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Abstract

On temperate anducapdcireskyFuoecoalfeosrcm Mplaex p h:

habiitnattshe ziomtdeatt i gadvi de i mporRuwunus ewlarsgy it d
Agardh is a glacial relict endemic tFucdus Ad
in the Mediterranean. |t once formed extens
southern Al bania, but i1Its populations have d

This thesis ai naisertno cihnavnegsetsi g aft. et Wliecardgl s o € § |
to identify pbossdbtéeioausés fbrs end, a mult
that includes a critical analysis of histori
| aboratory experiments, field studies and mo

I n t he f weusntd ecdicaopnilperrehensi ve assessment o
stathis voifbypmiadgsiendgi stori cal and c'utrerretnutr yo.c c
n addi-teom,ahahgses of key marine abiotic p
possible causes of the species'’ d ewiloimley The
about 20 fr agme npoesds ipbol pywsliraghiiadtheschaditeéd t i n t he |
characteristi.dn dthet secAddi atnidc t hird <chapte
experiments to investigate the mphtyrsiien togdhcaan (
measured by OPAMvfoll wdnniome tarnyd, and water str
el ations paramet erpo.t ehh esapl ecxnidfd 4t Stes haaaveldi rmate
range of nutrient conditions .lamdt hédhef spretch ec
restoratiocartredalosnbwwenrieng | &l wrdiahtes rryesauwd &f i e |
t hoept itmanpef atuseed!| i ng serl coedtlretdart e 1MACi a ni n t |
antdhe i mportance of sitelsetitlketiiomolaerdraetr &di
occurréncei aasoindjesenvi ronment al and anthropoa
changes in its fRepurrees edntsatriiveau tGEOMEseanetdsaartiioo n
Accor dtihnegdée bi,nctrheease i n atmospheric téemperat
maj bacabfec¢tthiengoc couF.r emc.eTshoei dgrsoj ecti ons shov
progressive decline in whi¢lpodwmhdbiatl dtgs | fea
di sappearance uR@GBcenhhei most severe

Through a multidisciplinary approach, thi
over al IF.stvaitawmsd iodfest ri butes to a deepeirt sunder
decline. The resul ts i enmelicAcantseeer v ehtei amr gmerd s nree

the extfi ndhtiisorkey component oWl the Adriatic's

o



Gener al Fr amewor k

Mar i mas tca l ecosystems worldwide are increa
potentially synergistic effects aolfonamtwsartohp o
cascading conseguémreadswaseeladaasdmames dHi ol ogi ¢
invasbomey et ) alT.hienpalm2t & f urt her aeddaicteirdomaale
ant hhropogeninc|l hddbsvgatesdestructiaomd proddwttdiom
aquacpt aaHeteern eftheestembpO@8susegnhédveantly
the distriboumen axsdtitserruapstoilonbgy i ¢ ad ¢ rporsdsd @ 49 ees
scal efsriwenl Il eltawic ospgst dimese alterationms refctten
i mpaacntds cascadiinmdgegfefce etsé iafapdgtn s opnep wlaasteiso n
extinlcRaromessan and Yohe 2003; Lima et al. 20
al . 2013; PRxngetdhhibintd!d OLdh speci es, aarse tohfe yp
may redmnuadltsa dgrecso s yf suthecra hndenrsy i eweé s h subsequent
t haessoci a¢ e@dnsemice oval ues (Kordds )et al . 2011;
| ctodadnd wermper atheabibackghFucaPrease op haycadesae)
oundati e nZEauetco retsi 7 &ppilvaybdlehapi sgr tbeure a

[EEFRO——.

unctioneobdsyehmasmat ogeni ¢ e soesnyseune s epgiamheer

—

hese fucbiddieahantg by i ncprreoavsiidnign gh af boiotda tar
or associated comnfunc daiidsse ag@lapmamc ab®® Spontr

—h

ri mary fryowaitcadiinvirenrgs ewetb(sMp hncdmgadr)t i ciinpat i n

p

essenti al preoccoetsusgehstuatisr d yejti ok y gen producti on
sequesbuatbbneal OKNBhairsxeen and ADudairttido @3a0 1heg)y.e t
consi ceomanelre i, abevalguei defloyo du,t ip hiasrenda ci enu ttihcea |
i ndug¢gb?rdRzelsi o et al . 2009; Ale et al;CattfdilpnoPe
et al.. 2018

Howeveaer fecenthedec diche/eer, ebaeseinng reports of gl c
and | ocal extin€or on 8 gle sPleibleaeet hat2iWilladt;] o2 0e0t5
al . 2011; MarRti?tmezet®tadat € 0HRLNi| c a Lt0rlBBi et a al

et alBl 20f1bn ® leduradn- ® Qa6 ;hd z o0 2dOtl 6al . 2017;

2018; -Kmasadd etMaalt.i 22MIBB,nahez de Padra etsal
oflirect or indirecfThaachirone ¢tpfandse apilids s crae s .o

coast al communi eseisyctrersalll tit amedienxii 2 gt iaonmd o f



habi(Banes€etcteihi al Ma R2dgilaltl; ag lA i r2dI0Bi ;Rdr-kib h k €10 0 8
and Airpl di 2010

The &ef faedths optmpearcits amldancgleismaaree particul ;
intertidal and s ha(Haow egyudEPa0,dRd. meroa, s 2Vl draer e ¢
species are already exposedftaoact (Retfifeared | an d
Hawki nsThien%%e)r.t il bxlbezaveee,n t he supralittoral
one of the harshest habitats, characterized
condidtriidwnesnt i csall ctyed tei dal sdpuerdhiinegsh & ri ed es talnnde re
to the ai,t hateentidwniget rd etkendl ti ons (Norton 19
organi s ms, i ntertidal macr oal gae must cope
temper at ur eav sialld malviet, yalcit gloth, neustircifeasttiwenb h c e
as biotic factdédrisali (osn, g chematiacg)and physical
stressorpolilmeli wahi, nchabitat destructhiognhlaynd
dynamic envimoemeéntdalevned&e r oahgaeaeohaaeaptatio
2014) . H o wiec\e eertp,Isient ensi ty, fregsuermecygs may dwa wad
spetbeaseed their physi cangi cabalinbé ¢tbapaddpythr
changi ng (Hamdietyi aMiasng | i n2 ®@0lGgad a it hep eopfipesh eliirmi
tole(t8amer o MmMakOpagrtheml ar leys cvadddnreiermagit laemh t o
affect theirumdckcartnieresnde earce .

The gFeuncuusk ey comploteihel mdde@xposed rocky i
shall ow subsi dvell | slacradcar@aswi thar $ e st udi nal a
ranwgiet hin the North Pacifiand NBasti(thi cAl@Sgat i c,
Wa h | et) Deels.pi2téetl fiteloet i@acdo | ogi craulcumspbakes under gor
sevehalnhges i n trhaenhgiegd i ®iwag hlst ic@n Miea a satrreca se t
20 IN3e ievta2®IIMbO;nt ei r o Deutaratle a2nOph MM eg xop €r0ileBn ci n g
i n popuilsashdemsliltowrsen- o witt hals e v2elldblg cpomp migat
ext{en®Bt.era etoalren20l®88nahez 2ddd 6P edr o et al

The pt befeoncsu skewsc uwosn vJ .r sog adrecsh  ( Fu c(aFliegs., 1PRaha
t hoent g pr es entgaetniunset b &€ Mérde gt(feo ot iasne@mee mitiBe8ndi ¢
to the Adri ath.c v(i pwmpdd a9 ©h)s. typically form
intertidal fr{Bigegc ¢l bisihred it fe r leM4pdo)s esle miar d s uk
( Kr eamedunda (ARi8R.) 1lc)



Fi Da) rsoi des
Fucus viig saoipgplersenni atobs mshiamg ghrad d2l@gsac m | on
which i so@ormmesadd di sc, a reduced stipe, and
fronKEisg. Thae) fronds are traverwedihbyi hi.f Br oausg
Duri ngt weencteepd egavwcd lexsp saft s Flemgdm@pnsahelr i c
her maphrodi twicb cfolmmalpd aga mkestmad gg ani a and ant

respeé¢tal oegyaviaphhy 3t BenfdFloggsphadegmaheherozoi d
gamedraee | etatsreaduhgels t i ok beenvi r o n wdeexdrt eefrenratl i | i zat i
ocscdhe spasimosnogenetic, diplophasictaloiomg@mo.
pl acheat e ws mrtiemg twhen rtehaec hr efcuelgitGammd tedss | ay e s
annually at the end of summer wHarneimpwedat by e
decrelaismdar Gé s slretr9 ; an d. HeavrmeFre r vd 7nle vgeales i nt o
comptetmanay thalli fromtdeir outgheuftedarasons ¢



~ frond

\tallus

]’ stipe

} basal disc|

Fi.gasener al madapuoedygyi(har di)l rdvamtaahctvee r s

80 OmncepetatlFamusf vi rsoi des

Fucus wvwarss ooindcees, ulwi ¢ i soufamagme mrxn tednau tmhge t @ |
Al bania (Linardil 194.9;Hoknwesvherra c H9%9 2hyaes as|sifif e
drastic decline theoWwghoOut Biatts erl den g220041F6)g.] aGd «
Consequbkeat $hyaescibeesen i ncluded in the "List of
undtere Barcelona Convention (amended Annex |
Areas and Biological Diversity in the Medite

The cons¢hlvah-i mammion g esspseetnt e patl ree cto s ¢ | acfa l
ecosystem servigewolfsdlhiegWiNn Pewiatdle tome Hcosyst
2030ni ted Nati ons Envi rFaurnmehretr mfogrekneayyi idze@it % )f vy i
itdecline is crucial for dearmd opu snpaniamyabbrieenp |
straaneeidismmservation and restoration.

Organization of the thesis

Th®hpr ojfeoatsssn HHenrgn changes inFtvhe sandeési bu
i nvess i gampoe Efiabchtdeor 8 it 3 g dlehce ianpepr oach i,s mul t
encompassing thekistoti aald deamtvd gyeoinsnemft al f act
to the obseChapgt etcaiphegsi ol egpenal Chapbpht ory
field eXXEhrlpheminsd model (ChgPY{ e€BOni ques



Tkt hesi s <co
each addressi

nsists of chapters itrhatheierpremdtui
ng di f fRewiernst® madisepset cst sc ooBfp etchveh t sctaur

five oqHapobersespond to four Ipachta gstigesd bpmaspar 0,r

a manuscriopt

curr emtolsysec hereheepacasi driee weent

specific oWPhdatoijwewes wowfertehed o:

1. Reconstructtertmhedi Isppantgtbeuftn soinr s,oi gedDVvi di ng

compr e laesrseeswste hs st ord wrad e marsv attiucsn

2.l dentidmnwyaltymeery f actors contributdegpero I

understanding of the mechanisms driving p

3 . Propose and e v esl coi pd rac ¢ardeted restoration strategies to support recovery

anansurl eotghpeenr s i oftheespecies nt s natur al habitat

Future perspectives < :

Model validation and development
of conservation and restoration
measures.

Chapter Y
Modeling approach
» Modeling its  occurrence
using environmental and
anthropogenic data.

+ Assessment of the change in
its future distribution range
under climate change
scenarios.

Fi.gvi sual rep

.............................. » Chapter |
Long-term assesment in the Adriatic
« Reconstruction of its current and
past distribution.
» Analysis of key abiotic marine

parameters.

Chapter IT & III

Laboratory experiments
Investigation of two potential
stressors on its ecophysiology:

« nutrient changes, measured
by O, evolution and PAM
fluorimetry

Chapter IV « water stress, estimated by the

Field iment i water relations parameters.
ield experiment < :

Restoration trials using a three-
step protocol.

r ePshePirtog teican oafgatnhes ati on

Bel owoveranew of the content covered in each

ChaptAer extensive bibliographic review was

and currentFdiwitirsa biuth e b And mifdadtilHt@eenogm anal yses

abi onair qpme ameit ees seawater temper at urwe,r esal i

per f oromeidnves

ti gatferp dthen tdiex!ll . AmaewdHdhdBe bér d pec

were col | ec'thbealn tf uroyma lttlcho@Ri0E2OBc, r e at | oammagh ndi st r i

t haes sessment

of the cursrtermdyw esdlad d sa odorithiensipre

Y



only about 20 fragmenTleah ad p p u stadorifm N soanrgienea i

revealed significant spati al and tempor al ct
Given its critictahiehgl efdangenbdeds LNaswRdd Li ¢
the i mplementansenvafioagmesdsuonegly advocat e

ChaptiBasetdhensignificant changasthe Adtra
recoir@headpltpearr t iclué aphgsphorus depbaswhiinch ni ¢ h
now cl assifi ea laab oorlatgorty ogxhper,i ment was con
t hat nutcoadublemasdrrifuilesr wifde olWeaar r i e dt-weae k
experimemthy ch guer nmixipmgsd daomdiF sa doud Itte odsidfefser en't
nutrient conditions, including three Redfi el
Adriatic), which reflect the shdifnt tfhreonwvid ut.
additionfrowesadekposed to two suppaedent ar
seawater fromCtomesisdmmlti gg oswitthe was observed
acrakk treatment s, i ndicating that none of
devel opment of t ke 9 ®asapioeassewsiPne/vsd ypu toiganc and

fluori metryc¢omwseiasetrebnats g ¢ & yecpd etsdimtsgpeci es acc
potemheat. fi impdisnhgadreart m nutri ent caaogetshealf one
speci es' decline.

Chaptil8rnce intertidal macroal gae are sess
desiccation stress during emersionasaesscbohe
water malratmeffres 6i.r sbhedeai m was to evaluate i
water scarcity, providing insights into the
conditions driven by climate change. We comb
derived urmveomumeessarves and chV &r oipthyjldv eaniflle
adult thall:@ sampl ed ohhd¢ hresuléetdshfamir ghinlt isgatd e
exhibited remao kwdtl er totl ereasiceas evidenced b
turgor | oy)sapdi hhe( maiFd thealaene®n oWwathdrg hpot ent
@and at hi ghWwiaternbodsffer enddgr owetrle Stbhasgea
significannh Wwatter eptwesn @ nrse ao dnikn g rtso s amp |
Th@measured on thalld.i coll ected after a typi

| ower than theswegdegnaitregl t hat the popul ation

possi bl pot hmpti mgry metabolism and gr owth



ChaptWwwe evaluated the Hwiarssaiidéwy ift asesu
t hr,seepp ot ocol . Firstpsiwapeonchercgt ed oamnet er mi

temperature and culture medium conditions f

findings, the germlings were cultivatse@punde
using hanging structures, and were finally
Marine Protected Area (MPA) of Miramare in ni

aimed to test the efs¢ebpiverenstpfanni ngt ant
pot éntfiaoar refFnt vo dwoi tnigessTeh ea rreeassu.l t s showed
temperatures in both tested culture media p
after outplantiinhgh, e nhi rtahnaarliei MPUWAr,viwhedch had
state dominated by turf algae. At Piran, a s
to excessive @grmpaiastghzd) ynighp arpteamsc,e of her bi vo
This study contributes tol af & e s$R.a gwisansdoe rdsetsa
provides key insights into practical consi de

Chagpvtlenr t hi s famondad | icrhgp patpepre, @ atcdh wneésatigat
bet ween the FocovumselMdes aft iacn db absoivnhr omaneent al
ant hropog@emsTd neet rseessr i es of poteari,abdlemamrdg nwei te
l and cover data, were analystdmporabsdssttheE
t he swietchiiemsotafler context of change3henmbhdel Ac
showed that the i ncr eadsueeciltniomatt mo scghhaenrgiec htaesmj
i mpantthe réeégressimomsdemari abl e wassolaalrs or acdoirarte
ul traviol et radi ati pnsaggde steiawg@at eheitre mpe mhai |
speci es'’ dieci 8 dhiac apgPeo@jrectsiFve vibebi tas sf wit
potehnodi aexundernr i bine Rempsteseavateve CRCPentrat

scenari o.

Fut pree spectives

This project provides a compr ehF.n svivies ohisdseess
deepens our under «tra nidtiresggd eod | itnhee. fHaocwieovresr |
guestions and highligltss the need for furthe

ChaptTére Iccompr ehensi ve omdpdgneua qigwietvle ad reldy aa
20 fragmented populations | eft. I n the conte

N M



and modeling the genetic diversity and conne
i nsights I nt o species suppialdiaprnd es.e @e/rodtuitd o
c onneanaii vmitgtaeyinres afnfdow hus reduces the risks of
(Frankhambh addi ti on, artificdadindbybdiudiz atdiag
genetic material, i mproving the ability of
(Ai t aedhi t PORER

Chaptielrilaboratory experimentscamacéei snadowaz e

to a wide range of nutrient conditions and t

are essenti al to investigate the effects of
i nteractions (e. g. nutrivent /wfivregykcpeods nr g U e sn,
including omasseshmngaddentioaml, change i n wate
ti dal range and sea | evel rise, ahd e¢ehkeicie¢tnm

underf alvosugoanbdhigt .idpu r s mmmeo ue Mh aonucre underks.t andi
virsoespemsédhe context of climate change.

