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Introduction générale 

1. Les algues, une composante essentielle des écosystèmes côtiers 

Les macroalgues jouent un rôle essentiel dans le fonctionnement des écosystèmes 

côtiers (profondeur inférieure à 200 m), où elles constituent les principaux producteurs 

primaires (Mann, 1973; Gattuso et al., 2006). On estime la production de ces végétaux à 30% 

de la SURdXcWiRn RcpaniTXe glRbale, bien TXe la VXUface deV ]RneV c{WiqUeV ne cRUUeVSRnde TX¶j 

7% de celle de l¶Rcpan mRndial (Wollast, 1991). La productiviWp deV chamSV d¶algXeV Ya de 400 

à 1900 g C m-2 an-1, contre 300 à 1000 g C m-2 an-1 pour les herbiers (Mann, 1982). Ces 

macrophytes servent de réservoir de carbone et approvisionnent ainsi les écosystèmes marins 

voisins par une forte exportation de leur production sous forme de carbone organique 

particulaire et dissous (Krause-Jensen and Duarte, 2016). Les macroalgues constituent 

également une source de nourriture pour de nombreux représentants de la faune vagile, en se 

positionnant à la base des réseaux trophiques côtiers (Chapman, 1995). 

Par ailleurs, les grandes algues jRXenW Xn U{le d¶espèces ingénieures en procurant des 

habitats en 3 dimensions pour de nombreux invertébrés benthiques ou pour des juvéniles de 

poissons, dRnW ceUWainV VRnW d¶imSRUWance pcRnRmiTXe majeXUe (Little and Kitching, 1996). Les 

macroalgues peuvent notamment constituer un support privilégié pour la fixation de larves 

d¶inYeUWpbUpV et offrir une protection contre la prédation à diYeUV W\SeV d¶organismes pendant 

les stades cruciaux de leur développement (Hawkins and Hartnoll, 1983; Parker et al., 2001). Il 

en résulte couramment de fRUWeV abRndanceV d¶inYeUWpbUpV eW Xne biRdiYeUViWp accUXe (Gee and 

Warwick, 1994). A plus grande échelle, les oiseaux, certains mammifères marins ou des 

poissons sont directemenW infpRdpV aX[ chamSV d¶algXeV danV leVTXelV ilV WURXYenW directement 

leur nourriture (Simenstad et al., 1978; Feare and Summers, 1985). Les algues peuvent 

localement atténuer la puissance de la houle arrivant sur les côtes, participant ainsi à la 

limitation de leur érosion et donc à leur protection (Morris et al., 2019). Les macroalgues brunes 

sont les macrophytes marins les plus importants en termes de biomasse sur le littoral des zones 

tempérées (Golléty, 2008; Golléty et al., 2011). Elles jouent un rôle écologique prépondérant 

dans les zones littorales en constituant des forêts de laminaires (Schaal, 2009; Leclerc, 2013) 

ou des champs de Fucales (Le Hir, 2002; Connan, 2004). Ces algues dominent généralement 

leV cRmmXnaXWpV macURalgaleV, TX¶elleV YRnW structurer en habitats complexes et diversifiés au 

sein des écosystèmes et ainsi abriter des biocénoses variées (Raffaelli and Hawkins, 1999; 
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Mann and Lazier, 2006). LeV cRmmXnaXWpV macURalgaleV RnW de faiW d¶imSRUWanWeV fRncWiRnV 

pcRlRgiTXeV SRXU la UeSURdXcWiRn, l¶alimenWaWiRn eW la protection des nombreuses espèces 

animales qui leur sont associées (Knox, 2000; Hawkins et al., 2019a). 

Les algues regroupent différents organismes eucaryotes ou procaryotes 

photosynthétiques appartenant à des Phyla variés et colonisant généralement des habitats 

aquatiques temporaires ou permanents (Lee, 2008). Ces végétaux ont en commun un appareil 

végétatif simple aSSelp Whalle, c¶eVW-à-diUe VanV RUgane VSpcialiVp danV l¶abVRUSWiRn deV VelV 

nutritifs (racine), dans le transport de solutés (tige), ni dans la photosynthèse (feuille). Ils 

possèdent un aSSaUeil SigmenWaiUe leXU SeUmeWWanW d¶effecWXeU la ShRWRV\nWhqVe R[\gpniTXe 

grâce à la chlorophylle a. La majorité des algues de grande taille, ou macroalgues, vivent en 

milieu marin et appartiennent à des clades phylogénétiquement différents :  les macroalgues 

brunes, vertes et rouges (De Reviers, 2002). 

Les algues vertes et rouges font partie de la « lignée verte » (Archéplastides) et 

appartiennent aux Phyla des Chlorophyta et des Rhodophyta respectivement (Figure 1). Ces 

macURalgXeV aXUaienW acTXiV la caSaciWp j UpaliVeU la ShRWRV\nWhqVe Yia l¶endRV\mbiRse 

primaire, phénomène au cours duquel une cyanobactérie (proche de Gloeomargarita lithophora 

Moreira et al.) aurait été endocytée (Ponce-Toledo et al., 2017). Cette lignée contient par 

ailleurs les plantes terrestres. 

LeV macURalgXeV bUXneV fRnW SaUWie d¶Xne aXWUe lignpe, eW fRUmenW la ClaVVe deV 

Phaeophyceae (Silberfeld et al., 2014). Nota bene, les macroalgues brunes sont au sein de 

l¶EmbUanchemenW (Ph\lXm) deV SWUaménopiles, parmi lesquels on retrouve entre autres les 

diatomées et les oomycètes. Par rapport aux algues vertes et rouges, la capacité à réaliser la 

photosynthèse aurait été rendue possible par une endosymbiose secondaire (McFadden, 2001). 

Les pigments surnuméraires permettent de différencier visuellement les algues par la 

couleur. Ainsi, les algues brunes ont des teneurs élevées en caroténoïdes de couleur brun-jaune, 

les algues rouges contiennent des pigments spécifiques, les phycocyanines de couleur bleue et 

surtout les phycoérythrines de couleur rouge et enfin les algues vertes ont de la chlorophylle b 

qui renforce la couleur verte due à la chlorophylle a.  Ces organismes se caractérisent également 

par des morphologies très variées (Braune and Guiry, 2011) et représentent une richesse 

spécifique importante avec 12 161 espèces recensées mondialement (Guiry and Guiry, 2020). 

Les macroalgues rouges (Rhodophyta) sont les plus nombreuses, avec 7 291 espèces, suivies 



3 
 

par les macroalgues vertes (Ulvophyceae et Trebouxiophyceae) avec 2 819 espèces et enfin les 

macroalgues brunes (Phaeophyceae), avec 2 051 espèces.  

Figure 1 : Arbre phylogénétique de différentes espèces d¶algXes (lignée verte et cyanobactéries 

uniquement) basé sur la concaténation de 97 protéines codées par les plastes et par leurs homologues 

cyanobactériens (adapté de Ponce-Toledo et al., 2017). 

Les espèces de macroalgues présentent des morphologies très différentes, qui vont être 

considérées comme plus ou moins organisées (Steneck and Dethier, 1994, voir également les 

groupes structurels et fonctionnels ou SFG (Ar Gall & Le Duff, 2014) en annexe C).  

Les macroalgues vertes de l¶AWlanWiTXe Nord-Est sont principalement connues pour les 

évènements de « marées vertes ª, dXeV aX[ SURlifpUaWiRnV d¶XlYeV, cUpanW deV nXiVanceV 

importantes et parfois des problèmes sanitaires et ce phénomène donne une image négative des 

macroalgues (Léraud and Van Hove, 2019). Pourtant, les macroalgues vertes ne sont pas 

npceVVaiUemenW SURlifpUanWeV, YRiUe nXiVibleV, eW leXU mRUShRlRgie eVW SlXV diYeUVifipe TX¶Rn ne 

le pense souvent (Figure 2). Outre les formes classiques en lame et en tube (Ulva, Prasiola), on 

observe également des filaments ramifiés (Cladophora, Acrosiphonia) ou non (Chaetomorpha), 

eW SaUfRiV deV ViShRnV TXi V¶agglXWinenW SRXU fRUmeU deV algXeV VSRngieXVeV cRmme leV eVSqceV 

du genre Codium (Brodie et al., 2007).  
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Figure 2 : Diversité des algues vertes en Atlantique Nord-Est, avec différentes formes, teintes, 

organisations dans divers habitats. A : Ulva sp. en forme libre. B : Ulva compressa Linnaeus sur roche 

ensablée. C : Chaetomorpha ligustica (Kützing) Kützing cRXYUanW Xne maUe de haXW d¶eVWUan. D : 

Cladophora rupestris (Linnaeus) Kützing retrouvée sous les canopées de Fucales. E : Acrosiphonia 

spinescens (Kützing) Kjellman annuelle se développant sur les blocs. F : forme dressée de Codium 

tomentosum Stackhouse G : tapis de Codium sp. sous forme encroûtante et quelques Ulva sp. fixées H : 

Prasiola spp. parmi les lichens oranges dans le supralittoral. Échelles. A = 5 cm, B, D, E, H = 1 cm, C 

= 10 cm, F, G = 2 cm 

Les macroalgues rouges présentent des morphologies encore plus variées (Figure 3), 

allant de formes simples comme des lames monostromatiques (Porphyra, Pyropia) ou des 

filaments (Rhodothamniella), à des thalles beaucoup plus complexes (Chondracanthus, 

Asparagopsis), avec certaines espèces formant des thalles calcaires (Corallina, Lithophyllum). 

Les algues rouges VRnW SaU ailleXUV XWiliVpeV danV l¶indXVWUie agUR-alimentaire, directement 

consommées comme le Nori (Porphyra, Pyropia), sous forme de composés extraits des thalles 

comme les carraghénanes (Chondrus) RX l¶agaU-agar (Gelidium) en WanW TX¶agenWV We[WXUanWV 

(Buschmann et al., 2017). Les algues calcaires constituant le maërl (espèces des genres 



5 
 

Lithothamnion spp., Phymatolithon spp.) VeUYaienW pgalemenW SRXU l¶amendemenW deV VRlV, la 

purification des liquides ou en cosmétologie. Le maërl forme un habitat ayant un rôle essentiel 

pour les écosystèmes côtiers, abritant une biodiversité maximale pour les habitats benthiques 

(dont de très nombreuses algues rouges) et en assurant un rôle de nurserie et de nourricerie pour 

de nRmbUeXVeV eVSqceV d¶invertébrés et de poissons (Grall, 2002). 

 

Figure 3 : DiYeUViWp deV algXeV URXgeV de l¶AWlanWiTXe NRUd-Est avec différentes formes, teintes, 

organisations dans divers habitats. A : Porphyra umbilicalis Kützing, lame foliacée parmi les lichens 

noirs. B : Nemalion elminthoides (Velley) Batters, algue estivale de mode « battu ». C : 

Rhodothamniella floridula (Dillwyn) Feldmann forme des tapis et agglomère le sable. D : Corallina 

ferreyrae E. Y. Dawson, Acleto & Foldvik est une algue calcaire intertidale. E : Chondrus crispus 

Stackhouse et F : Chondracanthus acicularis (Roth) Fredericq font partie des algues rouges dominant 

la SaUWie baVVe de l¶inWeUWidal. G : Lithophyllum byssoides (Lamarck) Foslie. H : Gelidium attenuatum 

(Turner) Thuret ex Bornet. I : Dans une cuvette : Asparagopsis armata Harvey et Lithophyllum 

incrustans Philippi, algue encroûtante calcaire. Échelles. A, C, E, F = 2 cm, B, D, G, I = 1 cm, H = 5 

cm. 
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Bien que les Phaeophyceae les plus connues possèdent des morphologies complexes 

avec la SUpVence d¶Xn cUamSRn, d¶Xn VWiSe eW d¶Xne lame (Fucus, Laminaria), de nombreuses 

autres formes plus simples existent comme des files de cellules (Elachista) des filaments 

ramifiés (Halopteris) ou des sphères (Leathesia) (Figure 4). Les Laminariales fonW l¶RbjeW d¶Xne 

cXeilleWWe eW d¶Xne culture développée dans le monde, pour des utilisations dans diverses 

industries agro-alimentaire, pharmaceutique ou cosmétique, soit comme algues légumes 

(Saccharina, Undaria), VRiW VRXV fRUme d¶alginaWeV (Mouritsen and Mouritsen, 2013).  

 

Figure 4 : DiYeUViWp deV algXeV bUXneV de l¶Atlantique Nord-Est, avec différentes formes, teintes, 

organisations dans divers habitats. A : Algue filamenteuse Halopteris scoparia (Linnaeus) Sauvageau. 

B : filamenWV XniVpUieV d¶Elachista fucicola (Velley) Areschoug épiphyte sur Fucus serratus Linnaeus. 

C : Leathesia marina (Lyngbye) Decaisne de forme plus ou moins sphérique. D : Laminaria digitata 

(Hudson) J. V. Lamouroux présentant un crampon, un stipe et une lame au niveau de la frange 

infralittorale. E : touffe de Fucus spiralis Linnaeus F : Pelvetia canaliculata (Linnaeus) Decaisne & 

Thuret en haXW d¶eVWUan SaUmi leV lichenV nRiUV. G : Halydris siliquosa (Linnaeus) Lyngbye espèce 

constamment immergée. H : l¶algXe inWURdXiWe Sargassum muticum (Yendo) Fensholt recouvrant 

enWiqUemenW Xne cXYeWWe de milieX d¶eVWUan. I : tapis de Bifurcaria bifurcata R. Ross agglomérant le 

sédiment. Échelles. A, B, E, H = 2 cm, C = 1 cm, D, G, I = 10 cm, F = 5 cm. 
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2. La BreWagne, ]one d¶inWprrW poXr l¶pWXde deV eVWranV WempprpV 

 La Bretagne eVW ViWXpe j l¶e[WUrme OXeVW de l¶EXURSe eW faiW face j l¶Rcpan AWlanWiTXe. 

