been impeded
by the houses built on the former dune (Ouesla@620When considering the
specific purpose of this thesis, i.e. the assessmérthe sun orientation as a
bioindicator of impacts due to anti-erosive inteniens, the Italian case study gave
some interesting results, thanks to the compartbah could be made with the
findings obtained on this same beach before theakeonstruction. First of all, sun
orientation worsened along the whole littoral, eading that important changes had
occurred in the beach environment. Furthermoreb#se orientation, which in 2002-
2003 was shown by the sub-population at 5000 m ffterOmbrone River mouth, in
2011 was observed closer to the river mouth, a0400This may indicate that the
seawall had modified the sedimentary dynamics atbadittoral, likely reducing the
erosion in the first beach sector, stabilizing shereline 1000 m further upstream
and engendering a beach accretion in the last rsecltis hypothesis seems
confirmed by the macrofaunal analyses, as a chamagedetected in the arthropods
community from 2002-2003 to 2011. By using a Mitmensional Scaling (MDS),
we found that while in the previous samplings tatiens at 2000, 3000 and 4000 m
clustered together and the 4000, 5000 and 6000@rsteformed another group, in the
2011 the 4000 community resulted to be more sinbdahe first group, confirming
that a change happened in that sector of the bedsh, the univariate diversity
indices, which in 2011were expected to have lovedues in all the stations, due to a
considerably shorter sampling duration with respgec2002-2003, showed almost
the same values at stations 5000 and 6000, whigtmss¢o indicate that diversity
increased in the furthest beach sectors. This isgreement with our working
hypothesis, according to which an accretion engeadby the seawall construction
in the last littoral stretch may have favouredsz rof diversity by furnishing a major
habitat availability (Brazeiro 1999; Lastra et 2004; Rodil et al. 2006; Deidun and
Schembri 2008). Hence, sun orientation results werkdated by macrofaunal
analyses, and this opens the way for its use asa#y warning bioindicator of
shoreline stability, as it fulfils the main requitents for a suitable ecological
indicator (Salas et al. 2006). In fact, it has gread scientifically sound meaning
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(behavioural change is the first response of inldigls to environmental variations),
it is representative of an important environmerdapect for the society (the
shoreline stability), it provides valuable inforneet with a readily understandable
meaning (the orientation of subpopulations is diyecelated to the shoreline
dynamics), it is meaningful for external audien@egh few simple explanations), it
helps in focusing information necessary for answgerimportant questions (the
global issue of coastal erosion) and it assistssaecmaking by being efficient and
cost-effective in terms of use, as it was the dadaoth the Italian and Portuguese
study-cases (where the orientation experimentsltegsless time-consuming and
required a smaller effort, in terms of man powed agosts, with respect to
macrofauna samplings. On the other hand, in theigoese case study we assessed
the effectiveness of sun orientation also as antioator for long-term impacts of
soft-engineering works, but we did not find anyfeliénce between the orientation of
individuals living in front of the rehabilitated de and those staying in front of the
natural one. This confirms that behaviour, as amédiiate response of animals to
changes in their life-environment, can not be aergd to assess long-term impacts,
neither due to hard-engineering or soft-proceduNessertheless, her€. saltator
was able to detect an ecological effect not bypétisaviour, but by a reduction of its
abundance in the sector interested by the dunesegoconfirming to be a key
species on temperate sandy beaches. A differelliceugh less significant, was also
observed for the total macrofauna density, thusficomg that also soft
interventions may produce long-lasting effects eadh ecosystems (Nourisson et al.
2014). This finding is of considerable interest,uasil today no studies were made
on this subject, being geotubes a quite recent adetbgy in coastal protection.
Hence, though this topic needs to be deepenedoflidr studies, our results seem to
indicate the abundance of saltatoras a suitable bioindicator for the monitoring of
long-term effects ascribable to geotextiles andigess in the dune-rehabilitation
processes along the Mediterranean and Easterntiatidrores.
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4. GENERAL DISCUSSION AND CONCLUSIONS