ChaptMse v eroanls tweaien si ddeurttihfgi eedest or ati on tri
chall enges girm zuroegstanadl dsiintgge sel ecti on. Future
devel oping a habit atentshud ymmbst i ey f enotdieve tar e
i nitilant iavcetshei deyel opment -9pedinfhniovateagkregmpEer
selectingampemepoigal dtoiudndgni fi canthley riensproo vae
sucodsgestor(ditjiamgedlf.or2815)

ChaptMadel i ng appr oarcihsaltrago sphewn ct haimper a
climate akbfgamgteorn snegatively &ffeocrisbg dedslei dva
tihmodel , | aboratory experiments skempledabereo
the physi o$ @eggd nafubnodtihvi dual s, with the aim

t her mal t hreshol ds.

Public engagement and policy advocacy ar
into effective conservation actions. Il ntern
| ocal communities, -gowermmemttalagemgareissaakteioasn

along with FhevioebduBe  «hUGN Red Li st, coul d
its threatened status and promote decisions
restorationdevebhopmerst ¢€ednamamagepmeontte of C
devel opment and pollution control).
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Abstract

Fucus viigsaigdgleaspeal esekbndemic to the Adriati

northern Italy to southern Al bania. I n rece
decline. In this study, all availcaldl e@nrde caimrd:
occurrence and to investigate the possible

revealed a continuing decline with a signiHf
popul ati ons. While the spétyeendangéreddync
virsooudlkd be considered functionally extinct
extinction in Italy and Montenegro and | ocal
the rest of Croatia is stilolcadredl @ ar .arTehaes rce
by |l ow temperatures, | ow sali+#ietryn amd /| tlyisgls
key abiotic factors revealed profound change
study provi des nat tohfortolueg hoRaeryvael €l e tdagtguuse so ff o
inclusion on the |1 UCN Red List. | mmedit ate c
term survival of this species.

KeywoFdesus Vi rAsloiichés ¢ Sea, endangered specie

Il
<



11 ntroducti on

Fucaumecies (Fucal es, Phaebphmcergeal gae whdetr
on temperate and¢inolng nNOOKYy Chapmpn(O@LOAOE) cI
ecosystem servicesDeXWeerrnb201g9 )andbyFidrmhhkeanci n(
(Kaues k®l9.2,; Boaden 4028I05Fr addi k pee.cgi.e sAndeievre r
al . 1983; Duffy and Hlary d®®iltapBaorreg aets oaur.c el
bi oactive components that 6 afeodf amdece®esimet o
(Catarino et al. 2018 and references therein

Fucus Vvi.r sPogadredshl yi sr eephreesent ati ve of the ¢
aneindemic tolLiharddifi 4a940; ( Gi addmneocarud rRingn
been interpreted as a glacial relict (Munda
Al bania (Linardil 1949; Kasht aF.1 9Wi2i; % oNtateisi
Medi terranean region appears to be the resu
t hrougtherlmonigsol ated reproduction. This |ikel"
genus during the Pl eistoicemnleatqgtibae | afhtseervegha s
(Seet d®P99). This explanation i s suppFaurctuesd by
vesi cuil mosaasus in the northwestern Mediterran
mi-dol ocene (Assis et al. 2014).

The di stkF.i bwitrisomc dedsr ol |l ed by environment .
type and orientatienl®VbkoBaltte&®982; 2D0R: z&rf n
Battell.i 2B0oln3aectaQellla8BndoBat t el | i 2016a), wav e
Li pieze1®l9.5; Bolhaeatddall.3) , and salinity (Vouk
Gi accone and Pignatti-Bd®®8dadNBNsEdandanoTral Oyl a
to variable conditions, such as desiccation,
(i .e. qual ttayd,i aguiaonnt)i,t ywavleV acti on and nutr.i e
and Pignatt. 196 A;ndMuM d & | ]aIna2t;22080132; ;h iLBaantotteel | |
Il n addition, it is highly exposed to human p
Lipetrtel®l95; Battedtl 2020022006 peRi ndi @tnhdalBat't
2010182 OGBdmada@adll3; eGez2ald0) .

I n recenR. dveichasdseisg@d f er ed an al arming dec
Fal ace 2000; Falace and Bt @9dH®&n 200¢Bgn M= d iain d
et 2a11.3; Battelldi 2016a) and Lhiasst tohferkEr dareg e

Il
Z



ThreatenedoBpaedhieesBarcel ona Convention (amen

Specially Protected Areas and Biological Di v

Fucpespul ati ons are declining dueVdpt aamrd mt
Schramm 1991; Mart2nez et al. 2012; Ni)gastro
affecting their ecological and physiological
and ecosystemets2®l07Vret2Add 1 i-Emesaxdd2dI19) . The
| osB. ofi hasideen I inked to pollutietn2&IM&;nda

Gerdol2®&120), habiitan ¢ Malgimen 22a00160;; F&d Inadead o

al2013; -hametd PHI16) and climate change éBoer o
al2008; Munda 2008). Numerous concurrent <chan
properties of the Adriatic have etcZ&lX¥0)dandn
surface temper adtu2&ll 2vaet®? MRYD X Gi wintih changes |
including macroal gal et 2&ldD)r eissaimdirtisaus ap rf ocu
(Forteth2®hyv) and invasive 8pelOILFs ebfM@il2Oduct i

Due to its ecological value as Mp.arvti rosfoitde
needs the highest protection status. Therefo
species in order to develop appreap2dllad)e. mana

The aims of the present work were: 1) to
di stribution dat a, as these are highly frag
decline and pmapagemappr mpasates to prevent

2 Materials and met hods

2. 1Geographical ar ea
The Adri at-erccliossea seamsiin in the northernmos:H
bordered fronmawestbyto tasdyth Sl oveni a, Croat
Mont enegro and Al bania. |t exhibitsrpeenbuant

geomor phol ogy, bat hy me tert yl,®I197;d tThayddir.Bo)l,o grye s(uA rt
in a biogeographicabasubdi eRAsl®®Oyi)a ntFd gt. h rSele .

The nortlhhesrim ssbvery shallow (average dej
| argest Adriatic f rRedgews2t®dorl )i,n 5100w so f( Gwhsi hcnma nc
the Poet( P8@Apn. Theamiidhdlheasswlnm aver aget delp.t h
1998) , whi | e -btalkséd ns a wst hcehramr ascuber i zed by a dep



with a depth of over 1200 m, and extends to
to the |l onian Sea. Here the saltier and warm
and colder water from thetAdrsatdi by $hedwaestt:

while the eastern coast, which is more irr
numerous i slands (Russo and Artegiani 1996) .

The Adriatic is influenced by d-Roaei o met
al2.001) , including strong winds such as the
upwelling along the eastern cdo avsatt,erp r(oRvaicdienvg
2001). Through heat | oss and esapooatibobbuteh

formation oVYi ldiem8ilepdad@®dserl n( addi tion, the Adr

dilution basin due to tihse ifnrfelsunewnacteedr biymbfarl e
(Raicich 1996) . Sal i nistoyut hhogwsadament nc wdadien
nutrient concentrations generally show a dec
the Mediterraneaund,eswiitnh thhid4gaheeorn talinepani t®0@b c m)
central andHasootsh@®@cam)s2@®Tsi mplis et al. 1995;
2016b) .
I n recent decades, the Adriatic coast has
due t®eco®Poomoc activities, which have |l ed to
2.2ata coll ection
Al | available scientific Far tviionseose,d aprad cyeseeddi.r

online scien3ddpwsivedlat ab a sSecasencteher di gital
Macroal gal Herbarium Consortium Portal), rep
Past and cur fFentvi weo &t geerosl o@fat ed and t hen
(QGlI S. org 2023) .

Annual and seasonal average valwues of S
di ssolved inorgamimc orii tarmangpern umDlakd t phoeplaod:l
[DI P = di ssolved Jinweganidcowphospgkdr ustr om t h
Observation and Da+that t Nbest: Wwo rekmo (d B MOD iredza.t ealtsred p a
(Te®1Jhe data were trimmed to a narrow- strip
40 km odridhfboeysded surmaceTdiOcbhee&sifmg or de

Il i near trends in the time data series of t he

parameter s, we calculated | inear regressi ons

O


https://emodnet.ec.europa.eu/en

physical and chemical tphaer aPyettheorns ,p ar elsapdeer It gt vaet
and Perktold 2010) .

3. Resul ts

A total of 558 record$&. docwmepttgaghehedpf esce
century until 20823 .(HhgeshiS2Zarilc;alHawdrcwi de
along the Adriatic coasts are illustrated
observations from 2020 onward, unl ess extinc
occurrk.ncvwei sosfei dest he suppl ementary materi al:
a) b)
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Fig. 1 Historical (a) and current (b) known populationg-atus virsoidesn the Adriatic Sea

3.1 Historical and curresnt di stribution of

3.11taly

Fucws rswadeseported between 1941 and 1946 on
1841) and odelt honReirvoi e(rPai er paol i 1946; Linar
(1916%67) , the species disappeared from the R

represents the | imit of its distribution on

Il
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Until the early 2000s, it was found both
waters of Lido and Pell &st wvimwasi Bepwedredl D4

aut hors (approx. 30 papers) (SfRHucslossampgp e@u reid

from the coastal waters (panels and | agoon |
(Fig. 2a). Here it colonized with dense popu
Pell estrina, Chi ogagina tahned laalglo otnh,e isnntalluldiinsgl a
heavily polluted internal canal s Fafciutsheé hki s

| agoon was o-b6erwkdnint 20ilappeared al most e
only a few remaining popul ations, mostly i
influenced by high water renewates h@ée. preverl
Leonardo harbour in the central | agoon and i
i hhe northern Ilagbbe p&syg, ©SRe)$yeawater temp
and many freezing wat el .ev@awuttsf &i@elr7e) rreeccoorndsetdr
freezing water events in the Venice Lagoon d:
frozen water was only occasionally detected
years until today, udiee wadanry treampikiraCue kt imke
same tthener,api . decdb e gedof
For the IltalianTrioast2é mofkitg.bé Ghkef datf a

Linardii (168 93I19.9RP9Il,| eOsdlelrc anedt GllD.665)j Faba
et (20010) a4iBad n@rntlgaRrN0dlo3 ) et L(idlp9i.9z5e)r i nvesti gat ed

o fF. vi fsoemdesunt a Sdobba (Gorizi a) to Punt a
reported for Punta Sdobba, Marina Jul i a, Mo r
(Aurisina), Aquilinia, Muggi a, and Puata Sot
Filtri di Aurisina (Aurisina)tolSam¢éea CKMogegi a
Ri o Ospo (Muggia) and scattered patches at

(Trieste) i n areas with high ecol 88086al Or ph:
Bona&dcdg 2101 3) pr ordeuscoeldutai din glheogr aphic I nf or ma

Vi sualmetemosduss t o deter mi ne tH.e vpirnressoelcdeasda md)

geomor phol ogy of the substrate along the |1te&
On the Italian side of the Gul f | continuous
to Punta Sottile. Howbdeeharmorshalfl Siweéi anfao

and San Bartol omeo (Mugogifa)t.heFrld2m pSipsutliaan a n

were | ocated i nside mari nas or smal | arti fi

Il
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open sea. The |l ongest populations were found

freshwater i1 nlets with muddy seabed.

I n 2017et( Fall.&ar eecGe 2dIn.0) , the | &st vpopal de
were found only on the IlItalian coast of the
Julia (Monfalcone). This site is influenced

receives dir ecdtr ofnr e shhew gptreort eicnifeldowat ur.a 2000

3.1SPoveni a

The occuR.r evnicaes obnhdee sS|1 oveni an coast has been

(Herbari8abLagodoun&chiffner Al gae marinae; Acc

Vukovi | 1980, 1982; Munda 1991, 1993a, 1993
Battelli2@0d8; ALbepeji et al. 2004 ; CBdreadca and
al2.01 3, Battell. 2016a) and several maps hav
Lipej et al-BoRd®dDa2dI1Ar | Badoel | i 2016a) (Fig.

I n 2009-Bo@mrelta&dOal 3) documented continuous
of 2.33 km between Koper and 1|1 zol a, popul at

Selovlje extending over 2.78 km within the
popul ationsi wetbheohAskavad, Strunjan and Pira

Battelldi (2016a) found spatial and. quant
virsoirdeesorded from the Ankar an t oCoSetlionvulojues

and al most continbaeaos$ abahds Seaer Si moonndl izol a)

Porporela harbour (Koper) to Viligan Bay (I
scattered thalli were observed from Sv. Jern
(Strunj aMadchtao (RPiilegsaan), and from Bernardin (Pi
Park (Selovlje). I n aufF.umnidg@gdal, atai odirsa swd s ¢

|l eading to the al most compl ete disappearanc
scattered individuals were found at Viligan
(Portorog) by 2015. Thafs tnmde kleaspwipaad et s app e
Sl ovenia. Coinci cciurceg sBvatttheltlhie d2@16 a) mdcor d
the maaRPR@tel | aLlcaenalbea 1758. o wWewswerdEsIi
been observedcien 28ldveni a s

Il
M



3.1CBoati a

Due to the extekmjvdeteamihedeat6a238ale of
are accounted for Dupl,ahd4eii2Wediedskandtial et
the accurate mappi hg voifodbieddesenitbouei €m oat

|l acking. From 1886 to the presentHerd$m@mor adeirc
Zool oBotsami schen GeseHésbaafumi wo WiVAntMing uH an
Cryptogamae Ger mani ae, Austriae et Hel veti a
Her bier FinaMmadginie; 1949; Lmelik and Morovi 19

Zavodni k 19&5,3,19&7/a7,;b,Gessner amrd H®mMMBer 20D
Pelivan and Luteti RI02RW0US; Zbwavdotdénlibke r t i 200 3;
Stibila®tDBO8e;l i gK@D&Oi2®IIHIan e kk®I112; -Mrad glie k

et 2811K4u;l i na Gl P0G B Ph v HEIME;r.2 6 tIMiad ISit loesti 2812 0 ;

Ant eltiddl2Av,i t kedavadi2.1; DetbrR®RIl, | 202t 2dRAKkovi i
Banoeitid®lR2; e6tj2o@pBilecicORG), often only with

t owns.

Most historical recor dnsorftohceursn o@H irt ghaet 2l €s)t.r
thetbD9 the begitbeinnf.r gfi weheei s ndant and wi de
region (Linardil 1949; Munda 2000; Battelli
Novigrad, Porel, Pul a, Medul i n, and numer o

popul ations were found ,#uou MohaMedulgirmd, ander W
(Leli KukBao &AQqualil 20t189€128)jubhithe | ast t|
decl iFne vaofhsasi deen noted along the I strian c
repor tZeadvobywi kanfM®reda) (1972, 1978t 4BBDJI) G

comprehensively mapped the |Istrian coast and
hi storical data. They documented a | ocal ext
by the disappearance ofarceati hobuswdel bg and

the RoOvVvi nj area in 2016, whil e at t he same
recorded i n Itnhet hProrpe 0 288rde a2kl @11e wer eastil |

settl ement sVfgamndeonrvarséeénot| ement Wwaxsl 4 oRlaa ¢
(Raga Bay, nedetumdiygady) . Of these, only the set
uvala (Fulhvtalnaa()Bhagnad Bay) are currently pres:ct
degradation as well as stochastic events (gt

wreckage and moving substrate).