Les estrans bretons ont été largement étudiés lors de cette thèse, et plus particulièrement la 

pointe occidentale de la Bretagne. Cette zone présente de nombreuses caractéristiques qui en 

fRnW Xn mRdqle d¶pWXde SUiYilpgip. 

Le littoral breton se caractérise par des côtes très découpées, générant des habitats et 

paysages très diversifiés : estrans rocheux, plages, falaises et estuaires envahis par la mer, les 

abers. Ce découpage contribue à accroître la longueur des côtes, estimée à 2 000 ± 3 000 km 

VelRn l¶pchelle XWiliVpe, SRXU Xne SpninVXle meVXUanW mRinV de 300 km de lRng. Ces habitats 

YaUipV VRnW aXWanW d¶RSSRUWXniWp de gpnpUaliVaWiRn, de mRdpliVaWiRn RX d¶e[WUaSRlaWiRn des 

données obtenues. 

Une des caractéristiques emblématiques des côtes bretonnes est le marnage important, 

qui varie toutefois fortement selon la portion de littoral considérée (Figure 5). Les amplitudes 

ma[imaleV aWWeignenW jXVTX¶j 15 m en fRnd de baie dX Mont-Saint-Michel (Tessier, 2012), alors 

que les plus faibles sont retrouvées près de Vannes, dans le golfe du Morbihan, avec 3.30 m 

(data.shom.fr). Le régime de marée évolue globalement de mégatidal en Nord Bretagne 

(maUnage VXSpUieXU j 8 m) j macURWidal, aX VXd de l¶AbeU IldXW (maUnage enWUe 4 eW 8 m). 

La pointe bretonne est à la jonction entre deux zones biogéographiques, une relativement froide 

au nord (boréo-lusitanienne) eW l¶aXWUe SlXV chaXde aX VXd (lXViWanienne chaXde) (Dinter, 2001; 

Spalding et al., 2007), situation qui affecte la répartition des organismes côtiers et 

particulièrement celle des macroalgues (Ramos et al., 2014). On y retrouve donc aussi bien des 

espèces de faune et de flore d¶affinité froide en limite de répartition sud, e.g. la macroalgue 

brune Alaria esculenta (Linnaeus) Greville (Castric-Fey et al., 2001) RX l¶anpmRne Cataphellia 

brodricii Gosse (Den Hartog, 1976), que d¶affiniWp chaude, comme la macroalgue rouge 

Phyllophora herediae (Clemente) J. Agardh (Dizerbo and Herpe, 2007) ou les gastéropodes 

Curveulima dautzenbergi Pallary (Delongueville and Scaillet, 2013) et Spurilla neapolitana 

Delle Chiaje (Grall et al., 2015). La Bretagne apparaît donc comme un endroit privilégié en tant 

TXe Yigie de SRWenWielleV mRdificaWiRnV de UpSaUWiWiRn d¶eVSqceV TXi SRXUUaienW rWUe caXVpeV SaU 

le changement climatique global (Gallon et al., 2014). 
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Figure 5 : Amplitude de marée (en m) lors de vives-eaux exceptionnelles le long des côtes bretonnes 

(source : Marnage coefficient 120 - SHOM WMS raster). 

PlXV UpcemmenW, la BUeWagne eVW aSSaUXe SaUmi leV SRinWV chaXdV d¶inWURdXcWiRn 

d¶eVSqceV e[RWiTXeV, aYec de nRmbUeXVeV SUemiqUeV RbVeUYaWiRnV SRXU le NRUd-Est Atlantique 

ou pour les côtes françaises (Le Duff et al., 2009; Mineur et al., 2012; Droual et al., 2017; Le 

Roux, 2018). Ces introduction sont liées plus RX mRinV diUecWemenW j la SUpVence d¶Xne 

aTXacXlWXUe inWenVe eW aX[ dpSlacemenWV deV naiVVainV de l¶hXvWUe jaSRnaiVe Magallana 

(Crassostrea) gigas Thunberg (Naylor et al., 2001).  

La récolte des algues est une activité ancestrale en Bretagne (Arzel, 1987; Nicolas and 

Tréhin, 2018). LeV algXeV bUXneV eW SlXV SaUWicXliqUemenW leV laminaiUeV RnW d¶abRUd pWp 

exploitées pour la production de « soude » principalement au XVIIIème siècle, puis pour la 

SURdXcWiRn d¶iRde aX XIXème siècle. Les laminaires étaient directement récoltées fraîches ou 

échouées puis incinérées dans des fours à goémons, desquels on extrayait les pains de soudes. 

A partir du XXème siècle, les biomasses importantes des côtes bretonnes deviennent une manne 

SRXU l¶indXVWUie deV addiWifV TXi dpYelRSSe l¶e[WUacWiRn deV alginaWeV. La UpcRlWe deV laminaiUeV 

Ve faiW aXjRXUd¶hXi SUeVTXe e[clXViYemenW SaU baWeaX, aYec l¶XWiliVaWiRn d¶RXWilV VSpcialiVpV 

comme le scoubidou pour Laminaria digitata (Hudson) J. V. Lamouroux ou le peigne 

norvégien pour L. hyperborea (Gunnerus) Foslie. ¬ l¶heXUe acWXelle, le SRUW de LanildXW eVW le 

50 100 km 0 
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SUemieU SRUW gRpmRnieU d¶EXURSe aYec deV TXanWiWps de laminaires débarquées estimées à 

70 000 ± 75 000 WRnneV (maVVe fUavche) SaU an. La UpcRlWe d¶algXeV de UiYeV cRmSUenanW 

principalement des macroalgues brunes et rouges, représente des tonnages moindres, avec une 

production annuelle comprise entre 4 500 eW 10 000 WRnneV. Enfin, l¶aTXacXlWXUe eVW cRnVidpUpe 

comme une solution partielle à la demande agro-alimentaire globale croissante (Bird and 

Benson, 1987), et en particulier la culture des macroalgues avec des pays producteurs situé 

eVVenWiellemenW en AVie. CeSendanW, Vi la Sh\cRcXlWXUe V¶eVW imSlanWpe en BUeWagne depuis les 

années 1980, celle-ci reste confidentielle, limitée à quelques dizaines de tonnes en frais par an 

(cf. SURgUamme UpgiRnal BUei]h¶Alg eW le PURjeW d¶Avenir Idéalg). 

La richesse spécifique macroalgale des côtes atlantiques françaises est estimée à 707 

espèces, répertoriées en Annexe D (Burel et al., 2019b), dont plus de 650 pour les côtes 

bretonnes (Dizerbo and Herpe, 2007). Cette grande richesse spécifique rencontrée en Bretagne, 

Uamenpe j Xne lRngXeXU de c{We UpdXiWe, eVW Xn UecRUd aX niYeaX mRndial TXi n¶eVW baWWX TXe SaU 

l¶vle de Jeju en Corée, avec 707 espèces de macroalgues retrouvées sur 333 km de côte (Boo, 

2019). Le Nord-EVW de l¶Rcpan AWlanWiTXe révèle une biodiversité macroalgale importante 

(Keith et al., 2014) et est une zone qui a été régulièrement inventoriée par de nombreux 

phycologues (Dixon and Irvine, 1977; Guiry in Costello, 2001). En Bretagne, cette diversité 

d¶habiWaWV eW d¶eVSqceV a aWWiUp deSXiV le dpbXW dX XIXème Viqcle l¶aWWenWiRn de nRmbUeX[ 

botanistes, écologues et naturalistes (Dizerbo, 1982). Les plus emblématiques restent sans doute 

les frères Pierre-Louis et Hippolyte-MaUie CURXan aXWeXUV de l¶algXieU deV AlgXeV maUineV dX 

Finistère (1852) et de la Florule du Finistère (1867), eW Jean Feldman aXWeXU de l¶InYenWaiUe de 

la flore marine de Roscoff (Feldmann, 1954; Feldmann and Magne, 1961), ouvrages qui sont 

toujours des références pour la phycologie européenne. Un certain nombre de particularités font 

de la BUeWagne Xne ]Rne d¶inWpUrW majeXUe SRXU l¶pWXde deV eVWUanV eW de leXUV biRcénoses. 

L¶RXYeUWXUe en 2007 dX SaUc naWXUel maUin d¶IURiVe a pWp l¶abRXWiVVemenW de ceW inWpUrW, aXgXUanW 

d¶Xne meilleXUe SUpVeUYaWiRn eW geVWiRn de la faXne et de la flore de ce patrimoine naturel. 

3 Caractéristiques environnementales de la zone intertidale 

La zone intertidale, également appelée zone de balancement des marées ou estran, est la 

zone située entre les limites des marées hautes et basse de vives-eaux extrêmes (coefficient 

120). Cette zone, considérée comme marine, marque la transition entre les écosystèmes 

terrestres et strictement marins et est donc influencée par des pressions environnementales 

inhérentes à ces deux types de milieu.  
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Les organismes des estrans rocheux sont exposés à un large éventail de facteurs 

abiotiques (physiques, chimiques) et biotique. Ceux-ci se répartissent classiquement en deux 

groupes : d¶Xne SaUW leV facWeXUV lipV j l¶alWeUnance immeUViRn / pmeUViRn, cRmme la 

dessiccatiRn, la WemSpUaWXUe, la lXmiqUe eW la ValiniWp, eW d¶aXWUe SaUW leV facWeXUV indpSendanWV 

de la maUpe, SUinciSalemenW l¶e[SRViWiRn aX[ YagXeV. LeV ]RneV inWeUWidaleV VRnW d¶ailleXUV 

claVVpeV VelRn WURiV gURXSeV en fRncWiRn de l¶inflXence SUpSRndpUanWe de la marée ou de 

l¶e[SRViWiRn aX[ YagXeV (Bird et al., 2013) : les estrans déterminés par la marée, les estrans 

déterminés par les vagues et enfin les estrans déterminés à la fois par la marée et par les vagues.  

3.1 FacWeXUV enYiUonnemenWaX[ lipV j l¶alWeUnance immeUVion / pmeUVion 

Dessiccation 

La résistance à la dessiccation est considérée comme l'un des facteurs principaux 

cRndiWiRnnanW l¶e[iVWence d¶Xne ]RnaWiRn YeUWicale VXU leV eVWUanV URcheX[ (Contreras-Porcia et 

al., 2017). PlXV la SRViWiRn de l¶RUganiVme VeUa haXWe VXU l¶eVWUan, SlXV la SUession de 

dessiccation sera importante. Cet effet sera plus fort en période estivale et il peut être intensifié 

par des vents violents et des températures élevées (Bertness et al., 2006). De nombreux 

gastéropodes ont développé des adaptations pour résister à la dessiccation comme la présence 

d¶RSeUcXleV limiWanW leV SeUWeV d¶eaX, RX deV cRmSRUWemenWV de fuite vers des endroits plus 

humides. Chez les grandes algues brunes, la tolérance à la dessiccation est plus élevée chez les 

eVSqceV ViWXpeV en haXW d¶eVWUan TXe che] celleV dX baV d¶eVWUan (Dring and Brown, 1982). Cette 

WRlpUance V¶e[SliTXe en SaUWie SaU l¶pSaiVVeXU deV SaURiV, mais également par les propriétés 

chimiques de ces parois (Kloareg and Quatrano, 1988). La réduction de la taille des organismes 

est aussi une adaptation à la dessiccation (Schagerl and Möstl, 2011) 

Température 

En ]Rne inWeUWidale, leV YaUiaWiRnV de WemSpUaWXUe VRnW j cRnVidpUeU aXVVi bien danV l¶eaX 

que danV l¶aiU. La WemSpUaWXUe de l¶eaX danV leV ]RneV inWeUWidaleV dRminpeV SaU leV macURalgXeV 

YaUie aVVe] SeX aX Vein d¶Xne mrme VaiVRn. AinVi, danV la ]Rne pWXdipe danV ce WUaYail de WhqVe, 

i.e. entre Trégunc au Sud et Sibiril au Nord, la température a oscillé entre 13,9 et 15,5 °C en 

automne 2017, entre 9,9 et 10,9 °C en hiver 2017, entre 10,0 et 11,1 °C au printemps 2018 et 

entre 16,1 et 21,1 °C en été 2018 (données obtenues par sondes Mini-Diver, cf. ci-après).  
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LeV WemSpUaWXUeV de l¶aiU YRnW, aX cRnWUaiUe, présenter de plus grandes variations 

quotidiennes et saisonnières : SRXU l¶annpe 2018, leV YaleXUV e[WUrmeV de WemSpUaWXUe SRXU la 

station Brest-Guipavas ont varié entre -6,7 °C le 28 Février et 30,3 °C le 5 Août 2018 

(infoclimat.fr). Par ailleurs, des changements thermiques vont exister à différentes échelles 

WemSRUelleV. ¬ l¶pchelle d¶Xne jRXUnpe, en pWp, leV RUganiVmeV VRXmiV j la maUpe SeXYenW VXbiU 

des variations de température brutales sur de courtes périodes : par exemple, pour le 5 Août 

2018, les oUganiVmeV VRnW SaVVp d¶Xne eau à 16,1 °C à marée haute (11h30) à une température 

de l¶aiU de 30,3 °C au plus chaud de la journée (15h), soit un bond de 14,2 °C en 3h30. A micro 

pchelle, leV WemSpUaWXUeV SeXYenW aWWeindUe deV niYeaX[ bien SlXV pleYpV VXU l¶estran au cours de 

l¶pWp. Ainsi des enregistrements réalisés à proximité immédiate du substrat dans le goulet de 

Brest ont montré des températures dépassant les 43°C (Chapperon et al., 2016). 