Since the Earth Summit of 1992 in Rio de Janeirofemand more attention was
given worldwide to concepts as holistic environnaénhanagement, integrated
pollution control and ecosystem approach, which lWoes natural and social
sciences in dealing with environmental problemsitZpt al. 2006). In Europe the
process led to the approval of the Water Framewiirkctive (2000/60/EC), the
implementation of which has been a major challeddgee EU Member States are
spending time and resources to develop tools to g required data, towards an
harmonisation of classification and water monitgnmethods across Europe (Hering
et al 2010). Many methods have been developednplsaand investigate aquatic
ecosystems and large amounts of data are beingagedgefocussing on biological
communities rather than on the more limited aspettshemical quality (Moss
2007). This was recognised as being a more effegtitegrative way to measure
ecological quality, but also requires complex anghasnic communities to be
guantified into a single numeric score, rather tlpralitative species lists, to
establish reference conditions from which to est@midne change (Hering et al.
2010). Efforts to develop methods fulfilling theqtérements of the WFD were huge
and many national and international projects cbated (for coastal and transitional
waters see Borja 2005; Borja et al., 2004, 200iKeliz, when writing the WFD the
authors had in mind a simple assessment systerh, just a few metrics to be
applied across Europe, but this proved to be nalist&e nor achievable, due to
several important differences among stressors taffeecosystems, water body
types and sizse, bioindicator taxa and knowledgéhese taxa (Schmidt-Kloiber et
al. 2006). This becomes even more challenging wtamsidering also non-EU
Mediterranean countries. Hence, various monitofimgcedures were proposed,
aimed to detect ecological status changes follownegtoration/rehabilitation
processes, thus providing a general guidance tatreesures required.The challenge
is to predict how the biota will respond to restima and what management actions
are best suitable. These questions are easier doweanfor lakes and marine
ecosystems, predominantly affected by eutrophinatichere the main restoration
measure is the reduction of nutrient load. It igendifficult for transitional waters
(e.g. coastal lagoons), where a high turbidity matirally poor light penetrating into
the water complicates the response of the ecosystamthropogenic changes, or for
coastal waters, which are also affected by hydrpmmogical degradation on
different spatial scales (Elliott et al. 2007; Higriet al. 2010). Ideally, all studies of
disturbance and recovery should be based on tlessaeent of a deviation from an
undisturbed condition. When previous data are mgpatable, a robust statistical
design would include three types of sites: (i) oe=d sites, (ii) control (reference)
sites, and (iii) sites similarly impaired as thosstored but not restored (e.g. Downes
et al. 2002). According a review by Jones and Sthifd009) on 240 recovery
studies across terrestrial and aquatic ecosysteaa® mnder the WFD guidelines,
pre-perturbation data were available for only 2(them, a circumstance that made
the assessment of recovery in 80% of the studteemraubjective, particularly when
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the three types of sites cited above were not dredu

In this thesis, different situations were facedthe case of the Ghar ElI Melh lagoon
complex (section 2), suffering of increasing patint and eutrophication, no
recovery or restoration were planned, but the noonigy that we carried out may
represent a reference condition if intervention e undertaken. The sampling
stations were chosen with the aim to cover moshefspatial variability, including
stations with various levels of degradation anatrol station (presumably not, or
less impacted) close to the channel opening towWsdea From the study emerged
the importance of water optical properties in taeegsment of the ecological status
of shallow coastal lagoons, as the optical classibn showed a good overlapping
with the ecological one, based on the macrophytesstunity composition. The
sectors with clear/moderate waters showed a higlerage of late-successional
species, while those with the most turbid waterswgd a major abundance of
opportunistic ones. The use of macrophytes as iadig@tor of eutrophication for
shallow coastal systems is accepted and recommdiiiedte 1995; Valiela et al.
1997; Orfanidis et al. 2001; Tilman and Lehman 20@tGlathery et al. 2007). In
this thesis we obtained a reliable water clasgificawith just a visual survey of
macrophytes coverage, a method that can easilyepeated also in particularly
sensitive environments. In our study it is noteWwprthe primary role of the optical
water properties, in some measures confirming steied by Peeters et al. (2009),
i.e. that water transparency (or its counterparbitlity) can be a sufficient criterion
to assess the status of small water bodies likesland lagoons. We took optical
measures by means of a Portable Underwater Minit&padiometer (PUMS),
which allows to assess optical properties also ery\shallow water bodies and
furnishes the spectra of reflectance and vertittahaation coefficient (R anddKin
the whole visible band. These two important optfeakures make the use of PUMS
preferable with respect to the Secchi disk. Theedatan not be used in too shallow
waters and furnishes just a numeric score, lessrdtive than spectral optical
properties, which instead are able to discriminatéch substances are more active
in light attenuation by means of their spectrallgsia. Of course, biotic indicators
are generally preferable in environmental qualggessment, due to their ability of
integrating the various environmental changes tiva, but the link between water
optical features and the ecological conditions &howot be overlooked, as it might
represent a suitable secondary indicator for thenitmwng of shallow coastal
lagoons. The method needs a finer calibration faditérranean coastal waters
specificities, which is actually being performedsieveral Mediterranean port areas
in the context of the MAPMED project (CBC-MED pragnme, 2011-2014). The
outcomes of our survey at Ghar El Melh suggest apéital water properties are a
reliable indicator for the monitoring of Mediteresam coastal water bodies.