Il
—



Outside the Istrian peninsul@igs. 2d,e), only a limited number of localised and
sporadic observations have been made along the entire mainland and islandis @ddsion,
most historical sites were surveyed only once, making it impossible to determine thertong
distribution patterns Dur i ng this study, isolated patche
Rab and in Baril Draga, popul ations already
isolated populations were found fali Ston Bay(Miol ii -Stosicet al.2020) Lastovo Island
(Jaklet a.2008), Vr si and Gibenik. Moderately at
(Novigrad Sea), fir steta.d0d), meepersisted and haletbéeh ( Ha
extensively sampled for aak6fdlif Dethl@®phEei | mer
2022; Jea.X021] Btaahd@2 2; etCal. 203§ The most extensively
documented disappearance took place in the Zadar region, where a population observed in 2011
(Handgad8012) di sappeared by 2023, as well as
on the nearby islands Ugljan and Dugi Otok. Moreover, in the Kvarner region, more specifically
in Omigal j (Krk) and Stara Voda ( Riasenoa) , t |
longer present by 202B. virsoides ecor ded by Linardil (1949) i
seems also to di segpodldar by 2011 (Kol etil

3.1Mdntenegro

The firsk. rwicrogdit befs Boka Kotorska Bay (south

dates back to 1949 (Linardil 1949). Later, S
Bay (Radimiri and Institute of Marine Biolog
200B¢t ween 2003 and 2004, Mal i | K. 2 ov0 6a)s dii mweess
recorded a further 16 sites, 2 of which had
Gospa od Andela, in Kotor Bay).RMopan Bdy.,t hwh
ot her popul ations were observed in the Veri gt
Novi Bay) . Dur.i g wialeii shest dudy,nd at mo s t of t
Only remnant popul ations were found in the
(Opatovo, Lepetane, Andrili, Turski Rt), cha

freshwatersumptutat a,ockiyd sheltered habitat (

attributed toon,haebuittraotp hdiecsattriuocnt,i and cumul at i

Il
<



3. 1Abbani a

Il n Al bania, historical and current records w
the occlkrrenceodAblkeania and identified Trepor
southern | imit of i1ts distributli9o®ne)r angeo.r tHc

di sappearance from the Bay of eV¥Yl| (@2@&1 6 )whii rc h2 Gm
Recently, as part of a Mari ne -SHPrAd tRRMR /eRIAGT e a
et 28&I121), the pr efs. e woveieiveassr raebcsoerndceed oafl ong t he

3 popul Rt iwine mefdebs erRatdo Ku bloa daerd | e, whi ch
represent the new southernmost i mit of i ts
Al bani an Red List (Decision of FE.heviCwobuonicdds o
t he Al banian coast is critically endangered.

111
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3.2Lontgerm environmental data collection ¢

From 1990 to 2021, the SST along the Adri ati

VlIiora (southern Al bania), showed a significa
AC a 7 ;(PBig. 0S®pH) The strongest increase was
< 0.05) (Fig. S4). I n addition to theg hdocume
war ming also showed a gr adibeansti ni ns hiomwteeln sai t 3
warming (m = 0.018 AC a Maspn<(0On G5, 0d¢ diCd
Il n contrast, -basinhether whematn gsiibd miefairc d mte nic
over this period (m = 0.002 AC a 17; p > 0.05

Mean annual surface salinity increased (m

increase was constant across seasons (N 0. 0f¢

salinity gradient from north te soutthe @pph
direction was observed, with a faster increa
in the central (m = 0.011 psu a T; p < 0.05
basins (Fig. §S5).

From 1993 to 2017, a gener al i ncrease in

observed along the90fMaalt pck.co0a8pedimfi=cal |y,
ecorded from 1993 to 2003, followed by
able in the EMODnet dataset (Fig- ST7, S
ns. However, cecsntc einnt rvaitn toenrs awed el chwegsht i

W a

(7))
- 0=

avali
b a
nort hern anhkdasiorug hhreadc miudhhaenr tchoen doeerstit maat( iFasmsb t

(7]

The average annual DI'P concentration show
(m = @09 E ; p < 0.05) (Figs. S7, S10). AIlI
ranges, but significant increases were obser
(Fig. S11). Further-masien oshowed ha sidgmidtdE anas
50Ma T: p < 0.05) (Fig. S10).

I n the nbasher nweubdbserved significant di
bet ween the west coast (from the Venice Lago
G beni k) (Fig. 12) . On the west <coast, t he t

that on the Adriatic coast from northern 11te&
hi gher concentrations. On t hat ieoans ti nccoraesats, e dh c
Adriatic coast, whi Iree atsread2 D&BEMaO i ¢ e pt r<a t0i .o0N5
particul ar, a significant decr-2as8@BVwas:  rpcer

ON



0.05), which deciOdias etd9 9 3 otmo OBI.0® 2250 17.,® .180c0c50 mp
by a decrease in -DIMNCBMantpnprat0od5)( m(Eig 12
to an increase in the N:P ratio from 40 in 1

to the Adriatic coast s, where the N:P ratio
4 Di scussion
The present study provides FR.hevifriarosittd scsornmgpmn geeh

Adriatic Sea. The investigation of -hesmoric

changes showing a strong decl iFnevioeabdege?0

forms contiguous belts, it can be considered
Mont enegr o, it i's threatened with extincti
endangered in 20da3ti wht lien i $| owerkl a.@alihpe | dwers

he remaining regions of Croatia (Kvarner an
ave primarily relied on the CARLIT method (

roportion of these regionmrsecanmtoluyn,d r6ee&w | thianv

o T oS

ata. Al though the identification of some r ¢

—+

his does not indicate an exgamsiiom tolfe thhies trc

Whil e dek.l imietsaooefd ddeen documented in cert
Zavodni k 1967a; MundaBolmaR2®&11973Batdtd®8Dl i ORD
t 240119, 202®t 2@BIRRW gl rlecogni sable regi me shi
etween 2010 en@®R0i16BaFakhtd 20R1BHa; Ldlcjau gidi
ol dest regions of the Mediterranean,F.t he A

i rsdiowes.er , a varietyorosf (aentghr ohpaobgietnaitc dsetsrt

o < O T o —

vergrazing) exacerbated by climate change,
The extant popul ati ons primarily I nhabi
characterized by | ower temperatures and sal
Novigrad and PoBetil FDnhgakboviTggad, Sea, Vrsi
Bay). They also thrive in |l agoons, such as t
with freshwater infl ow (e.g. Novigrad Sea,
temperature amdidgealnitniftiy dh awe ctadr riFcbnduessfafct or
Vouk 1938; Linardil 1949, Gi accone and Pigna

@)
|



(1949) Fdefviintesso iad emircyrhoal i neeuayd heni malo speci
opti mum skewed towards the minimum values.
Over the |l ast three decades, both sea sur

have experienced aFucwpewexr kst raegred.k nwWhwvinl ef or 1

extreme ther mal conditions, making them rel
macrophytes (e.g. Saha et al. 2020) , the ri.
vegetative awedl gpmenwit@biendledi |, 1949), may s
its physiological functioning and overall su
in the nbasherni susdttri buted to the reduced

t he PoOTsRinpelri s( et al . 2008, Cozzi and Giani

bal ance but also influences the structure a
Gi ani 201Bpna®al andal . (2013) sbggestedi dd&a
freshwater inflows could also be the result

(Arrontes et al. 2004).

Ni trogen (N) and phosphorus (P) are essen
and Hurd 2001) . Despite thasimesreaseasiigmi DIi Nc¢
DI'P values can only bebamshsner vOevde ciam t tr mdDil P istoh
northern ahascesteahi bub a | ower trend than
pattern is influenced by JIltalian |l egislatio
phosphorus regul ati olnmgrMarethedlti 2@0%). QmM 8f€
enrichment resulted in a rise in the N:P rat
of 30:1 indicating phosphorus | imitation (At
Triestetitohe ndgrRarseed from 31:1 to 102:1. 1Int

to affect theFfuwmc(Bobhdbsbdbsaunpubfi shed dat
coul d play a positive role duringssotci ad £fdu
detri mental effects, as indicated by Gerdol

During this study, we observed dense recr

Marina Julia (Monfalcone Bay) (Figs. S2g, Sz

F. viysasddecumented in prioretszal@dd;esl dHpa e:
Djakovac 2015). The same was r eRoernetll)y, owvbhseerrev
popul ation experienced a sharp decline by t

artificial beacHhesaxshlind e edder etmgeakgsdinouns pot ent
and Smith 2007) with high phenoWgtfeltc2@ddlllast i c

By adapting to dynamic and unstable interti

0)e)
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such as an effective reprodiuwct ivvieresxcha pha btisl i
character i stsitcrsa (adkgiicrArttchuan and Wil son, 2001)
considerable energy on reproduction and cont

(production of numerous zygotes), a short g
Grime's C&SsR isnrpaltamgt ecol ogy F.Grviimes ollded e 1
|l assified as a ruder al susati égest byR)i.t sTh
nvest ment, which allows recovery foll owing
ressure -saeta time elrdrmdce | eads to changes i n |
estruction.

As a glacial relict endEmiwi gop & dumsidgura at |
eneti c hleevroil tua g eo naamray dhotvednogry, t he i denti fi ca
ragment eds ppgeudsadeinaarrs o of | i mit ed egaednientg ct oc
nNbreedredugaenbet i ¢ adidveadaptyabcihlaingyi ng envir
onditthwmer aahsei mg sk of extinction.

I n the broader context of biodiversity co

ssessment of Fheviowelhaids stsatxaotnu si sofhi ghly t h
n the wild due to declining, pdmisl antoito ny esti zt
sse@ENoddal uptye dt he I nternational Uni on. for C
owever, based on the categories and criter:i
dvocat e Fcl avsisaisiOyfidiegsc al | § HBodamngerndde exi sti
xtinction. Thi s classification emphasi zes
nitiatives and effective mnmtaenrang esmernvti vreela saurr de
f the species.

The At enmgm environment al data analyskrs pres
empor al changes that suggestF.povsisrishdoedeoserrr, e
t must Dbe recognized that while this analys
onclusively deHMwrntsharatree sceaaurscal idry.t he i nflu
tressors and their comple¥.iantesactdeenal oho

deeper under st aindg nigt 9fl e e, famrcd otblsaesmerdd & v e

olutions in time to prevent its predicted e

on
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Talb8 Hi st ori cal and cuFuewms ins $lotiiadieys i(can ,d aStleo veefni a (b)) , Croatia (

i ndicates the year of observation or, if not spesesptcetijedhbyyehe
or deductmap faxtnr aphel ati on, and coordinates are included when ava
data, which i1is classified ansedliouwn iiff ocanlnyapt hies sgiitvee nn a naen di shiggihv e nf

the current status of the popul ation and the year doaft at hoen rtehceo rpdo pi

and enviromameéetralktclcas of the site

Yea  Site Reference Accur iExtinction Comment

a) l'taly

182 Trieste Erbari o Museo BiLow Locally extinc
New York Botani ¢ (Fal ace et al
(Macroal gal Her |
Portal)

182 Trieste Herbarium of WilLow Locally extinc
Tayl or, Universi (Fal ace et al
( MI CH)
(Macroal gal Her |
Portal)

185 Lazzaretto Herbarium of FriLow Locally extinc
Dr exel Uni versi: (Fal ace et al
(Macroal gal Her |
Portal)

188 Muggi a FIl ora marina iu:Low Locally extinc
Antoni o Zaratin (Fal ace et al
(Battelli and Al

191 Barcol a Al gae AdriaticatLow Locally extinc
Herausgegeben v (Fal ace et al
zool ogischen St
Farl ow Herbari ui
Uni versity

ny
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(Macroal gal Her |
Portal)
92 Trieste Schiffner Al gae Low Locally extinc
Herbarium (Har v (Fal ace et al
(Macroal gal Her |
Portal)
94 Ancona Ri ndi 2020 Low Locally extinc Common i n Anhceo naar ¢
(Sol azipir) 1966
94 Passetto di An Pierpaoli 1946 Hi gh Locally extinc
(43.615983, 13 (Rindi 2020) (Sol azisi7,) 1966
94 Ancona Linardil 1949 Low Locally extinc
(Sol azipir) 1966
94 Barcol a Linardil 1949 Low Locally extinc
94 Chioggi a Linardil 1949 Low Present 2023
94 I'ter ad urbem Linardil 1949 Low Locally extinc
94 San Michele, VLinardil 1949 Low Locally extinc
started6i)n 201
94 Trieste Linardil 1949 Low Locally extinc
94 Venice Linardii 1949 Low Locally extinc
started6i)n 201
96 Barcol a Erbario InstituiLow Locall 20extinc
Triest e, Uni ver: (Fal ace et al
( Ml CH)
(Macroal gal Her |
Portal)
98 Miramar e Herbarium al gariLow Locally extinc
botanici porticu (Fal ace et al
Napol i, Uni versi
( MI CH)
(Macroal gal Her |
Portal)
98 Chioggi a Mari ani 1985 Low Present 2023
99 Muggi a Poll esello 1992 Low Locally extinc
(Fal ace et al .
99 Aquilina Lipizer 1995 Hi gh Locally extincContinuous and pr
(45.60064162, (Fal ace et al. medium degree of
prevailing North

inclination

nao



Aquilina Lipizer 1995 Hi gh Locally extincContinuous and pr

(45.60101192, (Fal ace et al medi um degexpootir
prevailing North
i nclination

Aqui lina Lipizer 1995 Hi gh Locally extincContinuous and pr

(45.60154505, (Fal ace et al medi um degree of
prevailing North
inclination

Barcol a Lipizer 1995 Hi gh Locally extincScattered patches:c

(45.68195632, (Fal ace et al conditi eMes,t Sauwbtst
i nclination

C. de Zoppoli Lipizer 1995 Hi gh Locally extincScattered patchescs

(45.75038242, (Fal ace et al conditi eMes,t Sawabtst
i nclination

C. dei Barbari Lipizer 1995 Hi gh Locally extincScattered patches:cs

(45.74392399, (Fal ace et al conditi eMes,t Sawbtst
i nclination

C. dei Barbari Lipizer 1995 Hi gh Locally extincContinuous and pr

(45.7493006 3, (Fal ace et al medi um degree of
prevailing North
inclination

C. del Barbari Lipizer 1995 Hi gh Locally extincScattered patchescs

(45. 75665078, (Fal ace et al condi ti eMesstu bSsoturta
i nclination

C. del Barbari Lipizer 1995 Hi gh Locally extincScattered patches:cs

(45.76161421, (Fal ace et al conditi eMes,t Sauwbtst
i nclination

C. del Barbari Lipizer 1995 Hi gh Locally xtincScattered patches:cs

(45. 761868668869 (Fal ace et al conditi eMes,t Sauwbtst
i nclination

Cediasi r amar e Lipizer 1995 Hi gh Locally extincScattered patches:cs
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200 Cape Strunjan Lipej et al 20 MediuliLocally extinc
(Battelli 2016) (Battelli 2016
200 I zol a Lipej et al . 20 MediuliLocally extinc
(Battelld 2016) (Battelli 2016
200 Kop<drzol a Lipej et al. 20/ MediuitLocally extinc
(Battelli 2016) (Battelli 2016
200 Piran Gl ej kovec et al Low Locally extinc
(Battelli 2016
200 San Si mon Lipej et al 20/ MediuiLocally extinc
(Battelldi 2016) (Battelldi 2016
200 Ankar an Osterc and StibiLow Locally extinc
(Battelldi 2016
200 Debeli rtil Ost erXt iabnidl | 200Low Locally extinc
(Battelldi 2016
200 Piran Osterc and StibiLow Locally extinc
(Battelli 2016
200 Portorog Osterc and StibiLow Locally extinc
(Battelli 2016
200 Gusterna Osterc and StibiLow Locally extinc
(Battelldi 2016
200 Cape Sel a Or | aBbadmaca et al Medi uiLocally extinc
(Battelldi 2016
200 Debeli rtil Osterc and Sti biHigh Locally extinc
(45.587150, 13 (Battelli 2016
200 I zol a Or | aBbadmaca et al MediuiLocally extinc A Abundant patches
(Battelli 2016
200 Kopdrzol a Or | aBhbadmaca et al MediuiLocally extincAl most continuou
(Battelli 2016 popul ati on
200 Portorog (45.50sterc and StibiHigh Locally extinc
13.581767) (Battelli 2016
200 San Si mon Or | aBhadmaca et al MediuiLocally extinc
(Battelli 2016
200 Selovlje saltpOrl aBhdmaca et al MediuiLocally extincAl most continuou
(Battelli 2016 popul ati on



Gusterna (45.50sterc and Sti biHigh Local |l y aaxtuimmc

13.695450) (Battelli 2016

ePiratg¢ Bernar Battell: 2016 Medi uiLocally extincRare to scatt
(Battell:i 2016

Bernardin Battell:i 2016 Medi uirLocally extincRare to scatt
(Battelli 2016

Cape Debeli rt Battell. 2016 Medi uiLocally extincRare to scatt
(Battelli 2016

Cape Kane StruBattelli 2016 Medi uiLocally extincRare to scatt
(Battelli 2016

Cape MRidoam Battelldi 2016 Medi uiLocally extincAbundant patc
(Battelldi 2016

Cape Sel a Battelldi 2016 Medi uiLocally extincRare to scatt
(Battelli 2016

Cape Strunjan Battelli 2016 Medi urLocealxltyy nct in Rare to scatt
(Battelli 2016

Fi éMadon a, Pir Battell:i 2016 Medi uiLocally extincRare to scatt
(Battelli 2016

Fizine Battell:i 2016 Medi uiLocally extincRare to scatt
(Battelldi 2016

l zol a Battelldi 2016 Medi uiLocally extincContinuous or
(Battelldi 2016

Kop-drzol a Battelldi 2016 Medi uiLocally extincAbundant patc
(Battelldi 2016

Kop€remedel a Battell:i 2016 Medi uiLocally extincAbundant patc
(Battelli 2016

Porporela HarbBattell: 2016 Medi uiLocally extincAbundant patc
(Battelli 2016

PorGape Debeli Battelli 2016 Medi uiLocally extincRare to scatt
(Battelli 2016

San Si mon Battelli 2016 Medi uiLocally extincContinuous or
(Battelldi 2016

Sel| owdljtepans Battell:i 2016 Medi uirLocally extincRare to scatt
(Battelli 2016