Pour résister aux variations de température, la plupart des organismes vagiles vont se 

réfugier lors des marées basses dans les anfractuosités ou vivre sous les algues brunes afin de 

profiter du couvert végétal (Hawkins and Hartnoll, 1983). Malgré une bonne capacité de 

résistance des Fucales, des températures aériennes extrêmes semblent affecter leur survie. En 

effeW, ceUWaineV eVSqceV dX haXW de l¶eVWUan accXmXlenW deV cRmSRVpV ShpnRliTXeV en UpSRnVe j 

une augmentation de la température aérienne (Connan et al., 2007). De plus, des périodes 

estivales présentant des températures aériennes anormalement élevées semblent endommager 

les thalles et réduire la couverture d¶Xn ceUWain nRmbUe de FXcaleV VXU leV vleV bUiWanniTXeV 

(Hawkins and Hartnoll, 1985; Mieszkowska et al., 2020). De telles anomalies auraient pu 

entraîner la disparition de population de Fucus serratus Linnaeus en Galice (Bárbara I., 

Universidade da Coruña, comm. pers.) ou le déclin de Fucus spiralis Linnaeus VXU l¶eVWUan de 

Porspoder (cf. Chapitre 1 partie 1).  

Lumière  

La TXaliWp eW l¶inWenViWp lXmineXVe SUpVenWenW deV YaUiaWiRnV jRXUnaliqUeV eW VaiVRnniqUeV. 

La lumiqUe VRlaiUe, bien TX¶eVVenWielle j la cURiVVance deV macURalgXeV dX faiW de la 

photosynthèse, peut avoir des effets néfastes sur celles-ci en cas de trop forte intensité et quand 

l¶e[SRViWiRn aX[ UVV eVW WURS imSRUWanWe (Bischof et al., 2006). Ce problème apparaît lors de 

l¶pmeUViRn, lRUVTXe ceV RUganiVmeV, aX dpSaUW aTXaWiTXeV, ne VRnW SlXV SURWpgpV SaU la filWUaWion 

deV UadiaWiRnV danV la cRlRnne d¶eaX. PRXU Ve SURWpgeU, leV macURalgXeV V\nWhpWiVenW diffpUenWV 

métabolites photo-protecteurs comme les phlorotannins ou les xanthophylles chez les algues 
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brunes (Pavia et al., 1997; Creis et al., 2018) ou les acides aminés de type mycosporine chez 

les algues rouges (Karsten et al., 1998; Lalegerie et al., 2019). 

Salinité 

SXU l¶eVtran, il y a peu de variations de la salinité en raison du brassage régulier (voir ci-

aSUqV). LeV YaUiaWiRnV de ValiniWp \ VRnW dRnc lipeV SRXU l¶eVVenWiel aX[ cRndiWiRnV d¶pmeUViRn. 

D¶Xne SaUW, l¶pYaSRUaWiRn de l¶eaX de meU TXi abRXWiW j Xne deVViccaWiRn tend à augmenter 

graduellement la concentraWiRn en Vel de l¶eaX de meU aXWRXU deV algXeV. CelleV-ci résistent 

UelaWiYemenW bien j l¶h\SeUValiniWp mrme Vi lRcalemenW leXU acWiYiWp biRlRgiTXe SeXW rWUe 

WemSRUaiUemenW SeUWXUbpe. ¬ l¶inYeUVe, deV deVValXUeV Seuvent être dues à la pluie et à des 

écoulemenWV d¶eaX dRXceV. LeV eVSqceV adaSWpeV j Xne e[SRViWiRn diUecWe j la deVValXUe SeXYenW 

y résister par une morphologie particulière par exemple la gouttière des thalles de Pelvetia 

canaliculata (Linnaeus) Decaisne & Thuret, grâce à des parois cellulaires jouant le rôle de 

barrières hydriques et ioniques, ou par leur capacité à ajuster leur contenu cellulaire en 

composés osmorégulateurs (Lüning, 1990). Ce sont des espèces ayant une organisation plus 

simple et considérée comme ubiquiste Porphyra, Ulva, Cladophora (Zaneveld, 1969) ou 

Grateloupia turuturu Yamada (Simon et al., 1999) qui vont tolérer les plus fortes variations de 

salinité.  

Hydrodynamisme 

Un h\dURd\namiVme imSRUWanW SeXW aXgmenWeU l¶aiUe de UpSaUWiWiRn deV RUganiVmeV YeUV 

le haXW de l¶eVWUan gUkce aX[ embUXnV (Lewis, 1964). Ses effets plus généraux seront explicités 

dans la section 4 qui lui est entièrement dédiée. 

Facteurs biotiques 

L¶e[WenViRn d¶Xne eVSqce j Xn niYeaX dRnnp de l¶eVWUan est limitée vers le haut, par les 

facteurs physiques cités ci-dessus, et YeUV le baV, SaU la cRmSpWiWiRn aYec d¶aXWUeV eVSqceV 

(Schonbeck and Norton, 1978). La limitation de l¶aiUe de UpSaUWiWiRn vers le haut de la zone 

intertidale est pgalemenW dXe j la cRmSpWiWiRn SRXU l¶eVSace eW la lXmiqUe, en Sarticulier pour les 

espèces remontant des bas niveaux (Hawkins and Hartnoll, 1985). La pression de broutage 

module pgalemenW l¶e[SanViRn YeUWicale de nombreuses espèces (Underwood and Jernakoff, 

1984). 
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3.2 FacWeXUV indppendanWV de l¶alWeUnance immeUVion / pmeUVion 

Substrat 

Différents types de substrat peuvent être retrouvés en zone intertidale, allant des 

substrats meubles aux substrats durs. Ce sont ces derniers qui permettent le développement des 

macURalgXeV eW TXi nRXV inWpUeVVenW danV ceWWe pWXde. DeX[ gUandV W\SeV d¶eVWUanV j VXbVWUaW dXU 

peuvent être distingués danV l¶AWlanWiTXe NRUd-Est: les estrans avec de la roche en place, encore 

appelée roche-mère affleurante (Connan, 2004), et les champs de blocs (Le Hir, 2002; Bernard, 

2012). CeV deX[ W\SeV d¶eVWUanV VRnW glRbalemenW dRminpV SaU des Fucaceae mais ils présentent 

deV biRcpnRVeV aVVRcipeV WUqV diffpUenWeV. SRXYenW npgligp RX RXblip, Xn WURiViqme W\Se d¶eVWUan, 

les estrans rocheux ensablés permettent le développement de communautés particulières, a fait 

l¶RbjeW de TXelTXeV pWXdeV Upcentes (Díaz-Tapia et al., 2013; Lemesle, 2015). Des mouvements 

de sable réguliers y conditionnent la disponibilité en substrat pour les algues (Stagnol et al., 

2013) maiV pgalemenW l¶idenWiWp deV eVSqceV SUpVenWeV. AinVi, leV cRmmXnaXWpV SeXYenW rWUe 

caractérisées par de nombreuses algues rouges, par des espèces annuelles et des Sargassaceae, 

toutes relativement adaptées à un enfouissement partiel dans les substrats meubles. 

Paramètres physico-chimiqXeV de la colonne d¶eaX 

Ces paramètres sont déterminés en priorité par le climat (qualité et quantité de lumière, 

WemSpUaWXUe nRWammenW) eW l¶aSSaUWenance deV maVVeV d¶eaX c{WiqUeV j deV SURYinceV 

biogéographiques déterminées (pour la Bretagne, voir ci-dessus). Le pH et la salinité restent 

VWableV danV la cRlRnne d¶eaX aX cRXUV de l¶annpe, à 8.3 ± 8.4 et 34, respectivement, sauf en cas 

d¶aSSRUWV eVWXaUienV RX j SUR[imiWp de la ShaVe d¶pmeUViRn (Lüning, 1990). On observe de 

faibleV YaUiaWiRnV de la WemSpUaWXUe danV la cRlRnne d¶eaX j Xne pchelle WemSRUelle cRXUWe (jRXU 

± mRiV), VaXf, lj aXVVi, lRUVTXe la haXWeXU d¶eaX eVW UpdXiWe en cRXUV de maUpe. LeV cRncenWUaWiRns 

en sels nutritifs nécessaires à la croissance des macroalgues (substances azotées et phosphorées) 

YaUienW de faoRn lenWe eW VaiVRnniqUe, VaXf en caV d¶aSSRUWV WellXUiTXeV eW d¶eXWURShiVaWiRn 

d¶RUigine anWhURSiTXe (Lemesle, 2015). La pénétration de la lumière, déjà évoquée ci-dessus, 

et la turbidité vont également conditionner le développement des communautés intertidales et 

subtidales en modulant la disponibilité en énergie lumineuse des macroalgues. Signalons que 

SlXVieXUV de ceV SaUamqWUeV VRnW VXVceSWibleV d¶rWUe affecWpV SaU le changemenW climaWiTXe 

global, notamment la température, quoique de façon atténuée par rapport aux variations des 

facWeXUV enYiURnnemenWaX[ j l¶pmeUViRn (Mieszkowska et al., 2020).  
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3.3 Zonation verticale  

Définition des étages 

Le littoral est organisé verticalement en plusieurs zones bathymétriques, aussi appelées 

étages (Michez et al., 2019), qui sont définies par des caractéristiques écologiques particulières, 

eW R� Ve dpYelRSSe Xn cRUWqge d¶eVSqceV adaSWpeV fRUmanW deV ]RneV biRlRgiTXeV RX © bio-bands 

» (Figure 6). 

Les limites des différents étages sont toujours sujets à discussion. Elles sont globalement 

définies, soit par la distribution de taxa caractéristiques soit par la localisation des différents 

niveaux de vives-eaux ou de mortes-eaux (FlRc¶h, 1964). Ces niveaux varient toutefois en 

fonction du site et des phénomènes de surcote et de décote de marée. On définira donc dans 

cette étude :  

- l¶pWage VXSUaliWWRUal (ou supratidal) n¶eVW UecRXYeUW TX¶e[ceSWiRnnellemenW lRUV deV plus 

hautes mers astronomiques (coefficient 120), les organismes qui y vivent supportent ou 

exigent une émersion quasi-continue.  

- l¶pWage mpdiRliWWRUal (ou intertidal) eVW la ]Rne TXi eVW caUacWpUiVpe SaU l¶alWeUnance deV 

marées, où se développent des organismes qui supportent ou exigent une succession 

fUpTXenWe de SpUiRdeV d¶pmeUViRn eW d¶immeUViRn. 

- l¶pWage infUalittoral (ou subtidal) présente comme limite supérieure la zone TXi n¶eVW 

découverte que de façon exceptionnelle lors des plus hautes mers astronomiques 

(coefficient 120), et comme limite inférieure, la zone où les grandes Laminariales et les 

Zosteraceae peuvent survivre. Les organismes qui y vivent supportent ou exigent une 

immersion quasi-continue. 

Par ailleurs, au-delà, l¶pWage ciUcaliWWRUal SeXW rWUe dpfini en SURfRndeXr par la zone à partir 

de laquelle les laminaires sont absentes et où seules quelques macroalgues sciaphiles se 

développent (Derrien-Courtel, 2008; Bajjouk et al., 2011). 

En milieu rocheux, la zone supratidale se situe au-dessus des populations de lichens noirs 

encroûtant Verrucaria / Hydropunctaria. LeV RUganiVmeV ViWXpV j ce niYeaX VXbiVVenW l¶effeW deV 

embruns et, des chocs thermiques, lumineux et salins. Les producteurs primaires y sont 

principalement des lichens. Quelques genres de macroalgues aériennes et des végétaux 

supérieurs halophiles y sont également présents. La zone intertidale rocheuse est caractérisée 
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principalement par des organismes sessiles adaptés aux successions de ppUiRde d¶immeUViRn eW 

d¶pmeUViRn eW dRnW la diVWUibXWiRn hRUi]RnWale dpSend SaUWiellemenW de l¶e[SRViWiRn j 

l¶h\dURd\namiVme (YRiU dpWailV danV la VecWiRn dpdip). GlRbalemenW, danV leV ]RneV abUiWpeV, 

des biomasses importantes de Fucales sont présentes, plutôt représentées par la famille des 

Fucaceae en Atlantique (Neiva et al., 2016). Les zones plus exposées aux vagues vont, au 

contraire, être colonisées principalement par de la faune sessile telle que les balanes ou les 

mRXleV. Une faXne Yagile diYeUVifipe V¶\ dpYelRSSe, cRmme deV GaVWpURSRdeV, deV ChiWRnV, deV 

Crustacés, des Poissons ou des Echinodermes. La zone subtidale montre quant à elle une forte 

abondance en algues brunes de grande taille dans les zones tempérées, surtout représentées par 

les Laminaires en Atlantique Nord-Est (Araújo et al., 2016). S¶\ aVVRcie Xne laUge gamme 

d¶eVSqceV d¶algues rouges. En profondeur, la disponibilité en lumière y devient rapidement le 

facteur limitant principal pour les macroalgues. 

 

Figure 6 : PURfil d¶Xn eVWUan URcheX[ eW d¶Xn fRnd maUin mRnWUanW l¶pWagemenW deV ]RneV biRlRgiTXeV 

(modifié de Hiscock, 1996). 
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Estrans rocheux dominés par les macroalgues 

En cRnVpTXence deV diffpUenWV facWeXUV lipV j l¶alWeUnance pmeUViRn / immeUViRn, la ]Rne 

inWeUWidale V¶eVW RUganiVpe selon une succession de différentes communautés macroalgales. Une 

particularité deV eVWUanV bUeWRnV eVW l¶pWagemenW deV cRmmXnaXWpV de macroalgues qui peuvent 

être couramment au nombre de six (Figure 7), là où on considère souvent moins de 6 

communautés ailleurs dans le monde (Mathieson and Nienhuis, 1991). Cet étagement a été 

représenté graphiquement par FlRc¶h (1964), qui en a défini également les limites altitudinales 

(Floc'h, 1970). On reprendra ces limites altitudinales, correspondant assez précisément à la zone 

géographique considérée dans cette thèse, dans la description faite ci-dessous,  

En Bretagne, la communauté la plus haute de l¶eVWUan SeXW Ve dpYelRSSeU enWUe 5,5 et 8,4 

m au-dessus du zéro des cartes, et est dominée par la Fucaceae de petite taille Pelvetia 

canaliculata. Cette communauté est caractérisée par une très faible diversité, se limitant 

couramment à la Fucale dominante, souvent associée au lichen noir Hydropunctaria maura 

(Wahlenberg) Gueidan & Thüs. Des tapis de Catenella caespitosa (Withering) L. M. Irvine 

infpRdpV j la SUpVence d¶anfUacWXRViWpV RX de WhalleV de P. canaliculata, ainVi TXe l¶algXe URXge 

encroûtante Hildenbrandia rubra (Sommerfelt) Meneghini, sont également retrouvés. 