At the Collelungo beach (section 3), the best stnawvas disposable for a study of
disturbance and recovery, as data were availalllected before the impact to make
comparisons; moreover the site is located in aeptet area, which permits to
isolate the considered disturbance from many o#tegssors acting on beach
ecosystems (a review in Schlacher et al. 2008)e lex main issue was the reduced
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sand delivery to the littoral zone by the OmbrorgeR (Pranzini 2001; Ciampi
2007). This is an important large-scale processt litha become crucial worldwide
for beaches conservation (Willis and Griggs 2003shrs 2006), as it interacts with
sea-level rise in determining an increased beausia@r (Defeo et al. 2009; Doney et
al. 2012). Sand-shed management will be more ané ingportant for maintaining
beach health in some regions (Revell et al. 20@A a number of strategies
emerged from examining the theory and practiceezfch and dune conservation,
leading to a range of practical intervention omidhat have been proposed to
achieve positive conservation outcomes (Schlaahal i press. In the Collelungo
case study, a seawall was recently built paratlehé shoreline, a hard-engineering
intervention that was already known for having sabal effects on the ecosystem
features (Dugan and Hubbard 2006; Dugan et al. ;2D@8e0 et al. 2009). The
comparison of the macrofaunal community featureghlighted that changes
affected the whole littoral, and a clear separati@s observed of the two furthest
stations from the seawall, at 5000 and 6000 m fiteerriver mouth, from the closest
ones, with a substantial increased arthropods’ rlitye likely ascribable to an
accretion of the beach in the furthest sector. Thange in coastal morphodynamics
and its ecological effects were clearly detectesh &ly comparing results from the
sun orientation experiments dmlitrus saltatorperformed before (previous studies)
and after (this study) the construction of the s#hvas a worsening was visible at
the 5000 and 6000 stations with respect to theigusvexperiments, while the best
performance was now obtained at the 4000 statitiichmvas likely stabilized by
the seawall. In other words, the information gil®nan accepted and established
bioindicator of ecosystem stability, such as thecno&unal diversity and
community structure, largely overlapped with thednfi behavioural tests, when
considering the sandhoppers’ solar orientation.deoe, macrofauna community has
to be considered a high-profile indicator when gsiag the whole ecosystem health,
as it integrates all the possible impact sourcésctiig beach habitats, but the
behaviour of T. saltator may represent a reliable alternative particulasligen
considering particularly short-time effects of tlmpact source on shoreline
dynamics. The method is less time-consuming arsl égpensive than macrofauna
samplings and provides a more rapid response toimgghanges, as behavioural
adaptations are expressed as prompt responsesitonenental variations (Brown
1996; McLachlan and Brown 2006). Actually, behavsowre contingencies by
definition, occurring in a particular place andaaparticular time, modifiable by
internal and external factors and individual expece (Campan and Scapini 2002).
This may make challenging a generalization and titape of the procedure in
different environments and for different populagprbut appropriate statistical
methods were developed to test hypotheses on lmhali responses under
(changing) natural conditions (Underwood and Chapm&85; Marchetti and
Scapini 2003). Hence, the differences observed gntloa experimental results of
different workers on different beaches, which legthars to disagree on the
possibility of using monitoring procedures based tmhavioural changes (etho-
assays), may be the result of a variety of adaptsitthat represent the basis of the
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evolutionary processes driven by natural seled®wmapini 2013). Given the changes
(possibly irreversible) that sandy beaches arenfpaca better understanding of
behavioural adaptation of beach animals should rhec@ research priority,
especially if some of them, as it is the case f&r $un orientation, appear to be
suitable as early-warning indicators for the maniiip of the ecological impacts of
hard-engineering interventions on sandy beachesfifitlings decribed in this thesis
should represent a step forward in this directiwhich has to be deepened with
further studies on other temperate sandy beaches.

Finally, we considered the Leirosa beach in Pottgaction 3), from which no
previous data were available on the behaviourabtatians of sandhoppers. Here a
dune-recovery was carried out ten years ago widtextile tubes, an intervention of
which the long-term effects had never been preWyoassessed. To have a quite
robust experimental design, we considered a s#é lthd been impacted and an
other, on the same beach, not interested by th&swdiere the results clearly
showed that the behaviour ©f saltatordid not vary between the two sites, as it was
expected considering the long time elapsed fromirtevention, but an interesting
difference was observed in sandhoppers’ abundanaking this population feature
a possible long-term indicator for this kind ofédntentions, till now considered
ecologically not impacting (Phillips and Jones 200&neros Linares 2013). Also,
the data obtained in this study may become a me¢erpoint when other works will
be undertaken against beach erosion, which is atiiing on this sector of the
Portuguese littoral representing a threat for husettiements. This might offer the
occasion to assess sun orientatiofi.ofaltatoras an early warning indicator also for
soft-engineering procedures, on Atlantic beachesrg/the main driving forces are
not represented by seasonal climatic variations, dyutidal and wave regimes
(Antunes do Carmo et al. 2010; Bessa et al. 2@@ion 3.3.1).