Strunjan saltpBattelli 2016 Medi uirLocally extincRare to scatt
(Battelli 2016

Sv. Jernej Bay Bat 2&I1I6i Medi uiLocally extincRare to scatt
(Battelli 2016

Sv. Katarina Battell:i 2016 Medi uiLocally extincRare to scatt



(Battelli 2016
201 Val dol tr a Battell:i 2016 Medi uirLocal |l y aauxtuimmc Rare to scatterec
(Battelli 2016
201 Viligan Bay Battell:i 2016 Medi uiLocally extincAbundant patches
(Battelli 2016
201 éPiratc¢ Bernar Battel |l 2016 Medi uiLocally extincRaresctad¢tered thal
(Battelli 2016
201 Viligan Bay Battelldi 2016 Medi uiLocally extincRare to scatterec
(Battelli 2016
201 éPiratg¢ Bernar Battelli 2016 Medi uiLocally extincRare to scatterec
(Battelli 2016
201 Viligan Bay Battelli 2016 Medi uiLocally extincRare to scatterec
(Battelli 2016
201 ePiratg¢ Bernar Battelli 2016 Medi uirLocally extincRare to scatterec
(Battelli 2016
c) Croati a
183 Rovinj 1 TomasHindasol etto MediuiNot recorded s
(Gl jugiii et (Gl jugiil et a
183 Rovinj 2 Tomasini i Bias«MediuiNot recorded s
(Gl jugiii et (Gl jugiil et a
183 Rovinj 3 TomasHindasol etto MediuiNot recorded s
(Gljuglil et (Gljugliil et a
186 Katarina | sl anHerbar derBoZzoanmlitrMedi uiNot recorded s
Gesellschaft (Gljugliil et a
Herbarium (Har v
(Macroal gal Her |
Portal)
188 Pola (Pul a) Premiata Flora Low Not recorded s Under thhwecwmsameche
Raccolta e prep (Gl jugiil et a
Zaratin Emerito
Scol astico.
(Battelli and
188 Parenzo, |l sol aMiscell anea A Low Present 2021
(Porel) (Battelli and (Gl jugiil et a
188 Novigrad area Zaratini, 1885 Medi urNo current dat
(Gl jugiiok3et a
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N

N el

89 Asino, Rovinj Luckas 1892 Medi uiNot recorded s Prolific from 19
(Munda 2000) (Gl juglil et aabsent in most si
89 St . Euf emi a, RKuckuck 1899 Medi uiNot recorded s Prolfirfoimc 1967 to
(Munda 2000) (Gl juglil et aabsent in most si
89 Figarola I sl anKuckuck 1899 Medi uiNot recorded s Prolific from 19
(Munda 2000) (Gl juglil et aabsent in most si
89 I sland of St. Kuckuck 1899 Medi urNot recorded s Prolific from 19
(Katarina I|Isla(Munda 2000) (Gljugliil et aabsent in most si
89 Bagnol e, RovinKuckuck 1899 Medi urNot recorded s Prolific from 19
(Munda 2000) (Gljugliil et aabsent in most si
89 Asino, Rovi nj Kuckuck 1899 Medi uiNot recorded s Prolific from 19
(Munda 2000) (Gljugiil et aabsent in most si
90 Abbakstari en W. Mi gula CryptcLow No current dat
Germani ae, Aust.
exsiccatae Fasc.
Academy of NAat u
Al gae
(Macroal gal Her |
Portal)
92 Medul in Baumgartner, 19.Medi uiNot recorded s
(Gljughioi23et al (Gljugliil et a
92 Bua I sl and Schiffner Al gae Low No current dat
Herbarium (Har v
(Macroal gal Her |
Portal)
94 Bakar Linardil 1949 Low No current dat
94 Baril Draga Linardil 1949 Low Present 2023
94 Baska Linardil 1949 Low No current dat
94 Bene i Liusbpirnoodv Li nardi I 1949 Low No current dat
Marjana kod Sp
94 Crikvenica Linardil 1949 Low No current dat
94 Grug Linardil 1949 Low No current dat
94 I'lovni k Linardil 1949 Low No current dat
94 Jabl anac Linardil 1949 Low No current dat
94 Karl obag Linardii 1949 Low No current dat
94 Kor |l ul a Linardil 1949 Low No current dat
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N

P PR R RRRLRRRRERRPR

=

St ar tRgarkaldeni ca Li nardi | 1949 Low No current dat
St ar-iOgr Hdr ar Linardil 1949 Low Locally extinc
) (Kol etil et al
Supetar Linardil 1949 Low No current dat
Susak Linardil 1949 Low No current dat
Sv. Jakov Linardii 1949 Low No current dat
Sv. Jur aj Linardil 1949 Low No current dat
Tribanj Linardil 1949 Low No current dat
Ugl j an Linardii 1949 Low Locally extinc
Vinjerac Linardii 1949 Low Not recorded 2
Vranjic Linardil 1949 Low No current dat
Zadar Linardii 1949 Low Locally extinc
Zma0O. Dugi Linardil 1949 Low Locally extinc
Savudrij a Linardii 1949 Low No current dat
Kastela Bay Lmeli k and Moro'Low No current dat
Rovi nj Zavodni k 1965 Low Not recorded s
(Gl juglil et a
Crikvenica Her bier F. Magne¢Low No current dat
Mi chi(l acH)
(Macroal gal Her |
Portal)
Faborso 1 Munda 1969 Hi gh Not recorded sProlific popul ati
(45.11666667, (Gl juglil et a(Munda, 1973)
Faborso 2 Munda 1969 Hi gh Not recorded sProlific popul ati
(45.11666667, (Gl juglil et a(Munda, 1973)
Katarina 1 / KMunda 1969 Hi gh Not recorded s
(45. 06666667, (Gl juglil et a
Lone, Rovinj Munda 1969 Hi gh Not recorded s Dense and prolidfi
(45. 06666667, (Gl juglil et aexposed | ocation
Gkar aba, RovinMunda 1969 Hi gh Not recorded s Scattered popul at
(45. 05, 13.616 (Gl juglil et alocation (Munda,
Vel i ka Figarol Munda 1969 Hi gh Not recorded s
Lesso, RovinNnj (Gl juglil et a
(45. 08333333,
Katarina | slanMunda 1973 Medi uiNot recorded s Dense; sheltered
(Gl juglil et a

2Y
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Vel i ka Figarol Munda 1969 Hi gh Not recorded s
Figarola I sl an (Gl juglil et a
Katarina | sl anGessner and HamiLow Not recorded s
(Gl juglil et a
Lim Channel Gessner and HamiLow Not recorded s
(Gl juglil et a
St . E Rfoermina , Munda 2000 Medi urNot recorded s Prolific from 19¢
(Gljugliil et aabsent in most si
Bagnol e, RovinMunda 2000 Medi uiNot recorded s Prolific frdmte9c¢
(Gljugliil et aabsent in most si
Asino, Rovi nj Munda 2000 Medi uiNot recorded s Prolific from 19¢€
(Gljugiil et aabsent in most si
Canal di Leme Munda 2000 Medi urNot recorded sProlific from 19°¢€
(Gl jugiili et aabsent in most si
Val Soline, Ro Munda 2000 Medi urNot recorded s Prolific from 19°¢€
(Gl jugiiil et aabsent in most si
Punta Croce, RMunda 2000 Medi urNot recorded s Prolific from 19¢€
(Gl jugiili et aabsent in most si
Barabi ga, Rovi Munda 2000 Medi urNot recorded s Prolific from 19E¢€
(Gljugliil et aabsent in most si
Muccia (hospit Munda 2000 Medi uiNot recorded s Prolific from 19¢€
( Mul a) (Gljugliil et aabsent in most si
Val di Bor a, R Munda 2000 Medi urNot recorded s Prolific from 19¢€
(Gljugliil et aabsent in most si
Punta Corrente Munda 2000 Medi uiNot recorded s Prolific from 19¢€
(Gljugliil et aabsent in most si
Pirosi, Rovinj Munda 2000 Medi urNot recorded s Prolific from 19¢
(Gljugliil et aabsent in most si
St. Andrea, Ro Munda 2000 Medi urNot recorded s Prolific X¥9060n 119&
Il sl and) (Gljugliil et aabsent in most si
Sturago, RovinMunda 2000 Medi uiNot recorded s Prolific from 19¢€
(Gljugliil et aabsent in most si
St . Giovanni , Munda 2000 Medi uiNot r escionrcdeed20:Prol i fic from 19E¢€
(Gl jugiil et aabsent in most si
Pal u, Rovinj ( Munda 2000 Medi urNot recorded s Prolific from 19¢€
(Gl jugiil et a
Faborso Bay Zavodni k 1973 Low Notecorded sin
(Gljugliil et a
Lone, RovVvinNnj Zavodni k 1973 Low Not recorded s

TM



(Gljugliil et a
197 Valdi bora, Rov Zavodni k 1973 Low Not recorded s
(Gljugliil et a
197 Lone, Rovinj Munda 1977 Low Not recorded s
(Gljugliil et a
197 Faborso Bay Zavodni k 1977 Low Not recorded s
(Gljugliil et a
198 Promontory of Pelivan and LutlLow No current dat
199 Samonjin cape, Zavodni k et al. MediuiNo current dat Weildlevel oped sett
smal | beach prote
boul der s
199 Sv. Grgur Port Zavodni k et al. MediuiNo current dat
199 Tatinja Cove HZavodnik et al. MediuiNocurrent dat a
199 Veli galebov i Zavodnik et al. MediuiNo current dat Patchily di-expadshe
l ocation
199 Veli Samotorac Zavodni k et al. MediuiNo current dat Sheltered |oechdtnr
and gently inclir
199 Faborso Bay Zavodni k et al. Low Not recorded s
(Gljugliil et a
199 Haludovo Zavodni k et al. Low No current dat
200 Pl omin Bay Antolil et al. :High Nocurrent dat a
(45.115988, 14
200 Pl omin Bay Antolil et al. :High No current dat
(45.121196, 14
200 Pl omin Bay Antol il et al. High No current dat
(45.133879, 14
200 Pl omin Bay Antol il et al . cHi gh No current dat
(45.11308, 14.
200 Barabi ga, Rovi Devescovi and | "Medi uiNot recorded s
(Gljugliil et al (Gljugliil et a
200 Faborsa Bay 1 Devescovi and | 'Medi uirNonrecorded sin
(Gl jugiili et al (Gl jugiil et a
200 Faborso Bay 2 Devescovi and | 'MediuiNot recorded s
(Gl jugiili et al (Gl jugiil et a
200 Katarina | slanbDevescovi and | 'MediuiNot recorded s
(Gl jugiil et al (Gl jugiil et a
200 Lone 1, Rovinj Devescovi and | 'Medi uiNot recorded s
(Gl jugiil et al (Gl jugiil et a

TN



200 Mul a, Mar i na, Devescovi and | 'MediuiNot recorded s
(GljuglkioR3é¢t al . (Gljuglil et a
200 Palud, RovinNnj Devescovi and | 'MediuiNot recorded s
(Gl juglil et al (Gl juglil et a
200 Punta Krig FKKDevescovi and | 'Medi uiNot recorded s
(Gljugiil et al. (Gljugiil et a
200 Amarin Resorts Devescovi and | 'Medi uiNot recorded s
(Gl jugiil et al (Gl jugiil et a
200 Rovi nj old towDevescdwiegan@00 Medi uiNot recorded s
(Gl jugiil et al (Gl jugiil et a
200 Samer | sl et, RDevescovi and | MediuiNot recorded s
(Gljugliil et al (Gljugliil et a
200 Gkaraba, RovinDevescovi and | MediuiNot recorded s
(Gl jugiil et al (Gl jugiil et a
200 Sturag I slet, Devescovi and | 'MediuiNot recorded s
(Gl jugiil et al (Gl jugiil et a
200 SvAndrija | sl arbDevescovi and | 'Medi uiNot recorded s
(Gl jugiil et al (Gl jugiil et a
200 Val di Lesso, Devescovi and | 'MediuiNot recorded s
(Gljugliil et al (Gljughkiol23et a
200 Veli ka Figarol Devescovi and | Medi uiNot recorded s
(Gljugliil et al (Gljugliil et a
200 Zl atni rt, Rov Devescovi and | MediuiNot recorded s
(Gljugliil et al (Gljugliil et a
200 Lone 2, Rovinj Devescovi and | 'Medi uiNot recorded s
(Gl jugiili et al (Gl jugiil et a
200 Lim Channel lvega 20014 Medi urNot recorded s
(Gl jugiili et al (Gl jughiok3et a
200 Lone, RovinNnj Osterc and StibiLow Not recorded s
(Gljugliil et a
200 Pl ava Laguna, Osterc and StibiLow Present 2021
(Gljuglil et
200 Uma-gmear marinegOsterc and StibiLow No current dat
200 Novigrad Sea aAntolil et al. Low Present 2022
(Dobrinlil et
200 Amarin Resortsln this study Hi gh Not recorded s Scattepatdcheny
(45.106006727, (Gl jugiil et a
200 Cape Barabiga, In this study Hi gh Not recorded s Scattered small
(45.1001827009, (Gl jugiii et asides of "Barabi
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202 SW Novigrad Seln this study Hi gh Present 202 |l sol atpat csmas | al
coastline from 4¢
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15,48477029330)
202 SW Novigrad Seln this study Hi gh Present 202 | sol ated small pe¢
coastline from 4¢
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coastline from 4/
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(44.765833, 14
d) Mont enegr o
194 Hercegnovi Linardil 1949 Low Locally extinc
194 Kotor Linardil 1949 Low Locally extinc
194 Tivat Linardil 1949 Low Locally extinc
197 Institute of MSolazzi 1971 Me d i Locally extinc
Dobrot a (Malil 2006)
197 Radi miri Solazzi 1971 Me d i Locally extinc
(Mal il 2006)
200 Andrilii Mal il 2006 Hi gh Present 202 Sheltered, rocky
(42. 474045, 18 freshwater input
200 Banj Mal il 2006 Me d i Locally extincRocky substrate ¢
in Risan Bay
200 Carine Mal il 2006 Me d i Locally extincRocky substrate ¢
i Ri san Bay
200 Dragin Vrt Mal il 2006 Me d i Locally exti
200 Gospa od Andel Malil 2006 Me d i Locally ext.i
200 Kamenar.i Mal il 2006 Me d i L ally tinc Habitat destruct.i
anfdreshwater inpu
200 Kragili 1 Mal il 2006 Me d i L al |y tincHabitat destructi
200 Kragili 2 Mal il 2006 Me d i L ally tinc Habitat destruct.i
200 Lipeci Mal il 2006 Me d i L ally ti c Rockybstrate and
in Risan Bay
200 Mal e Rose Mal il 2006 Me d i Locally extincHabitat destructi
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200 Morinj Mal il 2006 Medi uiLocally extincRocky substrate ¢
in Risan Bay
200 Perast 1 Mal 2006 Medi uiLocally extincHabitat destructi
200 Perast 2 Mal il 2006 Medi uiLocally extincRocky substrate ¢
in Risan Bay
200 Sopot Mal il 2006 Medi uirLocally extincRocky subfstersehtweate
) in Risan Bay
200 Strp Mal il 2006 Medi uiLocally extincRocky substrate ¢
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(42.474045, 18 freshwater input
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198 Bay of Vlora Kashta 1987 Low Locally extinc
(Hoda et al 20 (Kasht-a9 adA® 9i5n
et alHo®®d 1&t;, a
198 Kal |l m, Durr+ts Kashta 1987 Low Present 2020
(Hoda et al . 20 . (Genc Myftiu e
198 Lagj i Cape (KaKashta 1987 Low Present 2020
(Hoda et al . 20 . (Genc Myftiu e
198 Rodoni Cape Kashta 1987 Low Present 2020
(Hoda et al . 20 (Genc Myftiu e
199 Bay of Vlora Kashta 1992 Low ocally extinc
(Blanfun® et al (Kasht-a9 4® 9i5n
et al. 2016; H
199 Kallm, Durr+ts Kash®a®d®9o6 Low Present 2020
(Hoda et al. 20 (Genc Myftiu e
199 Lagji Cape (KaKasht al 919%9 5 Low Present 2020
(Hoda et al . 20 (Genc Myftiu e
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(Hoda et al . 20 (Genc Myftiu e
202 DurtBissht pall a UNEP/ M6APRA/ RPAACP/ R/LoOw Present 2020

MEDPOL, NAPA 20:
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Abstract

Fucus viisr saoibdceoswn seaweed endemic to the Adri a

in the Mediterranean. Hi storically widespreac
species has suffered a sharp decnl.i ne and i s ¢
Over the past three decades, the northern
conditions, yetF.t hei recoipehsypsd md eo gtyo ofut ri ent s
studied. Addressing this gap is crucial for wu
changes may have contributed to the specieso
To test our hypothesis that nut F.i ewnitr < diacheg
cline, we -webHuetxeeér ameémwto exposing ger mli ng
trient conditions. These included three Red

o < o

07 and 2017, reflecting ttheosldifti ohs.mxeetr

rsondesve wild. Additionall vy, the adults we]

o < N S o

onditions (naturbdikedand artificially fert
Growth and physiologiccaevolasponsasd( mARSsULFK
F. Vintooivdaersyi ng nutrient conditions were | ar
observed. Our results highlight the stpeercm es 0
nutrient changes alone may nof. fuitgesiethpbtbacaea
mul tiple environment al stressors is crucial 1

preserve mari ne nfgooiensg sa ntnh rtohpeo geeanciec odii sot ur b an

KeywoMedditerranean, seaweeds, metabolic rates
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11 ntroducti on

Marine ecosystems are increasingly threatened
activities, which alter ecosystem structure a
they provide (Halpern et al udkese8.onPenalcrenl g
documented the cumul ative i mpacts of tamalse <ch
Wernberg 2013; Smale 2020) . Key factors aff ec
photosyntheticallytoaavioketra@dU¥Y)iexp¢® ARE, ah:
of which significantly affect growth amdd prod
Bracken 2014).