La deX[iqme cRmmXnaXWp en deVcendanW V¶pWend enWUe 5,0 et 7,2 m et est co-dominée 

par Fucus spiralis et Fucus guiryi Zardi, Nicastro, E. S. Serrão & G. A. Pearson1. Ces Fucaceae 

de taille encore modeste (une trentaine de cm contre une quinzaine pour P. canaliculata) 

abritent les mêmes espèces de macroalgues que dans la communauté précédente, plus quelques 

algues rouges qui peuvent remonter de leurs niveaux habituels et qui présentent également des 

tailles réduites (Gelidium pusillum (Stackhouse) Le Jolis, Mastocarpus stellatus (Stackhouse) 

Guiry). 

 
1 Cette espèce décrite en 2011 par Zardi et al. se différencie de F. spiralis SaU la SUpVence d¶Xne 
marge stérile sur les réceptacles et par une ramification monopodiale (dichotome chez F. 
spiralis). Aux vues des difficultés à différencier les espèces, variétés et formes de Fucus spp. 
de petites tailles ou sans réceptacles, les individus non typiques se développant à ce niveau ont 
été regroupés dans cette étude sous le nom de F. spiralis.  
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Figure 7 : EWagemenW d¶Xn eVWUan URcheX[ bUeWRn VelRn le mRde d¶e[SRViWiRn aX[ YagXeV (adaSWp de FlRc¶h, 1964; modifié de Cabioc'h et al., 2014). 
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La WURiViqme cRmmXnaXWp V¶pWend enWUe 2,2 et 7,0 m et présente une co-dominance de 

deux espèces de Fucaceae, Ascophyllum nodosum (Linnaeus) Le Jolis et Fucus vesiculosus 

Linnaeus. C¶eVW la cRmmXnaXWp W\SiTXe dX milieX de la ]Rne inWeUWidale. LeV deX[ algXeV bUXneV 

structurantes sont régulièrement opposées en fonction de leurs capacités à résister à 

l¶h\dURd\namiVme, aYec deV chamSV d¶Ascophyllum typiques des estrans abrités et des pieds 

de Fucus vesiculosus var. linearis (Hudson) Kützing (ex- var. evesiculosus Cotton) associés aux 

Rivularia bullata Berkeley ex Bornet & Flahault saisonniers qui se développent sur des roches 

WUqV e[SRVpeV aX[ YagXeV. De nRmbUeXVeV eVSqceV de macURalgXeV SURfiWenW de l¶abUi fRXUni SaU 

leV laniqUeV d¶A. nodosum ou sous les frondes de F. vesiculosus comme Cladophora rupestris 

rupestris (Linnaeus) Kützing, Lomentaria articulata (Hudson) Lyngbye, Phymatolithon 

lenormandii (Areschoug) W. H. Adey. 

La quatrième communauté se situe entre 1,7 et 5,1 m et est dominée par Fucus serratus. 

Contrairement à la communauté précédente, F. serratus est adaptée à différents modes 

d¶e[SRViWiRn, l¶h\dURd\namiVme pWanW WRXWefRiV UelaWiYemenW aWWpnXpe danV ceV baV niYeaX[. 

DanV leV milieX[ abUiWpV, nRWammenW leV ]RneV d¶pcRXlemenW, la laminaiUe Saccharina latissima 

(Linnaeus) C. E. Lane, C. Mayes, Druehl & G. W. Saunders peut co-dominer avec F. serratus, 

surtout lorsque le substrat est plus ou moins ensablé. La communauté est également caractérisée 

SaU Xne gUande diYeUViWp d¶algXeV URXgeV TXi SeXYenW présenter de fortes abondances et plus 

particulièrement par les deux carraghénophytes Chondrus crispus Stackhouse et Mastocarpus 

stellatus. Ces Rhodophyta peuvent éventuellement remplacer F. serratus en WanW TX¶eVSqceV 

dominantes. 

La cinquième communauté s¶pWale enWUe 0 eW 3,8 m et est caractérisée par les deux 

Fucales Himanthalia elongata (Linnaeus) S. F. Gray et Bifurcaria bifurcata R. Ross. H. 

elongata qui préfère les zones battues, est une algue présentant une base pérenne de quelques 

cenWimqWUeV en fRUme de cXSXle VWiSiWpe VXU laTXelle Ve dpYelRSSenW j SaUWiU de la fin de l¶hiYeU 

des réceptacles sous forme de lanières ramifiées de façon dichotome qui peuvent dépasser plus 

de 4 m en été. B. bifurcata quant à elle, croît davantage dans les zones plus abritées en formant 

deV WaSiV d¶Xne WUenWaine de cenWimqWUeV de haXWeXU, SRXYanW rWUe WUqV denVes et agglomérer le 

sédiment. Cette communauté est reconnue pRXU la gUande diYeUViWp macURalgale TX¶elle Ya 

héberger (Connan, 2004), qui comprend des espèces subtidales qui remontent et des espèces 

W\SiTXemenW inWeUWidaleV TXi YRnW V¶pWendUe YeUV le baV de l¶eVWUan. 
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Enfin, la cRmmXnaXWp ViWXpe le SlXV baV VXU l¶eVWUan, j Xn niYeaX dpnRmmp fUange 

infralittorale par quelques auteurs, est dominée par les laminaires notamment Laminaria 

digitata. CeWWe cRmmXnaXWp SeXW e[iVWeU jXVTX¶j 1,8 m au-dessus du zéro hydrographique et 

V¶pWend jXVTX¶j SlXV de 10 m de SURfRndeXU (Piriou et al., 1987; Derrien-Courtel, 2008). Les 

laminaires in extenso SUpVenWenW Xn gUadienW VelRn l¶e[SRViWiRn aX[ YagXeV, avec les sites les 

plus battus dominés par Alaria esculenta, SXiV SaU l¶eVSqce annXelle Saccorhiza polyschides 

(Lightfoot) Batters. Dans les zones les plus abritées, Laminaria ochroleuca Bachelot de la 

Pylaie et S. latissima apparaissent comme les espèces les mieux adaptées, en compétition 

toutefois avec Undaria pinnatifida (Harvey) Suringar introduite dans les années 1980, et qui 

V¶accRmmRde pgalemenW de biRWRSeV abUiWpV. Laminaria hyperborea est ponctuellement 

retrouvée dans la communauté à L. digitata, mais elle a une affinité très clairement subtidale. 

La partie haute de cette communauté accessible seulement aux grandes marées présente, comme 

la précédente, une grande diversité macroalgale. 

4. L¶h\drod\namiVme eW VeV effeWV VXr leV commXnaXWpV 

4.1 Définition de l¶h\dUod\namiVme 

L¶h\dURd\namiVme RX l¶h\dURd\namiTXe eVW Xn WeUme gpnpUal dpcUiYanW l¶pWXde deV 

fluides en mouvement et qui intègre plusieurs mécanismes physiques. Au sein des écosystèmes 

c{WieUV, l¶h\dURd\namiVme Ve manifeVWe SUinciSalemenW SaU les vagues et la houle, les marées 

et les courants. Ces phénomènes relativement complexes sont ici présentés de façon simplifiée 

d¶R� ceUWaineV aSSUR[imaWiRnV YRlRnWaiUeV. DeV infRUmaWiRnV SlXV cRmSlqWeV VXU la Sh\ViTXe de 

la houle et des vagues sont disponibles dans les ouvrages suivants (Wright et al., 1999; 

Svendsen, 2006; Holthuijsen, 2010; Denny, 2014). 

Les oscillations de surface 

Les vagues et les marées sont des phénomènes hydrodynamiques naturels communs 

dans les mers et océans autour du monde. Bien TXe de nRmbUeX[ W\SeV d¶RndeV e[iVWenW j la 

surface des océans (Figure 8), les vagues et les marées sont les plus étudiées et les mieux 

décriWeV aXjRXUd¶hXi. CeV RndeV mpcaniTXeV SURYRTXenW deV SeUWXUbaWiRnV j la VXUface de l¶eaX 

et répondent à des équations physiques similaires. Cependant leur genèse est différente : les 

YagXeV eW la hRXle VRnW fRUmpeV SUinciSalemenW SaU l¶agiWaWiRn de la VXUface de l¶Rcpan SaU le 

vent, alors que les marées ont une origine astronomique.  
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Figure 8 : Classification et dénomination des ondes selon leur période incluant les forces responsables 

de leXU gpnpUaWiRn. L¶amSliWXde UelaWiYe eVW indiTXpe SaU la cRXUbe (adaSWp de Munk (1951)) 

Les vagues  

Les vagues constituent un des phénomènes naturels parmi les plus communs de la 

planète, dont 71% de la surface sont occupés par les océans (Schwartz, 2005). Bien TX¶pWanW 

parfois éphémèreV, elleV SeXYenW Ve dpSlaceU VXU d¶pnRUmeV diVWanceV VRXV fRUme de hRXle. ElleV 

libèrent 2,5.109 kW d'énergie chaque année sur les littoraux du monde, ce qui représente plus 

de la mRiWip de l¶pneUgie WRWale dpliYUpe en ]Rne c{WiqUe (Inman and Brush, 1973).  

Le vent est le facteur principal de génération des vagues. Au large, les frottements du 

YenW YRnW cUpeU deV agiWaWiRnV j la VXUface de l¶eaX, TXe l¶Rn nomme « mer du vent » (wind 

waves). Cet état défini comme chaotique est caractérisé par de nombreuses oscillations 

désordonnées, créant une surface du fluide irrégulière et donc difficile à décrire de façon 

physique. 

La houle (swell) est directement issue de la mer du vent. Elle résulte de l¶RUganiVaWiRn 

de ceV dpSlacemenWV dpVRUdRnnpV Xne fRiV TXe le YenW ceVVe d¶inWeUagiU. La hRXle Ya Ve dpSlaceU 

dans le sens initial du vent. Houle et vague sont pratiquement synonymes, on parlera davantage 

de « houle » pour définir les ondes au large, alors que le terme « vague » détermine les ondes 

proches de la côte, voire en cours de déferlement. 

La houle est caractérisée par divers paramètres (Figure 9), tels que la hauteur H (distance 

de la crête à un creux), la profondeur D (distance entre le fond et le niveau moyen), la longueur 

d¶Rnde Ȝ (diVWance enWUe deX[ cUrWeV). La haXWeXU de la hRXle dpSend de l¶inWenViWp dX YenW eW de 

la durée durant laquelle il a soufflé ainsi que de la distance disponible sans obstacle (fetch). 
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Figure 9 : Représentation schpmaWiTXe de la hRXle. Ȝ = lRngXeXU d¶Rnde, H = haXWeXU, D = SURfRndeXU. 

LeV RUbiWaleV VRnW UeSUpVenWpe VelRn deV cRndiWiRnV d¶eaX SURfRnde, eW d¶eaX SeX SURfRnde. 

On définit la période T comme étant la durée entre deux crêtes et la célérité C, ou vitesse 

de SURSagaWiRn de l¶Rnde, VXiYanW l¶pTXaWiRn : 

C ൌ  λ / T 

La cambrure de la YagXe g Ve dpfiniW VelRn l¶pTXaWiRn : 

g ൌ  H / λ 

En se rapprochant de la côte, la profondeur (D) diminue, ce qui réduit la célérité de la vague 

(C) alRUV TX¶elle Ya cRnVeUYeU Xne SpUiRde VimilaiUe (T). On RbVeUYe dRnc Xne lRngXeXU d¶Rnde 

(Ȝ) SlXV faible. PlXV WUiYialemenW, leV YagXeV YRnW © gonfler » dans une zone appelée zone de 

leYpe. CeWWe UpdXcWiRn de la lRngXeXU d¶Rnde Ya indXiUe Xne cambUXUe (g) plus importante. 

Lorsque la cambrure est trop importante, la vague est instable et déferle. Le déferlement met en 

°XYUe deV fRUceV de SUeVViRn danV le VenV de SURSagaWiRn de la YagXe.  

La hauteur de vague significative (Hs ou H1/3) est définie comme la moyenne des 

hauteurs de vagues les plus importantes. CeV haXWeXUV VRnW d¶abRUd claVVpeV danV Xn RUdUe 

croissant, et le tiers supérieur est sélectionné pour calculer Hs. Cette valeur est reconnue en 

ingénierie maritime comme étant très largement représentative des impacts sur les ouvrages. 

Hs eVW pgalemenW Xne deV YaleXUV SUinciSalemenW XWiliVpeV SRXU dpfiniU l¶inWenViWp d¶e[SRViWiRn 

aux vagues en zone côtière (Bird et al., 2013). 

Les vagues impliquent un mouvement orbiWal aX[ SaUWicXleV d¶eaX, mRXYemenW TXi VeUa 

circulaire en eau profonde et elliptique en eau peu profonde (Figure 9). Les vitesses orbitales 
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cRUUeVSRndanWeV VRnW j l¶RUigine de fRUceV cRmme leV cRnWUainWeV de ciVaillement (shear stress), 

dépendant de la rugosité du fond, et les forces de trainée (drag), dépendant des caractéristiques 

des organismes vivant sur le fond comme les macroalgues (taille, morphologie, flexibilité) 

(Chapalain and Boucher, 2020). 