In conclusion, the aim of this thesis was to suggpscific tools for the ecological
monitoring of coastal environments, which are marel more threatened by a
variety of human impacts. The need exists for @bastosystems to be represented
specifically in policy and environmental legislatjcstarting from the assessment of
their ecological status. Management at local, praei/state and/or national/federal
levels must take international scales and procdssesaccount, without forgetting
the problem of multi-jurisdictional issues, as dtthe case for the Mediterranean
coasts shared between EU and non-EU contries. |la&gis should simplify
jurisdiction regarding coastlines to foster comsistand efficient management for
good conservation outcomes (Schlacher et iml.pres3. The WFD, though
representing an important improvement in this diog&¢ must now be implemented
by the harmonization, at the appropriate spatialesc of the numerous outcomes
produced since its first application, considerifighee countries that in some way are
involved in coastal ecosystem management acrossidaiterranean. Above all, an
effective conservation of the unique biodiversity apastal environments is a
primary duty of society placing a greater value maintaining the ecological
properties of these systems and committing thengiiss and resources to conserve
them for the future.
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5. APPENDIX

The subject of this manuscript has nothing to dihwhe theme of the thesis, but it
was inserted here as the knowledge of circularssitd, learned for analysing the
results of the orientation experiments DBalitrus saltator revealed to be suitable
also to analyze the distribution of activity fix@srelation to the lunar phase, wich is
a circular variable. This work was conceived aféemeeting od PhD students
(promoted by the Italian Society of Ecology, Sltihere Dr. Emiliano Mori was
presenting his work on crested porcupines and datlde intention to deepen the
lunar influence on the porcupine behaviour. Frofinsh discussion on the topic, the
possibility of a collaboration arose, and the foilog manuscript represents the first
version of the paper that is currently in preparatiThis is a good example of how
the knowledge gained during three years of PhDbeainecycled’ in other, different
fields, if the occasion is given to PhD studentshiare their results and discuss on
how to improve their researches. To be multitaskénfpr sure desirable for a future
researcher, and it should be encouraged durin@hieformative experience. Basic
animal behaviours can be investigated with metlibds are independent from the
considered taxonomic rank, which makes possiblest them for invertebrates as
for vertebrates, though some arrangements aresayges

Moreover, the four study sites, located in Tuscangiude the Maremma Regional
Park, where the porcupines also frequent the bdank- ecosystem; hence this
research represents a further step towards thee@ti®n of biodiversity in this
environment, which actually is one of the main ¢spdiscussed in the previous
sections of this thesis.

“Once in a blue moon” in the full moon. Nocturnal behaviour of the crested
porcupine.

Emiliano Mori *, Delphine Nourissof, Andrea Sforz®, Sandro Lovari

1. Dipartimento di Scienze della Vita, UniversiiéSiena, Via Mattioli, 4 — Siena.
2. Dipartimento di Biologia, Universita di FirenzZ€ja Romana, 17 - Firenze.

3. Museo di Storia Naturale della Maremma, Straaadihi, 5 —Grosseto.

* Corresponding author. E-mail: moriemiliano@tisdgl
INTRODUCTION

Predation pressure elicits specific behaviouratstia mammal species (e.g. Lima and Dill
1990; Ferrari et al. 2009); main tactics to redpi@ation risk involve a modulation of
spatial behaviour (e.g. Price et al. 1984; Dalgle1992; Lima 1998). In conditions of
reduced light, the hunting abilities of many nootrpredators diminish (e.g Lima Sabato et
al. 2006; Cozzi et al. 2012, but see Gursky 20@8kEr et al. 2011). Potential preys,
advantaged by the decreased predator effectivengsslly tend to concentrate their
movements in dark (e.g. Kolb 1992; Clarke 1983;t€xami et al. 2013) and/or sheltered
(e.g. dense vegetation cover and shrub canopiekeSet al. 2001; Mandelik et al. 2003)
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environments to minimize predation risk (Lizcana @avelier 2000; Bork 2006). So far, the
effect of moonlight intensity on ranging behaviofirodents has been tested mainly in desert
environments (e.g. Alkon and Saltz 1988; Bowers31®#8lam 2004), and North American
prairies (Clarke 1983; Brillhart and Kaufman 199bpping et al. 1999), while data from
European temperate areas are poor (Corsini €98b)10Ild world porcupinedHystrix spp,
Atherurus sppandTrichys spp hereafter OWP) are large rodents with noctuhaaits.