I n terms of nutrients dynamics, the Redfi e
many aquatic environments (Redfield et al. 19
of 30:1 i s -lccomistiidnegr efdornomacr &dalngad®imiatnid B®&3IJ ) .as
Fucus vlJ.rshbgaresh i s the only endemic FMecdust err

(Gi acacnddngnatti 1967; Munda 1973), which is of
areas in the North Atlantic and North Pacifi
upwelling areas in the east Atl aalti c2Cb&stS§m
de Pedro et al. 2023a) . Once considered al mos
(Linardil 1949; ®&a6htailsvesedMati €d2to the i
declined drastically and today only a few fr
Battel IGI j2@164; et al . 2200284;a Descourvi res et

The ecologicaHucisimpor tissncweldf recogni zed, a
producer sf anochi hgbspati es, providing shelter, r

of associated spdauaicaaipse¢Wab!|l aee BhowBOfLld) .t hei
fluctuations in environment al variabl es (Wahl

significant ecotypic and phenotypic different

fr esi Brteasn @@ eernscpedé tmimoe et al . 2015) , their ecol
(i .e. intertidal zones) and disturbed environ
fiopt idmuer f or mance range, i n which physiologic
response), as wel |l as their ability to recov

nutrient uptake) f ol |l amwd°nsgt [ab2 0oltli)c. sHorweesvse r(, Sc

OP



single stressor can exceeldudshgee cn atsu?n(eez. gp.h yMalro
2012; Falace et al. 2018a), |l eading to declin
al . 201 3; S8nchez de Pedro et al. 2023Db) .

I n contrast to other Focoungenesiwhu lcghe clsaevse, |
extensively studied wunder various stressors
salinity, Takol ander et al . agRlé@nedseemdpedat uPE

Corbeira et al. RO021Wi)r,e atehdea sl istcearracteu r(eZaaovab d n i k
Munda 1982). Recent studi &€s WwWavsoeaps opbdcathe
poll utants such as glyphosat e, a widely wused
Gerdol et al. 2020F.. viHadwe\u are,e trleenad anu s£d au sa fv e
Or | aBbadmaca et al. Des83puBatiki0®Edlai e20 26 a;

I n its northern range, a decrease in P | oa
1980s (Cozzi and Giani 2011, Gi ani et al . 2
phosphates in detergents and atthus20MBdt)r.i elmti sl &
(Solidoro et al. 2009; Gril | et al . 2020) hi
Adriatic (Degobbis et al . 2000; Fanel | i et a
(Mozeti| et al .i s20400Wci aPhosphomws | ei ¢ aci ds
phospholipids and is essential for energy trar
priming of molecules for metabolic pathways (L
(e. g. eutrophication) can trigger growth res|

subopti mal (e.g. salinity) (Nyg-rd and Dring
competitioogr owiitnly fmacttUd avdappe) ,(feswgsa i had per i

mi croorgani sms, |l eading to the overgrowth of
penetration, phytoplankton blooms and altered
subtidal (Kautsky et al. 1986) .

We hypothesized that the shift from eutropl
be a driving fé&ctoinabpmditibatdeplicnesdf response
its development al stage. The aim of this stu
| aboratory conditions. We examined the effect s
rati osP )] DéXNpeF.i enicesoibeges Gul f of Trieste (no
| ast 30 years adnl gefmbndgs Additionally, we

0D



suppl ementary conditions (i.e. seawater <coll e
enriched) . Our objectives were: i) to assess
evaluate the morphol ogical fdrewredopmentdeér rgien
varying nutrient conditiofRs cvousdi desbl amed f

2 Materi ank$ hadd

2. 1Analysis of the [DIN]:[P] ratio i n the Gu

The teng annual average concentrations of dis:
surface seawater of the Goplfr odedse@dsdat avge tes ¢
EMODnet: Mediitbd ViAa-gi®afh Seasonal analysis of W
v2021httes:// emodnet.ec. europa. eu/ gcedolhded 8 or k/
86BAH56fFf2B2adtdbMedi t PrYAngeBab Se@aasonal anal ysi
phosphate 1968/ 2019

(https:// emodnet.ec.europa. ew/addddodddovor K/ sr v/ a
8056f2B22The downloaded datyazsaet awas afjer matrt eec
covering the {A4&&0bod-2DR20mM 4B@9€d on the <calcu

concentrations, we derived the correspendi ng :

using the Python programming | anguage. From t
the annual mean [DIN]:[P] ratio: 31:1 in 1996

val ue of 66:1 from 2007 (R2) awas cesabdettedsto
[ DI N] : [ P] ratios wercortdiotsieaan @asf drhet extpiem g meme
and ger ml imh.gsvis(tBaogoedse $o,f Tabl e 1).

Hi stori cal dFat ¥iipmpiudatse omlsatwer e abundant
Gul f of Tri els9t9e3 d(uLriipngz elr9 %2 al . 1 BP5)a.c aHewe ad

(2013) noted the absence of the species at se:
populoaft iManri na Julia was reported 20Fp4aaGevenhn :
t hat the peR.k voifosgoruodwetehd oufnder condi tions si mi

was considered Hdempmie¢esangt atoindieetsn.fonsom or t he sp

eT


https://emodnet.ec.europa.eu/geonetwork/emodnet/api/records/3b85a714-cd1c-11e8-8664-8056f28224bb
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https://emodnet.ec.europa.eu/geonetwork/srv/api/records/158de2d6-ca8a-11e8-b0bc-8056f28224bb

— Linear fit y = 7.04e-03x + 23.73, Rz = 0.92, p < 0.001
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Figborgerm analysis of the seasonal [DIN]:[P]
by dotted |ine represent the annual average
with the correspsogdiangde-§®Rep) iDamad( ywe,r eRextr act
prperocessed datasets available omnahgs EMODNMeEet
[ DI N] : [ P] ratio imondedda&tuaifl £)f. Triesteod for

2.2Sampling

Fucus vdammliesdses col |l ected in the Gulf of Trie
13A32602.6 AE) during |l ow tidkul(yca2023n albmvte
(northern Adriatic), the mean recorded tidal

to the 80Vecamgee20rded in the rest of the Adri e
To minimize the i mpact on the population, onl

individual s. To ensure t hdat fdriogmdess emdar @ naa lvli e
cm apart. Approximately 150 fronds with matur
cm |l ong) were gathered and transported under ¢

of the Uniwtee s(lttyaloyf) Twiitethi n one hour.

PY



The samples were then cleaned of epiphytes
(ASW) and tweezers. For the germling experi me

induce the release of gametes (Falace et al

All fronds were photogr é&pheuwdsiamg avrei grhaldy t( i
0.1 mg) (Sartorius, G°ttingeandapGeeadnainny )P e tTrhie d
min (Kaleb et al . 2023) bef ore measuring the

(F¥ § using a PAM I maging Fluorometer Open Fluo

Republic). Initkplwbasmeasluedesfcelnlcewdd by th
' ight pulse to indumél andrRasmmware (thleen maxXx icmu a
the equation of Maxwel | and F/Fod0n s6o, n i (n2d0i 0cOa)t.i v
healthy ecophysiological state (e.g. Schager!]|

for the experiments.

2. 3Experi ment al setup

Cultures of germkl iwigeese mindenst irotnadlisneod under con
15 N 0.5 AC, with a I|ight i?%stenssailtiynidafy 1.X5 3
photoperiod odanl: Oy dloarsi milgdht to field condi
LED | amps (ADDLI VE LED, Donggu@OR1€6/ Raphandme
(LI CB®OIRosci ences, Lincol n, NE, USA) .

Culture media were glllepamped wiohhi ASWn(sga.us:s

Salt (Agquarium Systems, Sarrebough, France) f
(20T2mperature and salinity were monitored da
Shenzhen, China) and a portable refractomet et
Modena, ltaly), respectively.

The effects of the three specific [DIN]:[P]
fronds and germlings. Each nultirtierntt amnkngd,i td comt
clay tiles for the germliandgd tcsulctubterand F$s gve

tot al of 45 clay tiles awpdan@dhefdr andd . heThe bfarsa

plastic beads, and suspended in the tanks usi

(OO



I n addition to the three [DIN]:[P] conditi
nutrient conditions (Table 1):
-Cl1 representing higher annual mean values r ¢
Environment al 1PRroituwelcit i Wenn eAzgiean cGi-A10d 1 4) ((ARErAd &IV G
2020) .
-C2: enriched with the biofertilizer Al gatron(
' taly) whi ch has been shown to enhance phot
ot Fauirc al eGonealgar i, a Kladrelbaté&d i alar i @ ONaBipfna tatcie ag t
2023) .
-SW: filtered seawater collected at the sampl.
R1 was used as condagl acohdmbtoonfperaotdhr
opti makl viobsasgedesn historical data from the

abundant in the Gulf of Trieste.

Tabl &lutlri ent condi Fuows wesweldo uidre stdhee € ¥ e the ftr ot

EMODnet and the I iterature.
Acron Cul ture Me N-NQ P-P G [ DI N] : [
( OM) ( OM) rati o

R1 ASW + [ DIN3.18 0.12 31:1
ratio in 1

R 2 ASW + [DIN3.58 0.05 66: 1
ratio in 2

R3 ASW + [ DINZ2. 46 0.03 102: 1
ratio in 2

C1l ASW + ARPA 25. 99 0. 05 577:1
2014

C2 SW + Al gaf® 0. 86 0. 02 1044: 1

Sw SW at colPl 1.25 0.02 121: 1

Oval ues as reportedVablyudgeralolr epgorat e 8l (N2 yr2Ki l;tei@ne tC2a la h s(o2N 2 3) ;
included -RB. 75 OM N

NMM



Culture media R1, pR2pamR8d amy &£ddiweg, esodi u
SigmaAl drich), and 2P@t aSsisgimianA | pdhroi scphh)a tteo (AKSHN. N

not included due to their typically | ow conce
Sea (Degobbis and Gilmartin 1981). Both nutr.i
added to ¢hes ASWndtwant Ocean eanta@&P®=a .eMOabde a
NQand cedM. P®.;3 however, since the same amount ¢

involving ASW, these trace amounts and other
included in the nutrient 1|istings. For the C2
sampling site Gnad2 fdrh tnReumdedpadrrtes dugh er s ( Mer ck
C2 condition was pr @pfarsleldg abtyr card@ii fnogE 4t. & tnhlLe Ls ¢

al . (2023).

To avoid possible nutrient | imitation, cul
germlings tanks and every two days in the adu
with position under the |l ampandamky awreg¢osiltes
the | amps when culture media was refreshed.

Juvenile experiment Adult experiment

C1

o
005 e
PIEEFE T <3

E A7 A W
7 /R N A A

R2 2

z?@;j
Chtc]
743 €419k

TN

SW

LA

N7
i \

Fi @ Experi ment al design for the different nut
exper Rhenf DI N]J : [ P] ratio in 1996, R = [ DI NJ: |
2017, Cl1= higher annual mean values registere
Al gatronCifoE and SW= filtered seawater coll e

N MN



2.4Germlings culture

After 24 h in dark and cold conditions, the r

with R1 solution and | eftuonddristabbedt bdoy aa
previous section) unt i | the gamete release ar
carefully removed, and concentrated zygote so
from each bealNe©D. 2BRncanead@nofd53.c2ay tiles was I
solution. The tiles were acclimatized for 24
assigned (TO). The foll owing measurements wer

-Morphome@nmreg tile for each tank was wused for
were randomly selected and photographed wunder
using a Canon Power Shot G9. This proceldare wa
days (T4). The following variables were meas
2012) : embryo | ength and width, rhizoid | engt
T2 to T4).

-Embryo density drhe srwrmbievalofr e&tmbryos per til.

of 4 tiles per tank, taken ®W)thtaTOi gntdal 4camk
positioned on a plasticized grid paper, whioch
i mages. The survival rate (%) was then manual

-Photosynt heRJikwaef fmecaisaurceyd on t hecscweifad et iolf e

T2, T3 and T4 wusing a PAM I maging Fluoromet e
(Mal fatt. et al. 2023).

NM=



TablDeat2za col l ected on germlings.

Ti me Sample size Vari abl e

TO = random 4 tiles per tdensity
t he t ol etshe

nutrient conc

T1 = 3 days 10 embryos peembryos | engt
rhizoids | eng

T2 = 6 days 10 embryos peembryos | engt
rhizoids | eng
hyaline hairs
number

4 tiles per tFR &

T3 = 9 days 10 embryos peembryos | engt
rhizoids | encg
hyaline hair
number

4 tiles per tFR F

T4 = 12 days 10 embryos peembryos | engt
rhizoids | eng
hyaline hair
number

4 tiles per tdensity
4 tiles per tFR/F

2. 5Adul ts culture

Fronds were acclimatized in R1 solution for t

(TO) . Measurements were conducted as foll ows

NMO



-Photosynt hetRapipekerifioghman@wr ves (RLCs) measur e

randomly selecwetther PAMs| magi hgnkl uor ometer O
(TOY T1%,) 8anfnd21l2 dayCss (cTod)saicsttiendg batf 8,setiedplst8 § ,1
277, 4518, 5@ DPhbsohk, meach | asting 60 secon
of %£Mmdl0 phot avlmas mplpl s eldd at the end of Fgach st
and maxi mum Fn) Eacbds tRegCapepr(oxi mately &d nime an
fluorescedphecetheemax({mum fluo-ndapeprdregf ybathe (o0
effective quanpsuan d/ ited a elfe PtETIRE t t aRwasl ppgr ta nrda t
Gademann (2005) , the initial sl oPpe dafhet mE nR LG
saturatindgs i mmaditahnecema(xi mum r el atE W& wkeetro
det e
Software I nc.) wusing the equationplodt dPc haetmi ceat
guenchMPPgwgs cal cul ated as t heankit B@ afndt Hda tdie
as function of PAR irradphotechemiobdBRH U e meh in
representing maxi mum t her mal energy dissipat:i
-Rel ative GRGRt hiFhvRdt eal ( fronds was RiGé&wcaosr ded
calcul ated as the difference bFRWwedrrdetdhe yl dde
i nt ergvmailng 1990) .

-Met abol:i ¢cTor ani s mi ze stress to the f{fdragndad,t eme

rmined by fitting the RLC to a cuSyset aats f

the photosynthetic performance TRReas ulrdemenOsy
evol uti on ways inmmecawshuarteidng 1 ndi wtiidguhatl ¢ lraosnsd sv iianl
with sensor spots (threleondfgsindde & eao ntarndkl, wineel
tank medium to account. fOmce@oisscbhbhat end criohe af
into the tank and | eft to acclimate Ddgawasto
recorded through contactless opti+<4almef iusemg, a
channel ,aptaidoallt @ev-O2Ze FKKHBO2 eBytriony)ci ence GmbH

Germanymi antenenterval, with data stofmfhkd in t
incubation | ast-28 a&appr axiidmawes ycollbduct ed und ¢
conditions to meNB uaedneeés Bi,oaruaesbpreocntaitvee I(y . Tl

time was defined appropriate afterals®smeolpuméei

ti me, Sso to prevent happ enhiontgoriems ptireaté toqhtp.rior

N MT1



2014). While Iight incubations did not requir
| aboratory conditions, prior respiration meas
at | east one hour after theouhdmapfwrrsmetticchned o
beginning and at the endaoéfuhkyi sbabanjostittfF
during the experiment a b Omebaesf uorreemernet cso rwle rneg  a u
adjusted for temperature changes using the T
Aachen, Germany) | nwbi thewasl|ltosemamedicomnwict leid
the readout device. At the end of eawbi ghedbat
(FWt o express met Obomd FIMh r &Nteé¢ s production and |
calcul ated as the differenAesbmtwgea ¢tbestf amia
rate throughout the dail @GPPywa e, c @l og lSPPe d mas
=NP+R( GuHyai m et al . 2016) .