La marée 

LeV maUpeV VRnW deV mRXYemenWV d¶eaX[ lipV, d¶Xne SaUW aX SRViWiRnnemenW deV cRUSV 

célestes, en particulier la Lune et le Soleil et, d¶aXWUe SaUW aX[ fRUceV gpnpUpeV SaU la URWaWiRn de 

la TeUUe. La LXne en SaUWicXlieU Ya e[eUceU Xne fRUce d¶aWWUacWiRn SlXV RX mRinV imSRUWanWe VXU 

leV maVVeV d¶eau selon la distance à laquelle elle se situe de la Terre. Cela va induire des ondes 

de marées plus ou moins importantes (Figure 10). 

 

 

Figure 10 : Exemple de succession de marées semi-diurnes durant un cycle lunaire : variation de la 

haXWeXU d¶eaX observée à Brest lors du mois de mars 1980 (adapté des données SHOM). 

Ainsi, les marées de vives-eaux correspondant aux amplitudes les plus importantes et 

surviennent lors des nouvelles lunes et des pleines lunes, i.e. quand les trois astres sont alignés 

sur le même axe (phénomène de syzygie) (Figure 11). Les mortes-eaux quant à elles surviennent 

lRUV deV SUemieUV eW deUnieUV TXaUWieUV lXnaiUeV, TXand l¶a[e TeUUe ± Lune forme un angle droit 
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aYec l¶a[e TeUUe ± Soleil (phénomène de quadrature). En Atlantique, les marées sont dites semi-

diXUneV, c¶eVW-à-dire que deux marées hautes et deux marées basses se manifestent par jour.  

Les courants 

LeV cRXUanWV VRnW deV mRXYemenWV d¶eaX c\cliTXeV TXe l¶Rn diVWingXe en deX[ 

catégories, les courants côtiers et les courants globaux (océaniques). Les courants côtiers sont 

modifiés par la topographie du fond et ils peuvent impacter fortement les écosystèmes (Barry 

and Dayton, 1991). Dans la zone d¶pWXde cRnVidpUpe, ils sont principalement liés à la marée et 

atteignent des vitesses maximales vers la mi-maUpe (3 heXUeV aYanW RX aSUqV l¶pWale), YiWeVVeV 

qui sont accentuées par de forts coefficients. Cependant, la plupart des données concernant les 

vitesses de courant à petite échelle proviennent des fonds côtiers proches, mais pas des estrans 

rocheux eux-mêmes (e.g. Guillou and Thiébot, 2016). Les grandeurs classiques rencontrées en 

Bretagne oscillenW enWUe 1 eW 4 n°Xds et SeXYenW aWWeindUe lRcalemenW 9 n°XdV. 

 

Figure 11 : Cycle lunaire, les marées de vives-eaux sont observées lors des syzygies (axe bleu) et les 

marées de mortes-eaux lors des quadratures entre la Lune et le Soleil (axe rouge). 

4.2 MeVXUeU l¶h\dUod\namiVme 

eWanW Xn facWeXU enYiURnnemenWal j SlXVieXUV cRmSRVanWeV, l¶h\dURd\namiVme eVW 

difficile à appréhender dans sa totalité et nécessite plusieurs types de mesure complémentaires. 
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C¶eVW la UaiVRn SRXU laTXelle deV eVWimaWeXUV (SUR[ieV) plus ou moins intégratifs ont été 

développés (Denny, 2014).  

Les différentes techniques présentées dans cette section sont destinées à donner une 

pYalXaWiRn TXanWiWaWiYe eW / RX TXaliWaWiYe de diffpUenWV SaUamqWUeV de l¶h\dURd\namiVme VXU le 

terrain. Il ne sera pas question de décrire ici les méthodes développées pour tester les effets de 

l¶hydrodynamisme en conditions contrôlées (bassins, cuves). 

4.2.1 Quantifications visuelles 

a) L¶obVeUYaWion YiVXelle diUecWe 

OUiginellemenW, la meVXUe de l¶h\dURd\namiVme a SURbablemenW pWp baVpe VXU 

l¶RbVeUYaWiRn diUecWe de la meU. CeWWe mpWhRde de TXanWification relative de la hauteur des 

vagues est simple, directe, universelle et gratuite. De nombreux biais de mesure sont toutefois 

j cRnVidpUeU, TX¶ilV VRienW lipV j l¶RbVeUYaWeXU eW j VRn e[SpUience RX j deV plpmenWV naWXUelV 

comme les variations de lumière RX la SpUiRde de l¶annpe (Holthuijsen, 2010). Néanmoins, cette 

méthode permet de qualifieU l¶e[SRViWiRn de ViWeV lRUV de SURVSecWiRnV eW d¶RbWeniU deV dRnnpeV 

initiales. 

b) Les échelles biologiques  

Les échelles biologiques sont des outils empiriques utilisés pour qualifier le mode 

d¶e[SRViWiRn d¶Xn ViWe aX[ YagXeV en fRncWiRn de la SUpVence RX de l¶abVence de ceUWainV 

organismes caractéristiques. En effet certains taxa, espèces ou variétés sont réputés typiques 

d¶enYiURnnemenWV abUiWpV RX baWWXV. PlXV laUgemenW, j la dRminance de la faXne VeVVile eVW 

couramment associée le caractère expoVp d¶Xn ViWe alRUV TXe deV denViWpV imSRUWanWeV de 

macURalgXeV VRnW SlXV caUacWpUiVWiTXeV d¶Xn mRde abUiWp. 
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La première échelle biologique a été proposée par Ballantine (1961) pour les estrans à 

proximité de Dale dans le Sud-Ouest du Pays de Galles (Figure 12). Cette échelle décrit 8 

niYeaX[ d¶e[SRViWiRn aX[ YagXeV VelRn l¶abRndance de 8 Wa[a (faXne eW flRUe). DeSXiV, de 

nombreuses autres échelles ont été créées autour du monde (Lüning, 1990; Knox, 2000), 

inWpgUanW enWUe 2 eW 10 niYeaX[ d¶e[SRViWiRn (e.g. FlRc¶h, 1964; Lewis, 1964; Dalby et al., 1978; 

Munda, 1978). Ces échelles, de par leur aspect pratique, sont toujours largement utilisées pour 

qualifieU le mRde d¶e[SRViWiRn danV de nombreuses études (exemple dans la Figure 13, issue de 

Coppejans, 1995). 

 

Figure 12 : Échelle de Ballantine présentant les changements de distribution et de zonation des balanes 

eW deV algXeV VelRn l'e[SRViWiRn. L¶pchelle eVW baVpe VXU leV eVWUanV de la UpgiRn de Dale, danV le 

PembURkeVhiUe, j l¶e[ceSWiRn de la SRUWiRn de c{We e[WUrmement abritée. Échelle verticale selon le 

schéma universel de Stephenson (Stephenson and Stephenson, 1949). A l¶hRUi]RnWale, pchelle 

d'exposition (régime abrité à droite) avec les aires approximatives correspondant aux taxa indicateurs.   

.           = Fucus vesiculosus f. linearis.         = limite supérieure des « Corallines » (adapté de Ballantine 

(1961)). 
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Figure 13 : E[emSle d¶pchelle biRlRgiTXe SUpVenWanW 4 niYeaX[ d¶e[SRViWiRn SRXU leV eVWUans du Nord 

de la France / Belgique adaptée de Coppejans (1995) 

4.2.2 Mesures physiques in situ 

a) Dynamomètres 

Les premières mesures in situ ont été effectuées grâce à des dynamomètres fabriqués de 

façon artisanale, qui estimaient la force des vagues par le déplacement de pesons (Jones and 

Demetropoulos, 1968), de colliers de serrage (Palumbi, 1984), voire des colliers et de ressorts 

associés (Fuji, 1988). Ces dispositifs ont permis de quantifier de façon assez précise la force 

ma[imale de l¶h\dURd\namiVme en ]Rne inWeUWidale eW ainVi d¶affineU leV Rbservations réalisées 

par les échelles biologiques. Ces dynamomètres ont depuis été simplifiés et améliorés par M. 

W. Denny et ses collègues, et sont toujours utilisés dans les études des estrans rocheux (Bell 

and Denny, 1994; Denny and Wethey, 2001; O'Donnell and Denny, 2008; Jensen and Denny, 

2016). Toutes les explications pour créer soi-même son propre dynamomètre sont par ailleurs 

fournies sur le site dennylab.stanford.edu. 

b) Blocs de plâtre 

Les blocs de plâtre (clod cards) sont utilisés pour caractériser l¶h\dURd\namiVme j cR�W 

réduit (Doty, 1971; Bertness et al., 2002; Hart et al., 2002). Ils sont en effet fabriqués par 
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moulages de cubes / sphères en plâtre. Une fois sec, le bloc est pesé et déployé sur la zone à 

pWXdieU. DqV l¶e[SpUience acheYpe, le blRc eVW UeWiUp eW eVW de nRXYeaX SeVp SRXU eVWimeU la maVVe 

de SlkWUe diVVRXW. CeWWe maVVe SeUdXe SeUmeW d¶eVWimeU l¶h\dURdynamisme subi en un point 

SUpciV. LeV clRd caUdV RnW l¶aYanWage d¶rWUe inWpgUaWifV eW SUennenW aXVVi bien en cRmSWe leV effeWV 

de l¶acWiRn deV YagXeV TXe ceX[ deV cRXUanWV. LeV YaleXUV RbWenXeV ne permettent malgré tout 

TX¶Xne anal\Ve glRbale eW VRmme WRXte relative entre les différents blocs disposés sur le site ou 

entre différents sites.  

c) Bouées 

Les bouées sont généralement situées en pleine eau et possèdent habituellement tout un 

Sanel d¶inVWUXmenWaWiRn SeUmeWWanW d¶enUegiVWUeU diYeUVeV infRUmaWiRnV VXU l¶enYiURnnemenW 

côtier (e.g. houlographe des Pierres Noires, bouée SOMLIT, bouée MAREL-Iroise). Des 

mesures de hauteur de vagues obtenues par des bouées sont utilisées depuis de nombreuses 

annpeV SRXU caUacWpUiVeU l¶h\dURd\namiVme (Thomas, 1983; Holthuijsen and Herbers, 1986). 

Ces données ont ensuite été utilisées pour caUacWpUiVeU l¶e[SRViWiRn d¶eVWUanV URcheX[ aX[ 

vagues (Underwood and Jernakoff, 1984). AXjRXUd¶hXi, leV hRXlRgUaSheV SeUmeWWenW de 

calculer la hauteur de vague significative, et ces données sont exploitées dans les études 

d¶pcRlRgie inWeUWidale. Le SURblqme majeXU de ceV bRXpeV eVW TX¶elleV VRnW dpSlR\peV SlXW{W aX 

laUge. C¶eVW SRXUTXRi la distance plus ou moins grande par rapport à la côte et, par conséquent, 

la représentativité de la donnée est directement fonction de cette distance. Si certaines études 

utilisent des bouées relativement rapprochées des estrans (0.6 km) et croisent leurs données 

aYec d¶aXWUeV eVWimaWeXUV de l¶h\dURd\namiVme (Jensen and Denny, 2016), on trouve plus 

souvent dans la littérature des hauteurs de vagues significatives acquises par des bouées situées 

j SlXV de 100 km dX ViWe d¶pWXde (Harley and Helmuth, 2003; Nishihara and Terada, 2010; 

Shanks et al., 2010). 

d) Accéléromètres 

LeV accplpURmqWUeV SeUmeWWenW d¶pYalXeU deV YiWeVVeV de dpSlacemenW d¶eaX danV 3 

directions et ainsi de déterminer des vitesses orbitales (Figurski et al., 2011; de Bettignies et al., 

2015; Focht and Shima, 2019). LeV SUi[ UeVWenW UelaWiYemenW baV (mRinV de 100¼) SRXU ceV 

V\VWqmeV dpYelRSSpV UpcemmenW eW UendenW l¶XWiliVaWiRn de ceV eVWimaWeXUV de 

l¶h\dURd\namiVme UelaWiYemenW SURmeWWeXVe. 
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e) Vélocimètres acoustiques à effet doppler (Acoustic Doppler Velocimeter) et profileur de 

courant acoustiques à effet doppler (Acoustic Doppler Current Profiler) 

Les vélocimètres acoustiques à effet doppler (ADV) et les profileurs de courant 

acoustiques à effet doppler (ADCP) sont des instruments permettant de mesurer la vitesse du 

cRXUanW j WUqV haXWe fUpTXence. SelRn la cellXle d¶enUegiVWUemenW XWiliVpe, leV ADCP SeXYenW 

dRnneU deV UpVXlWaWV WUqV cRmSleWV SeUmeWWanW d¶enUegiVWUeU en SlXV de la YiWeVVe, la diUecWiRn dX 

courant et également la SUeVViRn de l¶eaX danV deV cRXcheV d¶eaX VXcceVViYeV. LeV ADCP 

permettent donc la détermination de hauteurs de vagues significatives à partir de données 

acTXiVeV diUecWemenW en ]Rne inWeUWidale, ce TXi pYiWe l¶e[WUaSRlaWiRn de YaleXUV RbWenXeV j 

distance comme dans le cas des bouées. CependanW, ceV inVWUXmenWV VRnW SRXU l¶inVWanW WUqV 

coûteux (prix dépassant 15 000 ¼) eW encRmbUanWV (SlXV de 30 cm), ce TXi limiWe VingXliqUemenW 

leur utilisation (Chang et al., 2011; Autret et al., 2016). 