They spend most of the daylight hours in dens @kpn and Saltz 1988; Corsini et al.
1995), which are located in natural caves or undemgd galleries, possibly in steep and
compact soils covered with dense vegetation (eayali et al. 1990; Monetti et al. 2005).
Although cryptically coloured and well-defended@wyuill-armed body (Ellerman 1940),
OWPs are sometimes attacked by large predators @lat. in press) as felids and hyenas
(e.g. Alkon and Saltz 1988; Mills and Shenk 199&ker 2005). Their large size and short
legs respectively increase their visibility andititheir escape success (Mohr 1965). Since a
direct defence against possible predators is etieafjg costly (Mori et al. in press), it has
been suggested that moonlight avoidance have maiaghed by OWPs as a strategy to
reduce encounters with possible predators (BrowihAdkon 1990). A clear tendency of the
Indian crested porcupirtgystrix indicaKerr, 1972 to avoid moonlight and daylight hasrbee
observed both in the Negev desert (Israel: Alkoh @altz 1988) and in the subtropical
grasslands and forests of the Suklaphanta Wil&#serve (Western Nepal: Fattorini and
Pokheral 2012). Both these areas are charactdrizédte presence of common leopard
Panthera parduswhich potentially prey on porcupines (Lovari etia press). Alkon and
Saltz (1988) recorded a different behaviour depemndin the season: during the winter,
porcupines avoided moonli ght exposure, while dutire summer, when the night gets
shorter, the radiotagged individuals remained adtivoughout the night regardless of
moon’s phase. This evidence seems to be confirméghtiorini and Pokheral (2012), who
collected date only in winter.

In Italy, predation on crested porcupindgstrix cristatal., 1758 has been rarely reported
only by red fox (mainly on cubs: Lucherini et 896) and by wolf (Scandura et al. 2000).
Poaching of this species still occurs in Italy watlspecial regard to the historical range (Mori
et al. 2013). Ranging behaviour of crested poraisrsignificantly affected by habitat
richness (Lovari et al. 2013), but information b fctivity of this species with regard to
moon’s phase is limited to two studies with a vemall number of radiotagged individuals
(1 individual: Pigozzi and Patterson 1990; 4 indials: Corsini et al. 1995). The mean
duration of the nocturnal activity &f. cristatain a year was reported to be 8 h 18'+30’ per
night (Corsini et al. 1995). Crested porcupinesrs&ereduce their activity during the cold
season, while the major movements occur in the wanights (Corsini et al. 1995); overall,
diurnal activity is scarce and irregular. Prelimndata suggested that influence of moon’s
phase omH. cristataactivity is slight and recorded just in extremeamiight summer nights
(Pigozzi and Patterson 1990; Corsini et al. 19@8Ysini et al. (1995) supposed that
concentration of ranging movements in thick vegeteareas may represent the strategy
evolved byH. cristatato avoid illuminated areas, hence reducing thisibility, as also
reported for H. indica in the Israeli coastal ptafBever and Mendelssohn 1991). This is not
confirmed forH. indicain Suklaphanta Wildlife Reserve (Fattorini and RPedal 2012) and

for Atherurus africanus (Emmons 1983), which exhibdonlight avoidance also in forests
and shrubwoods.

In this work we aimed to test if lunar cycle infhees the activity pattern of 27 radiotagged
crested porcupines, each one followed for at Isiasnonths (one hot/cold season), from four
sites in Southern Tuscany (Central Italy) with eliént levels of
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habitat heterogeneity. Following the hypothesis tha activity of the crested porcupine
could be affected by the moonlight, then moon’sgghia expected to provide a regular
temporal variation in its ranging behaviour.

MATERIAL AND METHODS

Study sites
We carried out this study at four sites in SouthBuacany (Central Italy: Fig. 1),
characterized by different environmental featufdge two main potential predators, red

San Ministo Lo
— :

[ L Malandring
™

Poggl di Prata
L ]

g Maremia r
~Ragional Park

3% hm

Figure 1. Location of the study sites.

fox and wolf (or hybrids dog x wolf: Caniglia et 2013) were present in each study site.
Three sites (San Miniato, Le Malandrine and MarerRagional Park) has been described in
detail in a previous work dealing with spatial bebar of the crested porcupine (Lovari et

al. 2013). The fourth study area is included in$i@&d “Poggi di Prata”, in the Metalliferous
Hills of the Province of Grosseto (Cantini et &13). Tab. 1 summarizes the main habitat
types of each study site.

Study methods and data analysis

Adult crested porcupines (N = 27) were trapped witital box traps (Lovari et al.
2013), sedated (Massolo et al. 2003) and equipgttdvi F radio -collars (AVM,
USA,; Biotrack, UK). Individuals were radio-trackedntinuously for a minimum of 6
months and a maximum of 12 months (cold seasorab@ctMarch; hot season: April-
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September). Crested porcupines’ activity was datedhby means of an activity sensor,
which detected the variation of signal intensityidg 60 seconds (Garshelis and

Pelton 1980). The same radio-telemetry protocol weesl throughout all the study sites, i.e.
a combination of distance (median, 1 fix/37.5 n@yi~ Q3 = 30-63.75; median

location error = 58 m, Q1- Q3 = 52—-64) and hommbfpcations (1 fix/15 min; median
location error = 17.85 m, Q1- Q3 = 6-31.58), fonedian value of 53.36
fixes/month/individual, Q1 —Q3 = 43.72-56.97. Fixesre categorized into four moon
phases as follows: phase 1) from new moon to ¥5338s collected in 211 nights); phase