TablDent3a col |l ecteldsSbDarbdkbsti hdbodbse the ti me i

measurements, one day | ater than the other me
Ti me Sampl e si Variabl Uni't
TO = random 3 fronds RLCs -
fronds to t63ronds Length mm

nutrient conc

TOo* = 1 days 3 fronds Metabol Omo bt goF'wh
rates

T1 = 4 days 3 fronds RLCs -

Ti1* = 5 days 3 fronds Metabol Omo b goF'wh
rates

T2 = 8 days 3 fronds RLCs -

T2* = 9 days 3fronds p«(Met abol Omo b goF'wh
rates
T3 = 12 days 3 fronds RLCs -
63 fronds Length mm
T3* = 13 days3 fronds Metabol Omo bt gomwh

rates

NMP



2. 6Statistical analysis

Statistical tests were performed in RStudio
measurements and densi-RlyotweANOVBRm@bdisytzielde bwi tah i
subjects ideifiit imies et h €s9uwvbijeetcethss )f,act o AN u(td4roioernt3 |
as the-shdtfweer factor flahdvibdwekt) oondicngmi ke e
package (Kassambar a 2023) . Wh e n t hese wer e
comparison analysis wit httBaitdsec r ofbs tdatddgme e @me nt
mi x-efdf ect s models were used to accdumefrrbonr t h
the péacnkegdBeat es et al . 2020) -Sgunadr Eypestktis orerkl
assess the significance of the fixed effects.
met abolic r d@Nwtsrog &@mteer facitoewmEeB sdr aadl evel s) we
fi xed ef filcachtiksa,s whicllanded as a r andonRGHR ftehcet (
faciNat ro{l nt evel s) was tr Blaatdb&kd asranflomedf €L é
Esti mated marginal means analysis with pairwi:s

perfor mede mmeapwmpsctkltagge (Lenth et al. 2023) when

3. Resul ts

Mor phometric measurements of gemmli bgds iog rsii f
di fferences were observed between treat ments
of hyaline hairs in the R1 condition was ca. !

337.92 N 58.97 Omraspe83s5v28y).7G£9 mdbinng dens
and uniformly over tipéoac  ANSNVARIPEESO, oA d) t i svhs

no significant differences in germlixxg Os@Bvi v
p =80. 9QFig. S1).

F/ &r ati o was similar across differ enat nutr
=0. %, 0.96) , but significant di fferences wer
bet ween nutrient c20=n d7 @pi<oInQs. Od n gda ntdli 0@y I3(DC 1DI5],
respectively). RFAfFwddS gdts edrewadk acweri nti me in al

mean values ranging from 0.68 N 0.01 (NSD) at

NMZ



I n adulF/ fFieondased slightly ovenr=tbhpe28BLin
< 0.01), but not uniformFyS5apxE7®sdIlInuMTabhe &EB8I
F/ /v al ues at T3 remained consistently above 0.
to 0©.58 i nR3R1andR2G2 (Fi g. 3aF/ AabkkBal40) .s hSoiweidl
significant di fferences oy=r 54pidnk) .(0LLi)n earmrd mir
interaction af= t6iWe<8f.cG o)r)s( T aowe v BEBT,/R ysa lmi e sa r
of cemol 82| e’stweares fround at both TO and T3 (Fig
al so obdJanEed botrh factors and their interact
cultured in R1, R2Uvan dieR3 tdrami hihtosad i avweCrl Cz
S5) andevhalgiheesr compared to C1 (Fi geBRwadJabl e
obser veE{ & g . P RS3)Y. showed significant d
interaction of the two factorss wam<ec®,n8ldeTall
S3). At the end oNP@hal eepewiemenwobskeirgleedr in C
to R1, R2, R3 and C2 (Fig.3e, S5).

NMT
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0.81 n.s. ‘_‘100
b b:“’ b b
L2 2 a a E a
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‘_:200 =z
£ 2
e
uj¢100 1
0 0
22507 x825083 FR2c87 282585
Fi 8aFJFm METRxDandEdndNR@gmeasured in Rauds fr
virsondes di fferent nutrient conditiomRd &n da:
[ DIN]:[P] ratio in 1996 , R2 = [DIN]:[P] rati
annual mean values recorded in the Gulf of Tr|
SW = filtered seawat erDactoa |aercet epdr easte nttheed saasmpnhe
SD. Different regular and bol d leest theertsweiemd incua
conditions at TOp<am®Md 0OB3 nomespgadtiisvmalcyal (ly sign
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The aWR&MRaagneged from 1.54 N 028 RBRGARMmeé o 2.
C2 was <ca. 1% | ower than in R2, R3RGRCHLa ra nRI1 S W
(Linear miChesd op&ke®, 01) (Fig. 4, Tabl e S6).

R1T R2 R3 C1 C2 SWw

Fi gMedi an 2bahidspse,r centiles of relative growth
wei RIGIR) ( of aduHuc usr oveidrpsoosiedde st o t he di fferent

= [DIN]:[P] ratio in 1996, R2 = [DIN]:[P] rati
annual mean values recorded in the Gulf of Tr
SW = efrield seawater collected at the sampling s

SDDi fferent lsetatt e rs¢ i icadil gyatse gni fi cant differe

ti mess O(. 05) .

NMo®



T0 T3

25 b b
20 ab ab ab a
-r-h w ab ab ab ab
e |/ a
< v 1 w i I IS —
= 10 LT
oy 1 Measure
~ 5 NP
S R
g L
! INg=N= EEE=m=
o
o ab ab b ab
-154 c n.s.
E & 2 5 8 % & & B 5 8 3
Fi gMet abol i c oxygen evoluti orFurcatse syu mées wleisg h t
(net prMoRHuandodarkr esomir ditinoousaati ons on day 1
R1 = [DIN]:[P] ratio in 1996 , R2 = [DIN]:[P]
hi gher annual me a n val ues recorded i n t he (
Al gatronCi foEdasda®Wterficbl éeeted at the samp
(n=3) N SD. DO: di ssolved oxygen. Di fferent

significant differenceNPahRt weemerculdbyied nnh.dst.on d

statistically significant.

Met abolic rates, NRetanax ywgRsp ipemdwmegooofsi st
(Linear mi x£=d 3npodd7eQl.,34€h 60h8i40. 07, respectively
S7) . Nonet hel ess significant diffexeh@pe38 . wer e
0.01 awd50p#68BQ. 001) and in the interaction be
samples in the RRvaekbhebi aedTNWPeathddhmsbaal gy

Si X nutrient conditions, except for R1, which
By the final nRevaad wresmenvretr e( B3 *mi | ar across all
hi gRErhan C2. Throscal gcuil ma &P Pp vad wetsi wietrye i ni t
higher in R3 compared t onitfhiec anthleyr hcioghhde rt itomasr

t wo weeks (T3*).
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4 Di scussion

This study provides new insights into the &ec
producti on ankucruess pvirrAd dibdaisg o f B.h ev idiescol imdnees |oyf

associated with pollution, habitat fragment af
Or | aBhbadmaca et al . 201 3; Gerdol et al . 2-020; D
effect relationships hawvaswmats Yyeotr hders dISES S
occurrence of remnant populations is often re:
al. 2020), tFhi vyimaypydideegdsdettder in nutrient el
of tbmar kabl e changes in trophic conditions
assumptions, these changes were therefore hy
decline. I n addition, accordi ng xtpce cWaehd aett dailf.
devel opment al stages, with greater effects on
2000; Kraufvelin et al. 201 2; Fal ace et al

devel opment (TarakhbBuskaya enhfhluteni0Odg)ger ml i
include storm and wave action (Norton et al
temperature (BBhabezetdeabPed©62a@ti gahlt. i2n0t2e2n,s i2t0y
1996) , UV exposure (Schoenwael der et al . 200 3
metals (Andersson and Kautsky 1996), po-ll utan
Janabi et al .o201$6f)udWHowee eaoh s eansyv eidn otnH ey pshuybstil
responses of both early | ife stages and adul
eutrophic to oligotrophic environments. Despi
traikR.s vadfr swe descorded consistent growth over
that none of the conditions were severely | i mi
germlings, significant differencessaome edionfl gr e
were also noted across treatments.

For insNR@&va| utkeof adults fronds cultured
approximately half (2.82 N 0.58, 2.67 N 0.69,
cultured i n GOPRamadl SNt iLrodviecdat e reduced photop
t hat the conditions - -scamsbé¥reulindber pmelti et m@ge n

photosynthetic efficiency is |ikely to be higt

N N N



that nitrogen enrichment through the addition

harvesting centers or, as Gerard (2008) noted
| owr/irkval ued. 6GB)BEENd 54 RNH0.meBasWwrded iaitche an
biofertilizeédl gaonoinCi 6 E]J E€thhpenrp atrre@dat ment s sug

samples may have experienced some nutrient |
t his al gal extractt. may.sr $len cdaddiptt i nami § @gno hi
expected in C2, as indicated by the [DIN]:[P]
restoration context recorded enhancement of |
2023), oriovatlh,andurmi crobial biofilm communitie

were treatedddithoAl g8ecanse od fiuarst varl oconzait

of this biofertilizer could | ead towards new
as already testhkawdqWKearl ,e bo tert rads ul2t02 289l.ong wi t h
trials conducted in our | aboratory (unpublish
Virsoides

Th similarly |l ow values recorded for R1,
consistent pattern in these responses as high

futur

e
S

in the most eutrophitdhhesendietsiudn,s Glh.ouT e rneoft o ri
e studies should investigate whether hiog
h

gr owt and photosynthetic efficiency in this

ammoni um concentr atd otnhuisn allotweerriinngg npuH rarent b

further explored (Ravaglioli et al. 2017; Pri
We also quantified tFhe vprrisnaadrdye s gr ofduurctthieorn
information on tGRBalspecdeser Mheediean the | ab
OlgFW, while a single field measurement condu
of ca. DOegFWhmoTRwveal ues wunder bot kB mmodi tdnools
Ol g W, However, these hwb dinscarlkeyenosipaeakl e
inrradiance and temperature between the | abor
800 Omol ?*ghamtdonlssbms. 27AC, respectively.
Earlier studies on this topic danMumbmaak to

1982 Zavodni k (1973) performed bot hGPiRall deand
of ca.l@molamg@F W anRval ues5.adndc &. Omng FFW'f o mn

NN=



sidmesidandi ti ons, respectivelvy Jegil mall.ar( 20a6)
t eshweodus spisabtbwern Spain (Tarifa) wunder di f:
120 Omol ?shotbeyhbmpcoddedi vi@lyg BW-.Tchae. cloxn sOnsotle
results across different st kdicggssn s ghTGP&htii ¢ Iina

values recorded in the field both bytothtilse st
maxi mum saturation of-6008t@&moi dgilogmailnsglm)l .g aTeh iad
al so suggests a potenti al ' i mitation in our s
activities at i rradiance | evels below the ma

provide a solid-fpuaxmtetsiomérdtorcdwlldowxpl ore
responses under onar,yiwhg cPARnNigdandiitnif |l uence ot
desiccation (Dedourvi res et al. 2024

The | ack of significant physiological diffe
be attributed to the evolutionaF.y \ii.sgApsrdtelsaen d
only Mediterranean representative of the genu
wi Fh s p(iSrealric<so et al . 1999) and subsequently I
| ast glaciation. Nonetheless, given its geogr .

t he fpkeami arhay edéd cmmi sl eadi ng.

Unl i ke other genera adapted to nkFor evisrtsaob ldee
is well adapted to a wide range of natwural en\
di stribution. An analysis of ann-babkinst(Aenheg
et al . 1997) in the suwvffatedwatoarss deraiml 2899 &r
variability (Fig. S4, data obtained flbaosn mvai
exhibited tdfe DlaNgesncemtinmgati ons (from 1. 60 t c
basin had the widest range of DIP concentrati

Al t hough f tsrptetcaerf | cpl.eissmsarsohr éas i red to add
knowl edge regarding nutrient upt ake, storage

Fucupecies demonstrate remarkable nutrient ad
Medi terranean repr eBlecusat sceaenr atFogi vien sitmank ew
concentrations by empl oyi ngs ati wrhatniung iemtbisgdlh
(Gordill o et aFucsPgOp0.2gh ehvGeemecapbygity for nut
reflecting the water trophic status GWaifkhlk aet =

NNO



Seoane et al. 2021). Mor eoverF,

Micdal dred n¥e ka

itsoRtent by 8 to 37 times without hindering

metals (Kremer and Munda 1982).

These findings, al ong with
stressors (Gunderson et al . 20
|l i ke temperature (CGdwwta adnd?2

our r ecsluilnmast,i csu
16) such as nut
el mutUma2a@dT7; et

al. 2023) and/or salinity (Nyg-rd and Dring 2

as observed i n ot her Fucal es.

This highlight

stressorsnzientetr axlt. (K@m21) and how factors oft

enhance performance i n some as
suggested that higher nutrientkF
d

and/ or biotic stressors (e.g.

pect s, such as
uacwugsie It @ fe imlbii toyt i
Colvard and Hel

For i nstance, extr eme event s such as heat wayv

increasing frequency andf amegsedn crteasogdn & es ,mirgd

i nvestigations into ther mal [

miFtuscu@eudg att bas

have also been document dcius hatsh e@reicrl @ gnieadn g ;n  ft d

Canary Ue |fiad tlese Oadsfsfoeccitat ed wi t h

i ncreased wind

surface temper aCaimral i( SStT)al( .l thér ehzas Semp s air ¢ y¢

a range contraction, disappear:

ng along the M

ri sing SST, and the spatial fragmentation and

Furt heers psepcecfiiecs experi ments a
i deaftlhy atneivcesl , t o better wunder
its responses to interaction wi
wi || be critical for developin
di sappearance of this species

functionsrandy basossowvieat ed wictolm

re needed to ex
stand the ecopl
th other factor
d egfifsct iThe @or
could have prof

omt¢ BBpaetld d

bi oactive compounds it provides (Jerkovil et

N NI
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Tabl Mo®8P hol ogi cR.l viiegastoumbeese gosf under TROGARBDER B nt Mealh wvatl iues
together with the standard deviati on.
Embryo | enc Embryo widtmean |l ength h mean | ength 1
R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3
T1114.124.111. 79.984.884.0 - - - 164. 175. 201
N 3.N0.9 2.6: 1.8 1.2 0.5 24.(C 8.3. 13. ¢
T2 163.169.167. 94.097.599.071.5111. 59.7213. 148. 182
N N 4. 5.3 7.6 2.3 0.6 25.¢ 36 14.¢ 12.7 8.1 20. 1
T3 175.182.164. 110. 109. 105.341. 278. 265.213. 256. 341.
N . KN 5 8.6'N 3. N 1. N 1. 47.2 14.CN60. 47.1 43.1 26.1
T4 185.198.188. 118. 116. 118.284. 337. 335.215. 240.281.
No.é¢éN 9. 4.0:N 3. N 1. N 3. 45.258.¢N 7. 38.% 40.°¢% 17.1

@r e



Tabl ReSAl t s -way trhnre ANVVA for differences i

germling morphometry.
Effect DFn|DFd|F p
Embryo width Treat ment|2. 0|6.0|1.10(0. 39
Ti me 1.2|7.5|76. 41<0.0
Treat ment|2. 5|7.5|0.45(0. 70
Embrliyeongt h Treat ment|2. 0|6. 0|0. 74(0. 51
Ti me 1.1|6.9|13.91<0.0
Treat ment|2. 3(6. 9|0. 95|0. 45
Number hyalingTreat ment|2 6 0.55|0.60
Ti me 3 18 199. (<0.0
Treat ment|6 18 0.75|0.62
Mean | ength hyTreat ment|2 4 0.42|0. 68
Ti me 2 8 80. 1y<0.0
Treat ment|4 8 1. 75(0. 23]
Length rhizoidTreatment|(2.0|6. 0/0.66|0.55
Ti me 1.4|8.5|5.89|<0. 0!
Treat ment|2.8|8.5|0.62(0.61
Embryo densityTreat ment|2 6 2.38(0.17
Ti me 1 6 59.8|<0.0
Treat ment|2 6 0.05]0. 95




phot osynt't

Tabl ReSB8I1 t s -sogfu atrhee tGhsit s for adul t
Chi sq Df |Pr (>Chi s

Fv/ Fm (I'ntercept) |4914.6]1 <0.001
Treat ment 2.54 5 0. 77
Ti me 55. 25 3 <0.001
Treatment: Ti52. 76 15 |<0.001

rETRmax (I ntercept) |[407. 951 <0.001
Treat ment 3.67 5 0.60
Ti me 54.51 3 <0.001
Treat ment: Tii67. 85 15 |<0.001

U (I ntercept) [794. 4311 <0.001
Treat ment 93.53 5 <0.001
Ti me 49.501]|3 <0.001
Treat ment: Tif59. 34 15 |[<0.001

NP Qma X (I'ntercept) |144.09]1 <0.001
Treat ment 5.85 5 0. 32
Ti me 4. 71 3 0.19
Treatment: Til27. 66 15 |0. 02

E k (I'ntercept) [669. 09 |1 <0.001
Treat ment 42.83 5 <0.001
Ti me 22.93 3 <0.001
Treatment: Tif29. 84 15 |0. 01

NOM



Tabl Pv&WUue

of pairwise

compari sons

bet ween

val 6es the different nutrient conditions.
FoFm E TR x U NP @ x Ex
R1 <0.0010. 20 <0.0010. 46 0. 39
R 2 <0.0010. 97 <0.0010. 93 0.01
R 3 <0.0010. 22 <0.0010. 84 0. 86
C1 1.00 1.00 0.12 0.19 0. 72
c?2 <0.0010. 99 0. 45 0.14 0. 95
SW 0.99 0. 73 0.0011]|0.17 0.78

NON

T



bet ween

Tabl Pv8bue of pairwise comparisons
performance values at TO and T3.