4.2.3 Mesures par télédétection 

Les mesures faites au-deVVXV de la VXUface de l¶eaX VRnW TXalifipeV de WplpdpWecWiRn 

(remote-sensing). Contrairement aux mesures in situ, celles-ci peuvent être faites en simultané 

à large échelle.  

a) Caractérisation des vagues  

AcWXellemenW, l¶accqV faciliWp eW le cR�W UelaWiYemenW UpdXiW deV dURneV, cRXSlp aX 

WUaiWemenW SaU V\VWqme d¶infRUmaWiRn gpRgUaShiTXe (SIG) deV imageV acTXiVeV, permettent 

d¶enYiVageU Xne deVcUiSWiRn SUpciVe de la VXUface de l¶Rcpan eW deV YagXeV  SUqV de la c{We 

(Hamylton, 2011). Divers projets de recherche commencent à émerger visant à mesurer diverses 

composantes des vagues et en particulier leur hauteur (Ammann J., Géosciences Océan, IUEM, 

comm. pers.). 

b) Largeur de la zone de déferlement 

L¶XWiliVaWiRn de l¶imageUie VaWelliWaiUe iVVXe de GRRgle EaUWh a permis à Shanks et ses 

collègues de déterminer la largeur de la zone de déferlement (surf zone), en mesurant la distance 

enWUe l¶endURiW R� Ve bUiVe la YagXe eW la ]Rne de jeW de UiYe (VZaVh). CeW eVWimaWeXU UpcenW eW 

relativement simple à acquérir semble donner des résultats probants pour la région où il a été 

développé (Shanks et al., 2017a; Shanks et al., 2017b; Conser and Shanks, 2019). 
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4.2.4 Mesures topographiques/géographiques 

a) Fetch 

Le feWch SeXW rWUe cRnVidpUp cRmme le cRefficienW d¶RXYeUWXUe d¶Xn ViWe eW eVW dpfini 

comme la distance maximale que peut parcourir le YenW RX la YagXe VanV UencRnWUeU d¶RbVWacle 

(trait de côte). La mesure Ve faiW en calcXlanW la diVWance enWUe le SRinW d¶pchanWillRnnage eW la 

terre la plus proche, pour un certain nombre de rayons (entre 16 et 32 classiquement) et en 

moyennant ces difféUenWeV YaleXUV. D¶aXWUeV mpWhRdeV de calcXl dX feWch VRnW pgalemenW XWilisée 

(effective fetch, Howes et al., 1994). Ce calcul peut être effectué via un SIG (Burrows et al., 

2008), eW VRn calcXl eVW aXjRXUd¶hXi aXWRmaWiVp Yia Xn Sackage diVSRnible VRXV R (Seers, 2018). 

b) PenWe de l¶eVWUan 

CRmme Rn l¶a YX SUpcpdemmenW, la pente joue un rôle dans le déferlement des vagues, 

et peut intervenir dans de nombreux phénomènes hydrodynamiques à petite échelle 

(microtopographie, chenaux) (Le Hir and Hily, 2005). En fRncWiRn de la SenWe, l¶imSacW de la 

vague va être plus ou moins important, ainsi cet estimateur est utilisé dans des nombreuses 

études et est mesuré de façon diverse, soit par SIG (Chappuis et al., 2014) soit directement sur 

le terrain (Benedetti-Cecchi et al., 2000; Boaventura, 2000). 

4.2.5 Modélisation 

PlXVieXUV mRdqleV e[iVWenW aXjRXUd¶hXi SRXU calcXleU diYeUV SaUamqWUeV de la hRXle eW 

des vagues comme le modèle SWAN (Guillou and Chapalain, 2015), Wavewatch (Bajjouk et 

al., 2015) ou WAM (Hill et al., 2010), chacun ayant des avantages et inconvénients spécifiques, 

i.e. zone géographique traitée relativement limitée pour SWAN,  résolution faible pour 

Wavewatch ou encore, difficulté à quantifier les processus en eau peu profonde pour le WAM. 

LeV mRdqleV VRnW de SlXV en SlXV XWiliVpV SRXU pYalXeU l¶imSacW de l¶h\dURd\namiVme, caU ilV 

permettent de réaliser des études plus intégratives à plus large échelle et ne nécessitent plus de 

travail de terrain une fois développés. 

4.2.6 Mesure du vent 

En tant que facteur initial de la formation des vagues, des mesures de direction et de 

vitesse du vent ont été utilisées comme estimaWeXU de l¶h\dURd\namiVme j la c{We (Thomas, 

1986). Ces meVXUeV VRnW effecWXpeV SaU l¶inWeUmpdiaiUe de dRnnpeV fRXUnieV SaU deV VWaWiRnV 
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météorologiques. Elles sont donc dépendantes du nombre de stations disponibles et de leur 

distance SaU UaSSRUW aX ViWe d¶pWXde. CeUWaineV VWaWiRnV SeXYenW rWUe diVWanWeV de Slus de 100 km 

ce qui implique une interpolation des mesures de vents (Burrows et al., 2008). 

4.3 InflXence de l¶h\dUod\namiVme VXU leV oUganiVmeV 

L¶h\dURd\namiVme agiW VXU de nRmbUeXVeV faceWWeV de la ]Rne inWeUWidale. L¶effeW deV 

embruns et des projections des vagues peut modifier le conditionnement vertical des 

cRmmXnaXWpV. AinVi l¶acWiRn des embruns et des projections dus aux vagues vont limiter les 

stress dus à la dessiccation. Les organismes sont davantage "trempés" et leur aire de répartition 

se trouve le plus souvent étendue, apparaissant plus large et positionnée plus haut (Figure 14).  

 

Figure 14 : la zone humidifiée (double flèche noire) est plus étendue dans des zones exposées de par 

l¶acWiRn deV YagXeV eW leV embUXnV (a) TXe danV deV ]RneV abUiWpV (b). LeV ]RneV e[SRVpeV VXbiVVenW 

moins les effets de la dessiccation (adapté de Raffaelli et Hawkins, 1999). 

D¶aSUqV Lewis (1964), les étagements peuvent largement être modifiés par ce 

phénomène (Figure 15). La zone à Verrucaria / Littorina est la plus influencée : elle est très 

agUandie eW SRViWiRnnpe haXW VXU l¶eVWUan d� j Xne e[WenViRn de l¶acWiRn deV embUXnV. DanV Xne 

moindre mesure, une observation similaire est faite pour les communautés de balanes, de 

mRXleV eW de FXcaleV de l¶pWage mpdiRliWWRUal : de la même façon leurs aires de répartition sont 

plus larges et plus hautes, ceci étant dû à une extension des projections des vagues. Les 

Laminariales enfin remontent légèrement car elles parviennent à être plus compétitives que les 

eVSqceV dX baV de l¶eVWUan. 

a) b) 
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Figure 15 : VaUiaWiRn de l¶e[WenViRn YeUWicale deV RUganiVmeV en UelaWiRn j la haXWeXU VXU l¶eVWUan eW j 

l¶acWiRn des vagues et des embruns (adapté de Lewis, 1964). PMVEE = pleine mer de vive-eau 

exceptionnelle, BMVEE = basse mer de vive-eau exceptionnelle. 

L¶h\dURd\namiVme eVW le ShpnRmqne enYiURnnemenWal SUinciSal cRndiWiRnnanW 

horizontalement les communautés intertidales en zone tempérée (Figure 16). Il va induire de 

nRmbUeXVeV mRdificaWiRnV cRmme l¶abVence eW la SUpVence de ceUWaineV eVSqceV eW a abRXWi j la 

deVcUiSWiRn d¶pchelle biRlRgiTXe (YRiU ci-dessus). 

DqV leV SUemieUV VWadeV de Yie deV macURalgXeV, l¶h\dURdynamisme va conditionner le 

développement des sporulations, des germination et des propagules en augmentant les risques 

d¶aUUachemenW (Taylor and Schiel, 2003; Stevens et al., 2008). Pour les stades adultes, 

l¶e[SRViWiRn j Xn fRUW h\dURd\namiVme SeXW mRdifieU la mRUShRlRgie la Waille eW la diVWUibXWiRn 

des organismes (Harley, 2003). Elle peut ainsi favoriser l¶aSSaUiWiRn de fRUmeV de naniVme che] 

de nombreuses Fucales (de Paula and de Oliveira, 1982; Blanchette, 1997; Stiger and Payri, 

1999), TXi SeUmeWWenW de limiWeU leV chRcV VXU le VXbVWUaW eW de UpdXiUe l¶effeW deV cRXUanWV eW deV 

forces de cisaillement développées par les vagues (Gaylord et al., 1994). Certaines formes 
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d¶algXeV cRmme leV CRUallineV, WUqV UigideV YRiUe caVVanWeV aX WRXcheU, RnW dpYelRSSp deV 

articulations souples appelés genicula entre les articles calcifiés leur permettant de résister à ces 

forces (Martone and Denny, 2008) 

 

Figure 16 : vaUiaWiRnV deV bpnpficeV eW deV VWUeVV le lRng d¶Xn gUadienW hRUi]RnWal d¶h\dURd\namiVme 

(adapté de Raffaelli and Hawkins (1999) 

En zone subtidale, il existe une stratégie opposée, qui consiste plutôt à « suivre le 

courant ». En effet, grâce à leur plasticité phénotypique (Fowler-Walker et al., 2006) certaines 

espèces peuvent développer des thalles souvent plus longs et plus étroits (Gerard, 1987; Augyte 

et al., 2018), ce qui a pour effet de limiter les forces de trainée (Utter and Denny, 1996; Jones 
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et al., 2015). Lorsque de telles espèces atteignent des densités importantes, elles peuvent 

aWWpnXeU lRcalemenW l¶inWenViWp de l¶h\dURd\namiVme (Morris et al., 2019). 

5. Thématique et objecWifV de l¶pWXde 

Cette thèse V¶inWqgUe danV Xn cRnWe[We glRbal de cUiVe de la biRdiYeUViWp (Barnosky et al., 

2011) et de changement global (IPCC, 2018). En effet, depuis des années, des modifications de 

la biodiversité intertidale, cRmme l¶inWURdXcWiRn d¶eVSqceV e[RWiTXeV (Mineur et al., 2015), et 

des déclins des populations de Fucales sont observés sur les estrans rocheux en Europe (Davies 

et al., 2007) (Figure 17). CeV changemenWV VRnW j meWWUe en UelaWiRn aYec l¶enYiURnnemenW eW 

SlXV SaUWicXliqUemenW aYec l¶aXgmenWaWiRn deV WemSpUaWXUeV de l¶eaX eW de l¶aiU (IPCC, 2018) et 

le changement des régimes hydrodynamiques globaux (Reguero et al., 2019). Même si on sait 

TXe l¶h\dURd\namiVme inflXence la UpSaUWiWiRn deV eVSqceV eW mRdifie leV habiWaWV, il n¶existe 

TXe SeX de dRnnpeV chiffUpeV VXU l¶h\dURd\namiVme in situ et son effet sur les biocénoses. Cette 

thèse vise donc à quantifier et à expliciWeU leV effeWV de l¶h\dURd\namiVme VXU leV biRcpnRVeV 

des estrans rocheux du Nord-Est Atlantique.  

Ce WUaYail de WhqVe V¶inVcUiW d¶Xne SaUW danV la cRnWinXiWp deV VXiYiV pcRlRgiTXeV VXU leV 

macURalgXeV inWeUWidaleV menpV j l¶IUEM (LEBHAM, SXiV LEMAR et UMS 3113) depuis le 

début des années 2000 (Thèse de S. Connan, Suivi Erika, REBENT, surveillance DCE et 

DCSMM) eW, d¶aXWUe SaUW, il cRUUeVSRnd j la miVe en °XYUe dX SURjeW de UecheUche iniWip en 2015 

aX LEMAR SRXU e[SliciWeU le U{le de l¶h\dURd\namiVme sur la structure des habitats dominés 

par les macroalgues.  

Il a pour principal objectif l¶pWXde deV effeWV de l¶h\dURd\namiVme VXU leV cRmmXnaXWpV 

de macroalgues et sur la macrofaune associée. Un deV caUacWqUeV innRYanWV de ceWWe WhqVe UeSRVe 

VXU la VimXlWanpiWp enWUe pchanWillRnnage de la flRUe eW enUegiVWUemenW de dRnnpeV Sh\ViTXeV in 

ViWX, SeUmeWWanW de WUaYailleU VXU Xn gUadienW SUpciV d¶h\dURd\namiVme, j la fRiV hRUi]RnWal eW 

YeUWical. Une aXWUe RUiginaliWp UpVide pgalemenW danV l¶aSSURche en SaUallqle deV aVVemblageV 

faXne ± flRUe en ]Rne URcheXVe inWeUWidale, TXi deYUaiW SeUmeWWUe de fUanchiU de nRXYelleV pWaSeV 

danV la cRmSUphenViRn dX fRncWiRnnemenW deV biRcpnRVeV c{WiqUeV. 
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Figure 17 : Modifications sur les estrans rocheux, 1. quelques espèces de macroalgues introduites lors 

de la deuxième moitié du XXème siècle, a. Sargassum muticum (§ 40 cm), b. Grateloupia turuturu (§ 20 

cm), c. Undaria pinnatifida (§ 60 cm). CeV WURiV eVSqceV VRnW inYaViYeV eW UeWURXYpeV en abRndance VXU 

de nombreuses côtes européennes. 2. Déclin du recouvrement des Fucus spiralis entre le 18/01/2016, 

photographie du haut, et le 25/01/2017, photographie du bas, sur le site de Porspoder ; le pourcentage 

de recouvrement a diminué de 69% en une année 

Pour ce faire, plusieurs points de blocage théoriques et méthodologiques ont dû être 

dépassés. La majorité des études prennent en compte une communauté particulière ou au 

cRnWUaiUe l¶eVWUan enWieU VanV WeniU cRmSWe de la diYeUViWp d¶habiWaWV UeWURXYpV VXU deV diVWanceV 

de TXelTXeV cenWaineV de mqWUeV. Il n¶e[iVWe d¶ailleXUV danV la liWWpUaWXUe TXe SeX d¶RXWilV in situ 

permeWWanW l¶anal\Ve de l¶h\dURd\namiVme j deV pchelleV de ceW RUdUe. AinVi, le chapitre 1 traite 

de l¶inflXence de l¶h\dURd\namiVme j SeWiWe pchelle VXU leV cRmmXnaXWpV inWeUWidaleV de 

macroalgues. Il \ eVW dpcUiW Xn nRXYel eVWimaWeXU de l¶h\dURd\namiVme SeUmettant cette analyse 

à petite échelle. Son utilisation au sein de six cRmmXnaXWpV de l¶eVWUan VeUa pWXdipe. Le chapitre 

eVW diYiVp en deX[ SaUWieV, dRnW la SUemiqUe SRUWe VXU l¶effeW de la haXWeXU de YagXeV VXU la 

structure intra-communauté, alors que la deuxième vise à formuler la part relative de la hauteur 

de vague par raSSRUW j l¶alWiWXde danV la diffpUenWiaWiRn deV cRmmXnaXWpV macURalgaleV pWagpeV 

VXU l¶eVWUan. Les hypothèses développées au cours de ce chapitre visent à montrer que 1) 

l¶h\dURd\namiVme cRndiWiRnne l¶e[WenViRn eW la structure interne des communautés 



35 
 

macroalgales, et que 2) l¶h\dURd\namiVme mRdXle la diffpUenWiaWiRn deV cRmmXnaXWpV 

macURalgaleV pWagpeV VXU l¶eVWUan eW l¶adaSWaWiRn j l¶pmeUViRn deV eVSqceV cRnVWiWXWiYeV 

JXVTX¶j SUpVenW, la W\SRlRgie deV eVWUanV eW / RX la dRminance biRlRgiTXe (macURflRUe eW 

macURfaXne fi[pe) deV ViWeV SeUmeWWaienW de caUacWpUiVeU de faoRn aSSUR[imaWiYe l¶imSacW de 

l¶h\dURd\namiVme VXU leV habiWaWV URcheX[ inWeUWidaX[ eW VXU leV biRcpnRVeV cRUUeVSRndanWeV. 