2) from ¥4 to ¥2 (2930 fixes collected in 202 night#)ase 3) from %2 to % (3272 fixes
Table 1 Extensions and habitat types composition of the ftudy sites. Hab. 1, cultivations; Hab. 2, utiated
fields; Hab. 3, shrubwood; Hab. 4, human settlesiddaib. 5, deciduous woodland; Hab. 6, coniferoasdiand,;

Hab. 7, Mediterranean “macchia”; Hab. 8, wetland; abH 9, coastal dune.
Study site Extension {ha.) Habitat types (%)
Hab.1 Hab.2 Hab.3 Hab.4 Hab.5 Hab.6 Hab.7 Hab.8 Hab.9
San Miniato 123.01 5919 1113 531 1228 933 0.00 0.00 276 0.00
Le Malandrine 396.00 7868 430 620 000 1050 000 0.00 032 0.00
Maremma Regional Park 61875 30.60 .49 305 0.00 000 2591 2564 419 212
Poggi di Prata 18256 253 18.56 340 319 6360 823 0.00 049 0.00

collected in 200 nights); phase 4) over ¥ (3078digollected in 196 nights). Moonlight
variation has been reported also over the 29.5 dofaymar cycle (day 1 = new moon: Fig. 2).
Radiotracking was performed under any weather ¢mmgiconfirming that precipitation and
wind do not affect the behaviour Hf cristatg as previously stated by Corsini et al. (1995).
We reported three levels of moon visibility (vigbleiled or completely hidden by clouds)
to limit potential biases due to different levefsambient light at night. We assumed that the
predation risk (including poaching) did not varyeowa year. Habitat types were grouped in
two categories: open habitats (cultivations, ureated fields, human settlements, wetland
and coastal dune), and close habitats (shrubwoedjtbtranean “macchia”, deciduous
woodland and coniferous woodland). A Pearson’sscjuiare test without Yates’ continuity
correction was applied to compare frequencies emactive fixes under all the
conditions previously described, i.e. in open/cloabitat types, with visible/veiled/hidden
moon, during cold/hot season, for each lunar phaseach of the four study sites. To test
whether active/inactive fixes were randomly or amiflly distributed along a lunar cycle, the
analysis of circular distributions was carried aotl the following statisticarere calculated:
the mean angle, the mean resultant length (r) lEm@®5%% confidence intervals of the mean
direction (Fisher 1993).
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Figure 2. Numbering of days according to a lunar month.
The Rayleigh test for uniformity was applied to tkecular distributions, based on the length
of the mean vectors, to test the concentratioh@irndividual directions around the mean
(Batschelet 1981; Di Bitetti et al. 2006). The dnsurves, smoothed with the kernel
method, were estimated and double plotted on Gantegaphs, to better show the

distribution peaks. Doubled line diagrams were useshow circularity (Fisher 1993;
Marchetti and Scapini 2003).
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Table 2. Mean (+ SD) duration of nocturnal activity of eacdio-tagged crested porcupine. Individual ID,,sex
study site, season, radiotracking period and nurobfixes per individual are also reported.