FvFm E TR x U NP @« Ex
cont|TO |T3 TO (T3 |TO T3 TO |T3 TO T3
RIR2 (1. 0. 811. 0[O0 0. 840. 4§ go. 8341. 0(0. 9
RIR3 1. 00.631. 0[1. (<0. (0. 01 go. 991. 0(0. 9
RIR4 |0. 9<0 1.0/0. 7<0. (<0. ( d<. 0(<0. (<O0.
RIR5 (0. 90. 440. 6[1. (<0. (<0. ( 91.0¢0. 170. 7
RiISW|1. 0<0 1.0/1. (0. 571. 0 90. 0¢0. 1(0. 2
R2R3 0. 91. 0¢1. 0[0. ¢<0. (0. 4] go. 991. 0(0. 3
R2R4 |0. §<0 1. 0/0. ¢<0.(0. 11 gq0. 0(<0. (0. O
R2R5 (0. 0. 9940. 7[0. 4<0. (0. 04 90. 910. 04§1. 0
R2SW|1. 0<0 1.00.90. 930. 41 qo. 040. 0J0. 7 ¢
R3R4 (1. O<O0 1. 00 1. 000. 9 ¢ 3<o <0.(<.O0
R3R5(1. 01. 0¢0. 8/1. (1. 0(0. 81 g1. 0(0. 1370. 2
R3SW|1. 0<O0 1.0/1.¢0. 0¢0. 0O 90. 0¢0. 070. O
R4R5 (1. O<O 0. 50 1.0(01. 0O 9<o0 0. 2(00. O
R4SW|0. 91. 0(0. 9|/0. 4<0. (<0 . {( 90. 940.610. 6
R5SW|0. 9<0 0. 91 0. 0(<0. go.o0¢1.04¢0. 9

NO=

n
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bet ween

Tabl ReSawlt of pairwise compariRG@GRS
Contrast|esti mat §SE df t.rat.i . val us
Cl vs C2(1.04 0.29|107 |3.65 . 005
Cl vs R1(0. 70 0.27]107 |2.55 12
Cl vs R2(0. 15 0.2711207 |0. 53 .99
Cl vs R3(-0.12 0.27)107 |-0. 45 .00
Cl vs SW-0.19 0.31)j]108 |-0. 62 .99
C2 vs R1(-0. 314 0.28|107 |-1. 21 . 83
C2 vs R2(-0.89 0.28|107 |-3.18 . 02
C2 vs R3[-1.16 0.28|107 |4.13 . 001
cC2 vs SW-1. 23 0.32)|108 |-3. 86 . 003
R1 vs R2|-0.55 0.27)]107 |-2. 05 . 32
R1 vs R3|-0. 82 0.27)1107 |-3.04 . 03
R1 vs SW-0.89 0.31|108 |-2.88 .05
R2 vs R3|-0. 27 0.27)107 |-0.99 .92
R2 vs SW-0. 34 0.31)108 |-1.10 . 88
R3 vs SW-0.07 0.31|108 |-0.23 .00

NOT

n



Tabl ReSul t s -Sogfu atrhee tCehsit s f or met abol ic
Chisq |Df Pr(>Chi sq
GPP (I ntercept) 168. 90(1 <0.001
Treat ment 37.05 |5 <0.001
Ti me 5.20 3 0.16
Treat ment : Ti 39.39 |15 |<0.001
NP (I ntercept) 122. 31(1 <0.001
Treat ment 19. 38 |5 0.002
Ti me 3.37 3 0. 34
Treat ment : Ti 33.74 |15 [(0.004
R (I ntercept) 71.57 |1 <0.001
Treat ment 59.68 |5 <0.001
Ti me 6. 94 3 0.07
Treat ment : Ti 59.29 |15 |<0.001

rat e

NOP

a



Tabl Pv88ue of pairwise comparisons of metabol

GPP NP R

contr{TO T3 T0 T3 TO T3

R1-R2 0. 21 0.68 0. 03 0.74 0.95 0.98

R1-R3 <0.00]0. 99 0.03 0.98 0.002)1.00

R1-C1 0.98 0. 57 0.99 0.70 0.07 0. 88

R1-C2 1.00 0. 66 1.00 0. 45 1.00 1.00

R1-SwW (1. 00 0. 74 0.89 0.84 0. 24 0. 95

R2R3 0.29 0.95 1.00 0.98 <0.00]0.99

R2-C1 0.05 0.083 0.14 0. 08 0. 42 0. 47

R2C2 0.49 0.04 0.09 0.02 0. 87 0.98

R2-SwW (0. 28 0.07 0. 46 0.14 0. 73 0.62

R3C1 <0.00]0. 22 0.15 0.30 <0.00]0. 81

R3C2 0.002|0. 23 0.09 0.12 0.005|1.00

R3SW (0. 001(0. 36 0. 48 0. 45 <.0007]0. 91

ClC2 0. 88 1.00 1.00 1.00 0.04 0.85

Cl-SW |1.00 1.00 1.00 1.00 1.00 1.00

C2SW |1.00 1.00 0.99 1.00 0.16 0.93

NOZ
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turgor M70.s0s MPa notn (aver age) , Fa fat tlhew mad tne
entials indicating a prolonged maintenan
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el alstivartegd(significantly according to t
ential at full t ur gmerasduirde dn ootn stihgan il fii cceon tl
l onged emersion pelr2i.o3d MPaas oma r &weelrl ayg el )o wteh
suggesting that the popul &tuirdrheirs ifnrveecgu @
required to determine environmental tol e
enhance ouF. undeespamsile ngamd vul nerabil it

vidismngho the possible causes of its wides

war dsP rveoslsuunmmee cur ves, p hdtuacauys tva mt sualigderfs f li a

nt, modulus of elasticity, capacitance

NO®



11 ntroducti on

The midlittoral zomariessaedynamhmemaindcihhamgac
severe fluctuations in environment al condi t
nutrient concentrati adwophhaélae r a s Cirhoard 8IS ;r a d i
Daviandte arlsO9®n) . Therefore, sessile organi sms

considerable stress during thexpaseédg ¢ omadist
associated with tidal tycbaeditTohsrascerwuaci B

and reproductive succesandigdadMataebkoOda)i oi he

change is expected to have profound i mpacts
(Har |l ey eSto melr.o KAG®R®; et al . 2020) | eading t ¢
abundance ranges, simplifying structural hab
biodiverest tygl (A3314; Casado Amez%a et al. 20

Macroal gae are integral comp o naem@dtesarscfoni nt
1996). They are poikilohydric organisms that

(Léning 1990; da Mota 2016). Consequently, t
which can cause significantssphysicodéluadgingaloxan
caused by the accumul ation ofL eraend@dtiinv;e20®38By ¢
Contreras et al . 2005, 2009 ;alKuanlatreredt iaoln.s 2
reduction in cortical and medull ary <cell S i
retraction of protopl asts avod idias certg ari.z 2t0ilal
cell death (Pearowvsrkagita a@lt. a2 Q0 2;01Har.akh
Consequentl vy, macr oal gae -pthayvsa od ®oegelcap e ca ds
nd strategies to ensure cel/l viability and
uring tides. These mechani sms iuncctliuodne onfio rtphhe
i ze and sur f ac e caroenabndicbretr grpulodmMPobI 9;1980; S
nkMost | 2011) , cel | wal | hardening (McCandl|l
omposed of hydrophilic pahygshtachbaldharer6yBa®slatc
ndar di nal 1973 a; Mar i ani et al . 1985) . Phy s
hot osynthetic quantum yield (pfotraci mhielhi ta

N T 92 60 92 0o o o

011) with an increasaenbDemnyhe&r0Om@dt)ql etrhaen cac c(
ompati bl e solutes | e&KadasrBy stsm no sl@o/tB;cedd d jsu s t.
. 1992-PoCe®ihbaaler az3017), theanncoriadeni nenhhg

(@]
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ompounds to scavenge and neutGualj iaz e ®hlaért mfad I.

NMTM



Con
Por
hav

Den

abi
cap
201

t Poeraxzs a et al . 2017), -assothetsgnphesteéeibns:
el aal . 2017) . Furthermore, ecol ogi cal st
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exampl e, the water po)Yemefilagctas the ¢eallgo.
gor during dehydration, waldudsraamsteitadnd
Il able for gas exchangedandes H98RAphandot
ntenance of cell functions, structwmdal i
er 1995; Mc Dowel | 2011) . Redistributing
ategy t(Barddwaeae et al. 2012), @ndnaay il ahy
unctionaldrodppes idurbiufdg eddmywdr ati on (emer s
pite their great potential, studies analy
curves are | ess common anhg¢sak & mSed Qod-Ggvaanii s n
et) al FurRtOL&r mor e, previous studies on bo
restrial algae reported,itdhhadcomwrneleat sed att @ s|
(PS 1'l') efficiency, which iIis a pBaxy8kf t
alPet2r0lsz 21011189 . etl nalparticul ar , Petruzzell
tial inactivation of PS Il and the subseq
turgor | ossr,i nsilmiclhaernsst uHloiweesv ef ocusi ng or
i ne macroal gae, are extremely rare and mi
|l ies to these organi sms.
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t hdug@Busal es, Phaeophyceasenaartledrviebo g(n d at i
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ol erancaeniearvsd ccsro n1OroBbr ;0 wihr i1MOg8 2f)ar nHGagn e p g p p .

structure complex habitats (Kautsky et al
supporting high biodivankay yl 9In)e eandetp radv.i dli
ecosystem seranhiielsbeeWeerrnbe2 @®19) . Their bi oa:
nutritional value also make them valuabl e f
( DzRauzbi o et al . 2009; Al e et adl . 2PQ21; CRatat
2018) .

Fucus VvJi.r shogiadredssh i s a gl aci al relict ende

and the only representative of theSgkenukneéem

anWatovalinaB88i il 1946Gj aPagRliagrnat t1i962967:; Mund
the past, it was locally wubiquitous, with a
to sout hedrimaAldokllanste® 2; Mal il 2006). However,
popul ations has been observed over t he | asH
popul ati Mms i eFmdiGa® e eRatatlel 020 EBOdca et al
Gljugliil endalthe28p@xies is now protected

(amended AhepeRrbtoobl on Specially Protected
Medi terranean; UNEP 2019) .

The comprehensive assessment of the wate
contribute significantly to the broader knoy
uni guesupeci es endemic to the Mediterranean.
into the speciesd specific respondgesviosohate
has already been | i nkaerdBotnos dolrif rha t2e0 0&Zh a nBgoee r (c
Munda 2008), which is expratieadntandnfcreqsen c
weat herl PQRAA®Isi (e 2HDIL.8 such as drolghluuppnd he
are sensitive to prolonged emersion, particu
temperauuteavaodtdet, radi abhi loead®VR) severe de
osmoti cPeaatrrseomns ;dfta najle.k) .20NMIBF eover , the increa:c
juveniles to air expé&sbopenwadl| ddHenatydaared 290 |
Al stynen2ed4ifies the risk of drastiacndmort a
Petraitis 2005) .

The objectives of this study were Fi) t o

virsgiaodwisng in the Gulf of Trieste, 1i1) to c
adult and juvenile individuals, and 1ii) to
and PS 11 efficiency.
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2 Materi ank$ hadd

2.1Sampling site and fronds coll ection

I n |l ate winter and spring 2023, three sampl |
intertidal zon®E oAdrMaatiinca Seud)i a( 45A46"' 37. 7"
represents theée. |l aistepopes@wl onofof Tr iFe®tme a( Fa
phenol ogi cal poi nt of Vi ew, t his period 1is
reproductiveFdewiedwb@imeead nof ate summer, the f
t he basal part remains andlLbeagi d;iGesba®@®& gene

Ha mer 1971). For each sampling, we cal cul
envimeahal parameters recorded in the 3 days
sampling days (Table 1). The daily mean r el

speedYH(knprheci pitation [ mmyverandowadoadednf (
Regionale per | a Protezione dell 6Ambiente of
The daily mean superficial sea water tempera
the product GI obnaal yGciesa nf rPohny ed ofpserrRiei eceu,s cMatrail
GLOBAL_ _ANALYSI SFORECAST_PHY_ 001 _024. The da
represent the magnitude of the expected tide

was obtained from f{(hhe pwebsimepkdMpteapkbsscampl

heal thy apical fronds without receptdhcdm, ep
l ong) and whol e2j awme ho.h gv)itrosildoldatyedd. 5t a di s
1 m from each other in the same vertical zon

of the University of Trieste within 1 h from

NMO
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TablAvelr age of

environment al

conditions

on the sampling days.
15t sampling: 2" sampling: 34 sampling:
13.03.23 20.03.23 13.04.23
Mean humidity (%) 67.8 70.5 64.8
Air temperature (°C) 11.7 10.1 12.0
Wind speed (km 1) 14.8 5 13.3
Precipitation (mm) 0.7 0.3 5.2
Radiation (kJ m) 13526.8 14495.3 11544.5
Superficial sea water
temperature (°C) 9.8 10.5 12.5
Salinity (psu) 38.2 38.1 37.8
Tidal coefficient (out of 120) 72 81 52
2. 2Watreel ati ons and photosystem ||

PV curves wer
parameters, n
|l oss po,i nMP4A)
content at

of the

, t he

e measured on

amel vy

ex periitmomtde swer e

soaked-iwintilw edde wat er

t he “o s nvPtai)c,
modul us lof MRaAmrstthetyebét
tYw g o r%) | asngd |€0ipmicoiffghvhPcadt ( t h e

adherent

pl aced

sampl es
pt ohtee nwtait aelr

in 50

o vial 6s

The vials were sealed with Parafil mE
sampl es waterMPalt emgpradadhed MP a .

sever al preliminary tests (Table S1).
from others used for bryophyt-&sl

|l ichens (Petruzzellis et al 2018) .

at stabl e-4/2u%)i dandy

performed usi

USA) , were coO

ng a

upl ed

water

t(eHBREArCgt tarned (s2@uent,i al
dew point
wi t h FMe,a sailr teanieme o

Thi s

(8echétt 209
det ai

potenti al
tor o u s



bal ance (N 0. 000aff | gu)o,r esrca nclgFnd i o1p H ety Lmasn tod m

Genty et al. 1989) I n dark adapted sampl es
Efficiency Analyser, Hansatech, Norfol k, UK)

After the rehydration procedur e, one api
juvenile samples (tomemasuremesathi ocwieert t mans f

hol der and placed i n tnheea sduervepnoeinntt, hwhg rconmeltaesr
(i . e. u nvtail lu etshrweet hin the instrument error r
dark adaptati on.melamme Eingedtnal, Wvea fet emeasur ed, c
mai ntaining the samples FRUurfifdalruesarikecwaemnt .o
considered indicaHuppenonfzh@dhad ahy alMiple®sn (
al. Ram8te et alanMGqGi;Madddingealt i al20de ;gt al
F/ fwas measured taking care to always select
This brecausddowdea gradient in photosynthetic
identified as the one withhndugdastt9gRdt oFpnt
samph/elasvas measured on B/ Bmenagsluer EtWheanktl,me as Af € d
to obtain the cWuynuimgji ve water | oss (

w0 Ow "Ow (1)

wheOei s the turgid weight afiOei stHW errehyhder a
successive measur embeRandWnhAfascer emkeat §ir she sc¢

was kept open all owing water | oss from the ¢
sampl es wer e all owed equilibrating for at
measurements. This protedtdese pasgrepeiavt eldy s

sampl e Fumtkpproashed 0. Fi naldiryi,edt haet s7a0mpA Ce sf o
their dbW weeaisg hdtet(er mi ned.
PV curves were corsOi.d3e rMPd t(d\asrtda rnti ferto ml

et al . 2018) and finishedanwhlkeacame *FedhadBphrs
from 3 to 5 points). PV curves were el abor
obtafni nGan®wd .“ and were calculated according