Le chaSiWUe 2 de ceWWe WhqVe V¶inWpUeVVe aX[ effeWV de l¶h\dURd\namiVme VXU la VWUXcWXUe deV 

assemblages faune ± flore et donc à son influence sur les interactions biotiques régissant ces 

assemblages. Il SUpVenWe leV aVVemblageV dpcUiWV cRmme © abUiWpV ª RX © baWWXV ª eW YiVe j pWabliU 

SRXU la SUemiqUe fRiV deV haXWeXUV de YagXeV SUpciVeV cRUUeVSRndanW j Xn baVcXlemenW d¶Xn 

mRde j Xn aXWUe. Ce chapitre est également divisé en deux parties, la première décrivant 

l¶pYRlXWiRn deV aVVemblageV d¶Xne dRminance SaU la macrofaune sessile à une dominance par 

les macroalgXeV le lRng d¶Xn gUadienW de haXWeXU de YagXe, eW la deX[iqme eVVaie de dpWeUmineU 

l¶inflXence UelaWiYe deV haXWeXUV de YagXe eW de la SenWe de l¶eVWUan VXU la VWUXcWXUe deV 

assemblages étagés sur la zone intertidale. Les hypothèses développées au cours de ce chapitre 

sont 1) l¶h\dURd\namiVme agiW VXU la WUanViWiRn enWUe dRminance macURalgale eW dRminance SaU 

la faune sessile sur les estrans rocheux et que 2) l¶h\dURd\namiVme cRndiWiRnne leV pTXilibUeV 

macroflore / macrofaune au sein des assemblages dominés par les macroalgues. 

 LeV eVWimaWeXUV de l¶h\dURd\namiVme aSSaUaiVVenW nRmbUeX[ eW VRnW calcXlpV de 

manières variées dans la littérature sans pour autant jamais les confronter les uns avec les autres. 

Le WURiViqme chaSiWUe abRUde leV effeWV de l¶h\dURd\namisme à une plus grande échelle spatiale, 

aX Vein de la cRmmXnaXWp macURalgale de milieX d¶eVWUan dRminpe SaU Ascopyhllum nodosum 

± Fucus vesiculosus. Ce chaSiWUe eVW cRmSRVp d¶Xne VeXle SaUWie visant à comparer différents 

eVWimaWeXUV de l¶h\dURd\namiVme entre eux, ainsi que leurs influences sur la structure de la 

communauté considérée. L¶h\SRWhqVe eVW TXe 1) le proxy hauteur de vague basé sur des mesures 

in situ est cohérent avec les valeurs obtenues paU d¶aXWUeV WechniTXeV eW / RX VXU d¶aXWUeV 

composanteV de l¶h\dURd\namiVme. 

L¶e[SRVp dX WUaYail de WhqVe Ve WeUmine SaU Xne cRnclXViRn gpnpUale abRXWiVVanW j la 

proposition de nouvelles pistes de recherche, dans la perspective de modéliser les modalités 

d¶acWiRn de l¶h\dURd\namiVme VXU leV cRmmXnaXWpV macURalgales et ouvre la discussion à une 

application de l¶aSSURche dpYelRSSpe j l¶pchelle de la cRmmXnaXWp RX de l¶aVVemblage j SlXV 

grande échelle (site, zone géographique, région biogéographique / continent). 
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Matériel et méthodes 

1 Choix des sites  

Les sites ont été sélectionnés selon différents critères, à petite et à méso-échelle.  

1.1 Petite échelle  

Pour les chapitres 1 et 2, les sites sélectionnés sont situés dans une zone géographique 

restreinte, correspondant à un rayon de moins de 30 km de distance. Ils ont également été choisis 

pour leurs similitudes au niveau biologique, afin de les considérer comme des réplicats 

statistiques : présence des 6 communautés macroalgales retrouvées en Bretagne étagées de haut 

en baV de l¶eVWUan, substrat rocheux dur granitique ou métamorphique, amplitude de marée 

comparable (voir Figure 5, les différents sites sont présentés et illustrés plus en détail en annexe 

B) eW dpYelRSSemenW d¶Xne canRSpe étendue, permettant un échantillonnage conséquent. 

1.2 Méso-échelle  

Pour le chapitre 3, les douze sites sont localisés dans un rayon de 100 km. Ces sites ont 

été sélectionnés d¶Xne SaUW VelRn la SUpVence d¶Xne cRXYeUWXUe abRndanWe de la cRmmXnaXWp de 

milieX d¶eVWUan, dominée ou co-dominée par Ascophyllum nodosum et/ou Fucus vesiculosus, et, 

d¶aXWUe SaUW, en choisissant des sites espacés systématiquement de 10 à 30 km, de manière à 

caractériser au mieux l¶enVemble deV côtes de la pointe bretonne.  

2 Échantillonnage biologique 

Une structure mobile quadrillée a été utilisée pour délimiter les points 

d¶pchanWillRnnage. CeWWe VWUXcWXUe eVW cRnVWiWXpe de deX[ WXbeV en PVC de 1,65 m représentant 

deux côtés parallèles du SRinW d¶pchanWillRnnage, eW d¶Xn TXadUillage de cRUdeleWWeV fRUmant 25 

quadrats de 33 par 33 cm (Figure 18).  

ChaTXe SRinW d¶pchanWillRnnage a pWp idenWifip SaU Xne VpUie de ShRWRgUaShie eW SaU 

localisation GPS. Sont ainsi disponibles (1) Xn pWaW dX SRinW d¶pchanWillRnnage eW de la 

communauté aux alentours à un moment précis mais également (2) une position à quelques 

centimètres près pour effectuer des suivis biologiques, comme dans les chapitres 1.2 et 3. Cette 

mpWhRde SeUmeW de meWWUe en pYidence d¶pYenWXelV changemenWV aX cRXUV dX WemSV. Un nRm 
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standardisé a été attribXp j chaTXe SRinW d¶pchanWillRnnage. Il eVW composé du nom du site en 

minuscule suivi du code la communauté en majuscule2, puis des trois premières décimales des 

coordonnées de la latitude et des trois premières coordonnées de la longitude. Par exemple, le 

point segalFSER215289 est situé sur le site de l¶vle Segal dans la communauté à Fucus serratus 

aux coordonnées 48°26.215' Nord et 4°47.289' Ouest. 

 

Figure 18 : SWUXcWXUe TXadUillpe mRbile XWiliVpe cRmme XniWp de baVe de l¶pchanWillRnnage aX cRXUV de 

cette thèse. La structure quadrillée délimite un SRinW d¶pchanWillRnnage danV la cRmmXnaXWp j Fucus 

serratus sur le site de Segal. Chacun des 25 quadrats mesure 33 cm de côté. 

Cette structure quadrillée possède de nombreux avantages, comme une mobilité facilitée 

sur le terrain par la légèreté des matériaux utilisés, une bonne résistance, mais également un 

encombrement limité lors du transport de la structure. La surface totale de 2,72 m² permet de 

se placer sur des zones relativement hRmRgqneV eW ainVi d¶pYiWeU le plus possible la présence de 

micro-habitats. Enfin, cette structure correspond à deX[ XniWpV d¶pchanWillRnnage, Xne gUande 

unité équivalente à l¶inWpgUaliWp de la VWUXcWXUe et définissant une zone de 1,65 par 1,65 m, et 

une sous-unité représentée par les quadrats de 0,33 par 0,33 m qui a permis le développement 

de diffpUenWeV mpWhRdeV d¶pchanWillRnnage. 

 
2 PC pour Pelvetia canaliculata, FSPI pour Fucus spiralis, ANFVES pour Ascophyllum nodosum ± Fucus 
vesiculosus, FSER pour Fucus serratus, HEBB pour Himanthalia elongata ± Bifurcaria bifurcata, LD pour 
Laminaria digitata.  
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Pour évaluer la structure et la composition de chaque communauté macroalgale, deux 

mpWhRdeV d¶pchanWillRnnageV RnW pWp dpYelRSSpeV aX cRXUV de la WhqVe.   

2.1 Échantillonnage à plat 

L¶pchanWillRnnage j SlaW RX © undisturbed sampling » vise à décrire les principaux taxa 

UecRXYUanW le VXbVWUaW j maUpe baVVe. Il SeUmeW ainVi de cRmSUendUe cRmmenW V¶RUganiVe la 

cRmmXnaXWp j maUpe baVVe eW d¶idenWifieU leV Wa[a les plus représentatifs. Cet échantillonnage 

est la première évaluation visuelle réalisée une fois le SRinW d¶pchanWillRnnage chRiVi. SanV 

déplacer les thalles, le pourcentage de recouvrement est estimé sur les 2, 72m² du point 

d¶pchanWillRnnage SRXU leV principales espèces de Fucales et de Laminariales (e.g. Pelvetia 

canaliculata, Fucus vesiculosus, Ascophyllum nodosum, Laminaria digitata), pour les grands 

groupes de végétation (e.g. Rhodophyta dressées, Rhodophyta encroûtantes, Chlorophyta, 

Cyanobacteria, lichens), pour la faune sessile (e.g. balanes, hermelles, éponges, spirorbes, 

moules) et les patelles ; le pourcentage de roche nue est également évalué. 

Le recouvrement des organismes et le pourcentage de roche nue sont donc estimés 

visuellement sur le terrain, en utilisant des intervalles de recouvrement ]0±5[, [5±25[, [25±50[, 

[50±75[, [75±100]. Ces intervalles sont valables SRXU l¶inWpgUaliWp deV pWXdeV, VaXf SRXU le 

chapitre 2.1 où le recouvrement a été estimé à 5 % près. La somme des pourcentages obtenus 

doit être égale à 100% dans le caV de l¶pchanWillRnnage j SlaW. L¶eVWimaWiRn deV UecRXYUemenWV 

peut éventuellement être réalisé a posteriori en traitant les photographies des points 

d¶pchanWillRnnage par Xn lRgiciel de WUaiWemenW de l¶image. 

2.2 Échantillonnage dressé 

L¶pchanWillRnnage dressé ou « upright profile sampling » vise à pYalXeU l¶imSRUWance 

respective des espèces structurantes (ingénieures) formant la canopée et celle des taxons 

constituant les strates inférieures. Cette méthode permet ainVi de UeSURdXiUe l¶aspect de la 

communaXWp lRUV de l¶immeUViRn et de décrire sa structure interne. Parmi les 25 quadrats 

constituant le point, 3 sont sélectionnés aléatoirement. Un échantillonnage de tous les 

organismes mesurant plus de 5 mm est réalisé à l¶inWpUieXU de chaTXe TXadUaW, aX beVRin après 

avoir déplacé les thalles les plus grands. Pour ces derniers, le recouvrement correspond à la 

projection verticale de la fronde sur le substrat.  
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Autant que possible, les espèces sont identifiées sur place et leur pourcentage de 

recouvrement est estimé visuellement en utilisant les mêmes intervalles de recouvrement que 

précédemment : ]0±5[, [5±25[, [25±50[, [50±75[, [75±100]. Les taxa TXi n¶RnW SaV SX rWUe 

déterminés sur le terrain sont prélevées, ramenés en sacs étiquetés par quadrat, éventuellement 

conservés au congélateur, et identifiés sous microscope au laboratoire. La densité des 

macrogastéropodes brouteurs associés aux communautés est évaluée, pour prendre en compte 

certaines des interactions entre macrofaune et macroflore. Pour chaque espèce de macroalgue, 

le recouvrement par strate de végétation ± strate encroûtante, strate microméiobiotique (thalles 

de moins de 30cm), strate macrobiotique (thalles entre 30cm et 1m), et strate mégabiotique 

(thalles de plus de 1m) ± est estimé visuellement sur le terrain. La somme des recouvrements 

des différentes espèces dépasse régulièrement 100%, puisque chacune des 4 strates peut 

théoriquement représenter 100% de couverture. 

Voir également le chapitre 2.2 du chapitre 1.1 pour plus de précisions sur 

l¶pchanWillRnnage biRlRgiTXe eW Xne illXVWUaWiRn RUiginale (FigXUe 32). 

2.3 EffoUW eW VWUaWpgie d¶pchanWillonnage 

DiffpUenWeV camSagneV d¶pchanWillRnnage RnW pWp UpaliVpeV aX cRXUV de ceWWe WhqVe :  

- Janvier 2017 à mai 2017 poXU l¶pWXde UpaliVpe danV le chaSiWUe 1.1  

- Juin 2017 à août 2017 pour la première saison puis novembre 2017 à décembre 2017 

SRXU la VecRnde VaiVRn SRXU l¶pWXde UpaliVpe danV le chaSiWUe 1.2. 