Individual Sex  Location Scason  Radio-tracking period N*fixes  Mean activity 2 SE
FISAN F San Minso Hot Apail-September 1991 262 7h 35* 2 31°
F2SAN F San Minuso Hot Apeil-Scptember 1992 297 kh 12" =2 18"
FISAN F San Minso Cold October 1992 = March 1993 321 7h 10" 2 O%°
F2SAN F San Minaso Cold October 1992 = March 1993 299 Th$9 214"
FIMAL F Le Malandnne Hot Apeik-September 1999 296 Th 48" 2 09"
F2MAL F Le Malandrine Hot Apeil-September 1999 291 £h 19" 2 37°
F3MAL F Le Malandnne Hot Apal-Scptember 1999 2N £h 57" 2 26°
FSMAL F Le Malandnne Hot ApakScptember 1999 274 Thi2*221°
FOMAL F Le Malandrine Hot Apail-Scptember 1999 n ThiT 219
FaMAL F Le Malandnne Cold October 1997 = March 1998 266 Thol* = 14°
FSMAL F Le Malandnne Cold October 1998 — March 1999 262 7h 39" 2 2¢°
FeMAL F Le Malandnne Cold October 1998 — March 1999 242 Th 22" 2 O8°
F2MAR F Maromma Rex Park Hot Apnl-Scptember 1999 275 Khas' 2 24
FSMAR F Marcmma Reg. Park  Hot ApnlScptember 1999 324 &h 59* 2 31"
FOMAR F Marcmma Reg. Park  Hot ApnlSeptember 1999 343 £h 87" 2 23°
FIMAR F Masomma Reg Park  Hot Apal-Scptember 2000 261 Ghos 217
FIMAR F Mascmma Reg Park Cold October 1998 - March 1999 333 Kh27" 218"
FIMAR F Marcmma Reg Park  Cold October 1998 — March 1999 334 £h 28" 2 16"
F3IMAR F Marcmma Reg Park  Cold October 1998 — March 1999 273 £h42' 219"
FAMAR F Marcmma Reg Park  Cold October 1998 - March 1999 331 Kh 12" 2 22°
FSMAR F Marcmma Reg Park  Cold October 1999 = March 2000 276 Kh 32" 212"
FIMAR F Maremma Park  Cold October 1999 = March 2000 326 &h 34" 218"
FIPRA F Pogg & Prata Hot Apeik-September 2012 324 &h 36" 2 16"
FIPRA F Poggs & Prata Cold October 2012 = March 2013 304 &h 21" 224"
MISAN M San Miniso Hot Apail-September 1991 297 Th39 217
M2SAN M San Miniso Hot Apeil-September 1992 i Thi7T £22°
MISAN M San Mmuso Cold October 1990 - March 1991 263 Th 20" 2 09°
MIMAL M Le Malasdnne Hot ApnlkScptember 1998 261 ThaT 207
M3MAL M Le Malandrine Hot Apnl-Scptember 1999 298 &h 16" 2 23°
MAMAL M Le Malandrine Hot 1999 262 Th 19" 2 30"
M2MAL M Le Malandnine Cold October 1998 - March 1999 287 Thaltz21*
M3MAL M Le Malandnine Cold October 1998 - March 1999 273 Th 52" 2 30"
MAMAL M Le Malandrine Cold October 1998 — March 1999 247 Tho3' 212"
MIMAR M Mascmma Reg Park Hot Apal-Scptember 199 303 Sho1" 213"
M2MAR M Marcmma Reg. Park  Hot April-September 1999 286 &h 23" 2 04"
M3IMAR M Marcmma Reg Park Hot Apeil-September 1999 kLY £h 49" 2 18"
MIMAR M Marcmma Reg Park Hot Apnil-Scptember 1999 k3] 9h 03" 2 29"
MIMAR M Marcmma Reg. Park  Cold October 1998 — March 1999 339 &h 38" £ 20"
M2MAR M Marcmma Reg Park  Cold October 1998 — March 1999 319 £ho3* = 11"
M3IMAR M Marcmma Reg Park  Cold October 1999 = March 2000 239 &h 11" £ 06"
MIPRA M Pogg & Prata Hot 2012 30 £h 29" 219"
MIPRA M Pogyi & Prata Cold October 2011 = March 2012 324 &h 32* 2 07"
RESULTS

All porcupines were monitored (median number oé$ifindividual, 296: Q1 - Q3, 271.5 -
321) for 16-23 hours/week/individual. In generamporal activity (median value per night,
7h 38 Q1 - Q3, 8h 16'- 8h 44") did not vary sifjoantly among seasons (Wilcoxon sum
range test: W = 277; P = 0.20) and among sexex{Wbh sum range test: W = 243; P =
0.67; N = 25 females and 18 males). Mean tempatality for each individual is reported in
Tab. 2. Animals were mainly active in the hot seagb= 83.38, P << 0.01). Crested
porcupine ranged in open habitats mainly in nightgracterized by low moon visibility
(veiled or hiddeny®= 8.43, P = 0.0147). The inactive fixes were sigaiftly more
concentrated in close habitats independently fioerseason’= 882.74, P << 0.01). During
the full moon (phase 4) a higher number of inacfives was recorded{= 94.97, P <<
0.01); active fixes were mainly recorded in opehitads ¢*= 285.93, P << 0.01). Circular
statistics analyses provided further confirmatiothiese last results. The highest peak of
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inactivity for all the animals was recorded at d&y3 + 1.54 (day 15.3 + 0.5; Rayleigh test: Z
=158.10; P < 0.001; r = 0.225), during the fullanpin close habitats (day 15.3 + 0.5;
Rayleigh test: Z = 164.40; P < 0.001; r = 0.24@)oth cold (day 15.0 + 1.0; Rayleigh test:
Z =40.22; P <0.001; r = 0.155) and hot (day #5(B5; Rayleigh test: Z = 136.57; P <
0.001; r = 0.307) season (Fig. 3 a-d), at eacH #vwamoon visibility (Tab. 3; Fig. 3 e-g) and

in all the study sites (Tab. 4; Fig. 4).

Table 2. Peaks of inactivity for each level of moon visitlgj main circular statistics (Rayleigh test). Snfidence
interval for the day of highest inactivity,= 0.05; r: mean resultant length of the circulatrébution.