(1972)0wawshiclaed cul at edl cens-bébeergrivdod was

cal cul ated as:

Yoé 06 06 TOwm (2)
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whebl®e i s WLhée turgor | oss point. We wunderline
applied in poikilohydric organisms and i s no
Capacitanegce@artn ¢ runhad W(zNeadr dbiyn i et al . 2012)

as dolfeorffatlt ues -beMRva eaensd:

0 wo wd T p A0qs 70w (3)
wheblkei s WLhe =-1 MP (and is molar mas3d of water
2. 3Water potenti al monitoring and correl at e

I n order vadbuasseFeaovhaedaobylgsa typical prol ong

five addiatpiiocnadl fardounldts were sampled from the

measurements on February 21, 2024. The sampl
of the |l ow tide (Figure S1), charactehrised
average radiation intensity of 12211 KJ/ m] a

11. 7AC and 68 %, respectively. Average vapour
emersion prior toThbampVenggwaopsat.tdilrek &eaes t9e It
the average salifheéeyosmst i3¢7. potpesmut i al of th
sampling site was measured with-1tl6& ddMPapoApit
fronds were cut from adult thalli and were |
used Mmeasurement (see above) to avoid dehydr
bags whil etthreanh sapp @ r taa i/ tyodke wkemeasur ed as i nd

2. 4Statistical anal ysi s

Di fferences roefl acaom waramet er bet ween adul
eval uat edpawsaimmeg rnacn Wi d rtlo xbtoa s0tss0 @ ewdi ul scionxg_ ttelsd

funcitn ofmir st ati x0 (Kassambara 2023) R (R Cor e

di fferences bet ween adul t and juvenile sam
parameters values for each sampling date. T
vaahbil e with three | evels) on each water rela

througuhyoABOVA tests (one independent test w

NMZ



par amet erl)mh wrsd tnigon hien fistatso R package. For
di fferences between tidal range | evels were

usingmmbénsction in fAemme@202® )R-vahathagpad| us
using t heH®Blom freetrhoandh.earNenx ponenti al decay mo
the relatioansHl/if ndetpweaeent | y for adult and |
drimunction in the Adr201R) patkhkagdi {Reteneeées a
were calculated forcoempcPraupatr amet en Espsgkabpe
calcul at eR2nufisdnncgt i tome in fiaomi sco R package

parame-t egi $bigc model s were run tWaekl/&mi ne t
independently for adul drfmndctfjiueornifel sampd els
of the paramedmrpBhuouowctth ohhe Finall yand ot laes s e
correspbhvalngpes measured in February 2024 we
results, we calculated and compared the resi
t s amptl ees t .

3. Results

3.1Water relation parameters in F. Virsoid:e

sampling dates

Mean values of the water relation par &meters
virsaneerseported in Table 2. No significant ¢
stages (Figureaver&f#gaw|l & 582P1 Mmas( RSDY, Nwidi
MPa (Rsaerdgéd N 0. 3FwdMPvwas( 8SD)6,6 N 1€&€. 33 %
was 13. jnnoN WMP@RSD) .

NMT



TablMean N SD of osmoti“c) powamern apoment iuab s ar

( ), modul us of el@stirciltat i o' waltler waloihsg e
(Y6 ) and capacitdadhcebani hedl thuoggogh {(he el ¢

measured in samples of Bdoals wndsoiudesnil e in

n “, MPa ,MPa  UMPa Yood ,%  C,mmol MPal gt

Adult 7 -1.73+£0.4¢ -7.13+1.07 2.12 £ 0.64 88.19 + 15.93 13.89 + 3.66

Juvenile 7 -1.59 +0.31 -6.78 £0.77 1.95+ 0.44 83.14 + 17.57 12.71 £5.13

Mean -1.66 £ 0.3¢ -6.96 £ 0.91 2.04 £ 0.54 85.66 £ 16.33 13.30 £ 4.32

Conversely, statistically significant Wi ffer
andwo , while similar vdl Esguvea el ,reTabldedsS
Specifically, the main differences"wed®3o0obse

sampling, wiYdd Bhn@ihrert he i ndi v'i%daurapllsi nfgr o(nt at. h
MPa, 18 nmimodn®PBi gher, respectofveda.) 0an84 aMFha
indivi dual$anploimmg.he 3

NMY



01a) n.s. 0.04p) p = 0.032
~ 25-
_ . B
g a
E — — - a
~—" l—j -5.0' b
e 2= L £ =
HE T S
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34 _E)_ —_ b 2 ‘_IU) 201 2
s 2o 20, |Tala =
< ; = = b | L 15 ==

2_ — = .
= — 3 == |3 104 b
@ < 50 £ =

i1 4 S

~— 5'
)
01 01 01
23 23 2D 23 2> 2D k) k) 2D
AD .0'3"?'02 »? '\SDA“ILQ A3 0° '?’02 @ \6-05“20 «’59320 209° 20 *\3-0“‘20

Fi.yMedi an vallaed'behrccend il es of osmotjcapoter
water potenti al at btyur gnord ull ass op djied ¢a)s,t irce ltayt
water content aYowod urddr ahdssapacn€Canfer as

extrapolRuew rfsroommdesi duals according to samp

indicate statistically significant differenc

3. 2Rel ationship between thallus water stat.

During samples dehydration, FRInfkwaspasential eg
witbhecrease (Figure 2a) for both adult and |
trends did not differ betwedemalbest wel gwowt 6
recor deal wes -bfMRa& ofit .4e .MPcaa .f or }6u vie rMiPlae § oand
adults), whichRiwvveal aleessel bse tov@al we®e @fe as u
N 14.14 MPa f-28. §uvikn23 .e%2 aMRla for adults.
The relati oMahi/pf( R¢t weBn67) exhibited an

by an exponenti al decline |l eading to the com
F/ Fapproached 0) (Figure 2b). No significan
observed (Tabl e S5). Thetbaesenf béctdieahi pei ni

NI o



occurred in juvwLhiodi/e®f atD. 6&, 48WLfaokl/ Koaf. 34 %
0.73 in adults. The subsequent decr &hesfe i n |
about 52% in juveniles and of 53 % in adults
0.9-a) 0.94b)
0.8 0.8
0.7 4 0.7 1
06 0.6
E0.5‘ g n
C o L 05 o Adult
w - W 544 Juvenile
0.3
0.34
0.2-
0.2
0.1
0.0+ 0-11
0.0

T T T T T T T T T T
-90-80-70-60-50-40-30-20-10 O

Fi.gOpti mal

MP a)

and

¥ (MPa)

of t he ewalesseesnt ed

the shaded

3. 3Water

No significant

the PV
indicating
field

N 0.23

except for one

zone is

curves and
t hat

( WL wea)t eaf

by

t

potenti al

T L T T T T L] T T
0 10 20 30 40 50 60 70 80
WL (%)

green dot s

he range of

monitoring

phot osynth @&t iacs qau afnuruent iyoine I pdf (( a)
| jolsveunciulse varnds oatdduelste i s t h

for adul t an

variability.

and correl at ¢

di ff ehreemnsd edsu awesr eo ff aduant da bpeoti wiet es

data points coeDl p8t @d4Bh, t

t he

model cal cul ated in | abo

dat aa v(eFridgguer@@2 3§ .6. 62 MPa (

( NSD) .

N BDfo, f wii.t5h4 a

However, rmeormrsge okbe tTvieie8nm & Bip M@ & , f
sampl e(-2t2h.a6t5 sMPobawe.d a much | ow

NP M



0.9

e Experiment

Monitoring
campaign

-90 -80 -70 -60 -50 40 -30-20 -10 0
¥ (MPa)

Fi.Phot osyntheti B/ juamrst tam fwineltd o(h) od cwmast er
virsdheescurve is the trend of the values re

range of wvariability, andnommhe¢ obbli mg ad¢catmp aamge .

4 Di scussion

4. 1Water relation parameters in F. Vvirsoide
sampling dates

Il n this study, we assessed for the first ti

macr oFal gva rOuogi dhemsal ysi s underl ined the Frel ati

virs,oiwvwhkeisch has already been obseruwceuds ismpiatah
(Schagdoést | F2OU4 ) skeurcruast udéi Asntdirceheuvs etFuaclus 201
i mi t(RuniMe d ieta al . 2023) . Considering the dif
juveni |l eFuacsdsead welst ( Wa h | et al . F.20dilms giwtke shy
di splay different water rel atiibdrys reespendinmgg i
and in adult than in juvenile sampl es. Ho we
di fferences in water status parameters betwe

tolerance $trateghi dWssl a Heghctateoancesebf

NP N



that the synergistic interaction of other fa

increase its vulnerability der.(2Qdi r exposu

Since no statistically significant di ffe
samples (Tabl e 2, Figure S2, Table S2), we
relation parameter poolinQg ithkhe viiwe oqirdesfg 0 tha

1.66 N 0.38 MPa, a value within the range of
mosses, and [-Q.ch&8ntId ( ®MPg; 1OOdmMPdOO&Ftplr ;et al

Nar di ni et al . 2013% i Bettrhiez znealjloirs adertiavtalra no 2f0
terrestri al plants (Bartlett et al. 2012) , 3
|l ndeed, plants can accufipulMaatd) Cinnt rraecseplolnusiea rt c
water availability, (Ba&ratdli entgt t ed haarraenden@otm,)o .nk Nl
as osmotic adjompt maytdyr izl pdowanasdtiohuedumer oW
ability to tolFansgtnddodheughi®98dtr &§8adf{ het et et
201Qgsol o et al . 2014) . Similar strategies

freshwater aaklignet (W20 er1992) and amBfirsasloint t o
1979), but are | ess common in estuarine and
' imited ability to regubalier dthel %% )juédégoof pr

virsbideds @avebadNed. 9IlYoMPaf 85 .th6 aN 16. 33 %.
species witvhl bewehave a greater drought tole
can maintain turgor pressure at | ower water

shortage periods before wilting or sAd ferin
expected, the capghcwhancel ati vealyVy 'bgughatcat

woul d bufferdutrheegdrdemyidmati on due to prol ong
With this respect, it i s aisrutreerdesdstni ndg et hreetl asii
of mesophyl oufscetrr epesse usduocph aga ssmmuar i son -wi th X
|l eaved speQuiecess ysuwmithiahixses of abbgtf{ N&8r dnimoi &P ¢

2012). UFsnal key indicator of the mechanical
wal |l s (Qicoa.l dl maw!l ow the maintenance of celll
(Schulte 1992), an ability alPermplyyrodsemlvieldi

(Wi emaokd®duchl Vel ®980) a(tRae e da n10983C 0 d1i9u8na )d eacnodr t i C
(Bi samm@nt kneclKti r597%5)1989) found that the o0smo
estuaries often occurs thromaglhytch amgrecse ntnr dtoi

| olin al gae facilitates the adjustment of int

NP =
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v ol
i nf
by
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t o

fro

ding to moderate responses to external os
nges in turgor cUfBnpsasroétd rit9d9 b el e awmiutels if g
vi fsoindles was 2.04 N 0.54 MPa (NSD), i nd
sequently high flexibility in response to
edal and subtidal seagrasses -Givilal aite salb.et2n
weltlerasestoi al plants from different Dbi ome
X Bartl ett et al . 2012) .

The marked di f faenfdd ca@ae &mdMP@) i s usually n
a similar result was observed for anothe
s finding can be eWwpdlai e dbdogaushee fodrs elrar
ervals small changes in turgor are accomp
l'y that a high cell ul ar c o)wmoar tdr atei onne eadfe
ch the turgor | oss point.

While no differences were found between
ferencesvohpm@amptessubet ween sampling da
"ttheemp3ai gn. The main differences in enviro
sampling periods were the variations 1in
orded pYampl itrog theer i3o0d, resulting in both
i ndirect contributions from the Timavo a
i ndi vi dsalmpl ang t & Blvvad duehitchheaars t @ mplrienvg s
icating an increased cel F. wailwsthadesls gecta
s trait. Indeed, intertidal algae facing
ul ation could use alternative mechanisms
Xxi bilanki r(sBi s1s909n5 ) . For exampl e, Reed et
umkRorphyraupdepuhgposaline conditions, w
l ux and cell expansiosmanXliirrsg ple9r8i9gd wans ¢
hi gh radiation | evels and high tidal coe
ticular, the tidal coefficientfdsampbhed, 1
racterized by both a | onger durFativom saond e
air from clat.t pls3::/0/0met)toe dlp8e:s0cOx o(mamA i on di f f
m'$ampBing, where the tidal coefficient w

However, the i"mdimpildwnagl s hofwatdead Heghete maj c

air

exposure, contrary to our expectations.

NP O
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observed in the |l ast campaign was accompani ¢
tur &€or This result i s in agreement with Nadeé
among these two traits in vascular %Pplamts. F
be interpreterd as otshoed dieagcutl atthoartye iandojtu st thmee nmiag «

for adjust ment .

4. 2Rel ationship between thallus water stat.
Qur data hiRhlvighsaa®iddrehshat ai n PS | | function
desiccation, ensuring sustained growth and

di fferences were found between the growth st
bot h gr ooupesd atroegeptoher i n the following discus:¢
The relationahdpPBetl weernd ficiency in adul

showed a similar tRh/édraxdhi Dinded a@esexpanhéeoni al

to previous observations of ot her poi kil of
FIl avopar mel haPeaparatethlis et al. (2018), whe
decline in photosynthetic activity and the

ecophysiological Fdthate, 6 whwaé eowode&dddaayf taer

value in theBradmgetdfis value the variability
the suppression of PS 11 -83@nadtPiaon allhiet yr ewdausc
photosynthetic activity when intertidal macr
meas e, preventing potenti al damage from des
(G- mez et ; Llo.nt RO a et al . 2014 )nducendee
photoinactivation of PS 11 in the thallus ac
the photosynthetic apparatus, as suggested b

When examining t h&Largd/ d&t ia nssihmipl abre tswiegemmo i ¢
observed at both growth Fthagesa. AOWLORI tcimdli | r
38% was observed, which corresponds to the o
tot al | oss of apoplastic/extracellular water
specKiesst( 1988aRBoKerahe¥Y 25%migar st eGak®dBt o Carni
al . BR&d1&hi egtdtebhbhyi 29 l1l8hkeedegaotakti on on met a
abundant polysaccharides in the cell wal |l s
the retardatdaome wd|Bi@aldsh3d/r lmonglat @i nal 1973 a, b

NPT



of their hygroscopic properties facilitatint
(Aquino et al .20105)1.; FFeem aldleygest deltVWlotf e d bdawn
70 %. OQur results are camibuinsdtae n(t1l 9wBi2t)h, twhhoesre
decrease i n photFas wn tweestiidoe saodMidoeidir4Baglotoafn d t h e
signals persWhkted even at 60%

4. 3Water potenti al monitoring and related
I n this studynwanmaeddut éednal sampling day, t
and t he miemicrhterd vbiyr s osfdttesr a typi cal emer s

same time of the year (end of Wwedrhalrywt. We

F/ /v al ues were relatively high (0.54 N 0.23
efficiency. On one Randi,cohmli desmaigmt aii mpd ymo d

physiological status even when surpassing tu
recowealR/ kfeven after prolonged daily emersi on
could be a warning signal. | ndeeanB/tkhe sl of

relatively steep (Figuvel 83s emsepearabl yni hhe
so that minimal fucthéd desmuéaseé nofa Ri/kFalgleu dr

val ues. Secondl vy, i n ftrheeq usecnetnlayr i roe anchheferae vt ahl au
condition that is likely to occur especi al
met abolism &Bndvigcoeowtdedé& | i mited, thus pot el

di stribution of this species has dramati cal
prol onged air exposure periods <caused by i
conductiemd gbmodtthunder controlled | aboratory <co
hypot heses.

5. Concl usi on

By combining exhaustive measur ements of t h
chl or afplhuydrlescence with the corresponding the
the remarkable water stress toleranceF.exhi bj
virsoiTldheiss result is supported by the water r

especially by the relatively ) owamwdttehe prodiem
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of relatively ki h aR&llluesf fiindiiemdy n@ maj or
investigations are required to determine th
status characteristics, and in particular t
functi on amfget.hd nt iaddali tri on, assensdi R§ I heef ki
under | ess favourable conditions, Fe. g.d rismoidwe

responses and vulnerability in the context o
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