Moon visibility Peak of inactlviny Rayleigh test
Dayz SE r Moon phase F) P
Visible 124+ 1.5 (0175 4 16.85 | <0.001
Weiled 15.1 £0.5 [ 0LIRE 4 15551 | <0u001
Hidden 168+ 1.1 [ 0154 4 36.50 | <0001

Table 4. Peaks of inactivity for each level of moon viitj main circular statistics (Rayleigh test). SE:
confidence interval for the day of highest inadgivie = 0.05; r: mean resultant length of the circulatribution.
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DISCUSSION

Many nocturnal mammals correlate their ranging bigha to moonlight intensity (Erkert
1974; Bork 2006; Lima 1998). For instance, mostipters are more effective when some
source of light is provide as they increase visleéction of potential preys (Cozzi et al.
2012; Rockhill et al. 2013). As a response, potéptieys may use light as an indirect cue of
predation susceptibility, and tend to shift theibhat utilization from open/enlightened to
dark/sheltered sites (Clarke 1983; Brown et al.8128ham and Hafner 2013). For instance,
hunting effectiveness seems to be higher duringhbrnoonlight nights for many canids (e.g.
Lima Sabato et al. 2006; Kotler et al. 2010), idahg red foxes (Molsher et al. 2000) and
wolves (Theuerkauf et al. 2003). Red foxes, inipaldr, are able to shift prey selection
when moon’s phase change (Molsher et al. 2000y ®@hekre larger predators are present,
red foxes shift their activity and select slightlgrker nights to minimize encounters with
them and maximize predation success (Mukherjek 20@9; Penteriani et al. 2013). Crested
porcupines are large nocturnal rodents distribirtédorth Africa and, south to the Sahara
desert, from Senegal to Northern Tanzania.
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Figure 3. Frequency of inactive fixes variation along tliedr cycle; a) with all the inactive fixes; b) itose
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Results of this study are based on a high numbedib-tagged individuals from four sites

in Southern Tuscany; median activity was 7h 38’ (@3: 8h 16'- 8h 44’). Variation in the
daily period of activity was not significant neithemong seasons, nor among sexes.
Anyway, H. cristataseems to be more active (in terms of number dita)gduring the hot
season , consistently with Corsini et al. (1995).

Predation orH. cristataby lionsPanthera leg African wild dogs.ycaon pictusand spotted
hyenasCrocuta crocutahas been reported in Africa (Mills and Shenk 1®2uer 2005).
Despite data abot. cristatain Africa are not available, other porcupine spsdiving in
areas characterized by the presence of large prsdatually avoid exposure to bright
moonlight (Emmons 1983; Alkon and Saltz 1988; Raitand Pokheral 2012). As for Italy ,
this quill-covered rodent represents just a nelglégpart of the diet of red foxes (Lucherini et
al. 1995). Scandura et al. (2000) reported crgstedupine in the diet of the wolf, although
other, geographically more extended studies offetbaing habits of this wild Canid do not
support this finding with further information (farreview, see Meriggi et al. 2011).
According to these considerations, predatiofogristatais thought to be almost rare in
Italy so that a non-significant effect of the momphase in the activity of this rodent is
expected. However, our results clearly claimed ¢hested porcupines exhibit a lunar phobic
nocturnal behaviour. This behaviour is not limitedsummer nights, as reported by Corsini
et al. (1995), but it is extended all over the yaatependently from the visibility of the
moon. According to Griffin et al. (2005), a defmiteproductive season may increase attacks
by possible predators or modify the ranging behavad the potential preys regardless to the
moon’s phase. This seems not to be the cabe ofistata that does not show a clear
seasonality of births (Santini 1980, A. Sforzi ahdMori, personal observations). The origin
of the Italian population dfl. cristatahas been debated for long. The presence of Pkocen
and Pleistocene fossils of the geilysstrix in Europe (Van Weers 1994) and the analyses of
morphometric variation of the skull (Angelici et 2003) suggest the hypothesis of
autochthony. On the other hand, the absence eHakecenic reports and genetic analyses
based on mitochondrial DNA confirm that the cregtedcupine was introduced from North
Africa (maybe from Tunisia), probably since 600 ADucchi and Sbordoni 2009; Masseti et
al. 2010). Despite being protected from the Ita(ldational Law 968/1977) and the EU law
(Berne Convention, all. Il; Habitat Directive; dl\/), the species is still poached for meat in
Italy (Mori et al. 2013). MoreoveH. cristatacan cause serious crop damages (Bruno and
Riccardi 1995), especially where locally abunddamage to river banks are also
complained (Convito and Paci 2003). Despite impactrops has so far proved to be less
than is often assumed (Bruno and Riccardi 1995¢ffaetive solution of the conflict with
human activities has to be found yet. Capturesrambvals represent only a temporary
measure, as the empty space is rapidly re-colotiyeaxther individuals, and the use of
visual deterrents and electric fencing seems todféective (E. Mori, personal observation).
We may suggest that moonlight avoidance for thehaopulation oH. cristatamay
represent a behaviour evolved by this rodent incAfrwhere the species would be arisen
(Trucchi and Sbordoni 2009), and maintained afterintroduction (or the colonization) of
the Italian peninsula, to avoid the limited predatiisk and possibly to limit its visibility,

thus vulnerability to the strong poaching pressure.
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