- JanYieU 2018 j AYUil 2018 SRXU l¶pWXde réalisée dans le chapitre 2.1. 

- Le chapitre 2.2 reprend les données des campagnes du chapitre 1 ainsi que des données 

obtenues entre janvier et avril 2016. 

- Octobre 2017 pour la saison automne, janvier 2018 pour la saison hiver, avril 2018 pour 

la saison printemps et juillet 2018 pour la VaiVRn pWp SRXU l¶pWXde UpaliVpe danV le chaSiWUe 

3. 

- AR�W 2018 SRXU l¶pchanWillRnnage en IUlande, JXilleW 2019 SRXU l¶pchanWillRnnage en 

Galice eW AR�W 2019 SRXU l¶pchanWillRnnage en NRUYqge, pWXde TXi VeUa pYRTXpe danV la 

discussion générale de cette thèse. 

JXVTX¶j 72 SRinWV RnW pWp pchanWillRnnpV SaU camSagne eW SaU ViWe (FigXUe 19). Au cours de 

la thèse, ce sont près de 1000 points, soit environ 3000 quadrats qui ont été échantillonnés, en 
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XWiliVanW leV deX[ W\SeV d¶pchantillonnage présenté auparavant. 209 espèces ont été identifiées 

en Bretagne (Annexe C). 

 

Figure 19 : EffRUW eW VWUaWpgie d¶pchanWillRnnage UpaliVpV aX cRXUV de la WhqVe. E[emSle SRXU le ViWe de 

Porsal.  

3 Évaluation deV pro[ieV de l¶h\drod\namiVme 

PRXU pYalXeU aX mieX[ l¶h\dURd\namiVme selon ses différentes composantes, plusieurs 

proxies de l¶h\dURd\namiVme RnW pWp XWiliVpV danV le chaSiWUe 3. LeXU calcXl eVW e[SliTXp danV 

les sections suivantes. 

3.1 Échelle de Ballantine 

Cette échelle biologique semi-quantitative comprenant 8 niveaux d¶e[SRViWiRn (cf. 

4.2.1.b de l¶inWURdXcWiRn) eVW baVpe VXU la SUpVence eW l¶abRndance de Wa[a caUacWpUiVWiTXeV, WelV 

que balanes, patelles, gibbules, littorines, moules, lichens, Fucales et laminaires. Un transect 

est réalisé sur chaque site afin de décrire la densité ou le recouvrement des taxa et ainsi attribuer 

Xn niYeaX d¶e[SRViWiRn aX ViWe. LeV ViWeV pchanWillRnnpV lRUV de ceWWe WhqVe SUpVenWenW deV 

niYeaX[ d¶e[SRViWiRn allanW de 4, Vemi-exposé à 7, très abrité. 
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 3.2 Distance de déferlement 

La distance de déferlement a été calculée par QGIS ou par Google Earth via les outils 

« mesurer une longueur » et « règle » respectivement (Figure 20).  La distance a été mesurée 

sur un axe comprenant les points échantillonnés puis moyennées selon le nombre d¶images 

disponible, soit entre 7 et 11 par site. 

 

Figure 20 : Méthode de mesure de la distance de déferlement sur le site de Moguériec (Sibiril), les traits 

pointillés délimitent la zone de déferlement, la mesure de la distance de déferlement, ici 140m, est 

effecWXpe j l¶endURiW R� leV SRinWV RnW pWp pchanWillRnnpV. SRXUce : Mégalis Bretagne et collectivités 

territoriales bretonnes ± 2012. 

3.3 Fetch 

Le feWch eVW calcXlp j l¶aide dX lRgiciel R en XWiliVanW le Sackage © feWchR ª. QXaUanWe 

rayons sont tracés partant du point GPS étudié sur une distance maximale de 200 km, 

correspondant à la distance où le fetch est assez important pour considérer que les vagues sont 
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entièrement formées (Figure 21). Chaque ligne tracée rencontrant un obstacle, i.e. une terre 

émergée, est raccourcie. La moyenne de ces valeurs donne une valeur de fetch donnée en km.  

 

Figure 21 : Calcul du fetch sur trois sites de la pointe bretonne. NB : certains rayons particulièrement 

longs ont été tronqués par souci de représentation. 

3.4 Indice de Baardseth 

PRXU calcXleU l¶indice de BaaUdVeWh, un cercle de 7.5 km de rayon, est tracé avec comme 

centre le point étudié symbolisé par un carré de 463 m de côté et découpé en quarante portions. 

En utilisant QGIS, chaque portion contenant une terre émergée est considérée comme secteur 

fermé et est retirée du calcul (Figure 22). La somme des portions ne contenant aucune terre 

émergée, i.e. nRmbUe de VecWeXUV RXYeUWV, cRUUeVSRnd j l¶indice de BaaUdVeWh. 
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Figure 22 : CalcXl de l¶indice de Baardseth sur six sites de la pointe bretonne, les secteurs ouverts sont 

figurés en grisé et pointillé, les secteurs fermés ne sont pas colorés et apparaissent réduits. 

3.5 Modèle SWAN 

Les hauteurs de vagues prédites par le modèle SWAN ont été déterminées pour la zone 

« mer d¶IURiVe » (Guillou and Chapalain, 2015), couvrant 10 des 12 sites échantillonnés pour le 

chapitre 3 (Figure 23 a). Ce modèle prédictif utilise les données de hauteur de vagues acquises 

entre 2004 et 2011 par houlographe ou courantomètre. Les séries de données sont continues et 

SeUmeWWenW dRnc d¶RbVeUYeU la haXWeXU de YagXe annXelle mR\enne, annXelle ma[imale (FigXUe 

23 b) ainsi que les variations mensuelles de la hauteur de vague. 
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Figure 23 : a) maillage non structuré pour le modèle SWAN prenant en compte 10 sites échantillonnés 

pendant la thèse b) hauteur de vague maximale annuelle en mètres prédite par le modèle SWAN sur la 

période 2004 ± 2011 en meU d¶IURiVe. 

3.6 Hauteur de vagues in situ 

AX cRXUV de ceWWe WhqVe Xn nRXYel eVWimaWeXU de l¶h\drodynamisme appelé auteur de 

vague in situ a été développé et utilisé tout au lRng de l¶pWXde. En SaUallqle j l¶pchanWillRnnage 

biologique, des sondes de pression Mini Diver® (Schlumberger Water Services) mesurant 9 

cm ont été fixées directement au substrat dans chacun des points échantillonnés (Figure 24). 

Elles ont été programmées pour enregistrer la pression pendant environ 7 jours, soit entre 12 et 

14 c\cleV de maUpe. La fUpTXence d¶acTXiViWiRn est relativement élevée, avec une mesure toute 

les 25s. 

a) b) 
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Figure 24 : Exemple de sonde de pression Mini-Diver® (SWS) fixée sur le substrat rocheux à marée 

basse. 

Les sondes enregistrant la pression absolue ± somme de la pression atmosphérique et de 

la pression hydrostatique ±, il est nécessaire de corriger les données brutes en soustrayant les 

YaleXUV de SUeVViRn aWmRVShpUiTXe UeleYpeV SaU la VRnde WpmRin afin d¶RbWeniU la SUeVViRn 

hydrostatique seule (Figure 25). Les enregistrements sont ensuite fractionnés pour ne garder 

TXe leV RndeV de maUpe (SpUiRdeV d¶immeUVion). En réalisant une régression polynômiale sur 

chaque onde de marée, la hauteur des vagues au-dessus des sondes a pu être dégagée (Figure 

26 a.). Les vingt valeurs les plus hautes et les vingt valeurs les plus basses ont été sélectionnées 

et moyennées poXU chacXne deV RndeV de maUpe afin d¶RbWeniU la haXWeXU de YagXe in situ 

(Figure 26 b.). Une présentation plus technique de la programmation, du déploiement et de la 

récupération des données des Mini-Diver® est proposée en Annexe A. 
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Figure 26 :  a. Exemple de régression linéaire (rouge) appliquée à une onde de marée 
b. Exemple de sélection des 20 points maxima (rouge) et minima (bleu) avec leur 
moyenne associée (ligne) 

Figure 25 : EnUegiVWUemenWV mRnWUanW la dpcRXSe deV RndeV de maUpe (dpbXW d¶immeUViRn en URXge, fin en 
bleu) et la correction par le baromètre (vert) au niveau des communautés à L. digitata en mode abrité (au-
dessus) et au niveau de celles à A. nodosum - F. vesiculosus en mode battu (en-deVVRXV) j l¶vle Segal du 
11 Avril au 18 Avril 2016 
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4 Description de la Wopographie par V\VWqme d¶informaWion gpographiqXe 

L¶pWXde de la WRSRgUaShie deV ViWeV a pWp UendXe SRVVible SaU l¶XWiliVaWiRn dX mRdqle 

numérique de terrain (MNT) Litto3D. Ce modèle déterminé par LiDAR (pour « light detection 

and ranging », dans le cas présent télédétection par laser aéroporté) et réalisé en 2014, possède 

Xne WUqV haXWe UpVRlXWiRn aYec chaTXe Si[el cRUUeVSRndanW j Xne emSUiVe aX VRl d¶Xn caUUp d¶Xn 

mqWUe de c{Wp. CeWWe UpVRlXWiRn SeUmeW de dpWeUmineU SUpciVpmenW l¶alWimpWUie eW la SenWe de 

chaTXe SRinW d¶pchanWillRnnage. 

4.1 HaXWeXU VXU l¶eVWUan - Altitude  

L¶alWiWXde a pWp dpWeUminpe en XWiliVanW le lRgiciel QGIS. PRXU leV ViWeV pWXdipV Xne dalle 

du modèle numérique de terrain Litto3D a été définie en tant que couche raster. Les points 

d¶pchanWillRnnage idenWifipV SaU SRVition GPS ont ensuite été ajoutés dans une couche 

vectorielle. L'outil « Point sampling tool ª SeUmeW enfin d¶inWpgUeU leV YaleXUV d¶alWiWXde SRXU 

tous les points de la couche vectorielle (Figure 27). 

 
Figure 27 : Altitude en mètres déterminée par SIG sur les trois sites échantillonnés pour le chapitre 1. 

a : Porsal, b :Porspoder, c : île Ségal 

  
     = 0 des cartes et moins          = 0 ± 3 m          = 3 ± 6 m          = 6 ± 9 m          = 9 m et plus 
Communauté dominée par :      Pelvetia canaliculata      Fucus spiralis       Ascophyllum nodosum ±  
Fucus vesiculosus      Fucus serratus      Himanthalia elongata ± Bifurcaria bifurcata 
     Laminaria digitata 
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4.2 Pente  

La pente a également été dpWeUminpe en XWiliVanW le lRgiciel QGIS. L¶RXWil © pente » de 

l¶e[WenViRn © analyse du terrain ª SeUmeW de calcXleU l¶angle de la SenWe VelRn la diffpUence 

d¶alWiWXde enWUe leV Si[elV adjacenWV. De la mrme maniqUe, l'RXWil © Point sampling tool » permet 

enfin d¶inWpgUeU leV YaleXUV de SenWe SRXU WRXV leV SRinWV de la cRXche YecWRUielle (FigXUe 28). 

 

Figure 28 : Pente en degrés déterminée par SIG sur les trois sites échantillonnés pour le chapitre 1. a : 
Porsal, b :Porspoder, c : île Ségal                                                                                                                                             =       

 

 

 

5 Traitement des données et statistiques 

5.1 Présentation des jeux de données 

L¶inWpgUaliWp deV infRUmaWiRnV RbWenXeV lRUV deV pchanWillRnnageV biRlRgiTXeV eW 

physiques sont compilées dans un ou plusieurs fichiers Excel qui sert ensuite de base de donnée 

inWpgUpe danV l¶enYiURnnemenW R (FigXUe 29). 

     = pente nulle             = pente égale à 15°           = pente égale à 30° 
Communauté dominée par :      Pelvetia canaliculata      Fucus spiralis       Ascophyllum nodosum ±  
Fucus vesiculosus      Fucus serratus      Himanthalia elongata ± Bifurcaria bifurcata 
     Laminaria digitata 
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Figure 29 : e[emSle d¶Xne SaUWie d¶Xne gUille E[cel regroupant des données échantillonnées dans 

l¶aVVemblage dRminp SaU Pelvetia canaliculata pour la réalisation du chapitre 2.1. 

5.2 Indices utilisés 

PRXU chaTXe SRinW d¶pchanWillRnnage, diffpUenWV deVcUiSWeXUV de la cRmmXnaXWp RnW pWp 

calculés. 

Descripteurs statistiques 

La UicheVVe VSpcifiTXe (S) UeSUpVenWe le nRmbUe WRWal d¶eVSqceV de macroalgues 

identifiées par point. 

L¶abRndance (A) UeSUpVenWe VRiW le SRXUcenWage de UecRXYUemenW de chaTXe eVSqce 

animale et végétale, soit la densité en m² des macrogastéropodes brouteurs. Le recouvrement 

eVW eVWimp YiVXellemenW j l¶aide d¶inWeUYalleV ([0-5[, [5-25[, [25-50[, [50-75[, et [75-100]). Ce 

sont les médianes (2.5, 15, 37.5, 62.5, 87.5) de ces intervalles qui sont ensuite utilisées pour 

faiUe leV calcXlV de mR\enne eW d¶indice. 

Indices de diversité 

Ces différents indices ont été calculés pour les macroalgues.  

Le rapport de richesse spécifique Rhodophyta/Phaeophyceae (R/P ratio) a été utilisé à 

grande échelle pour présenter des variations latitudinales dans la composition des flores 

maUineV, maiV pgalemenW j l¶pchelle SlXV lRcale eVVenWiellemenW SRXU idenWifieU deV changements 

de la flRUe de haXW en baV d¶Xn ViWe, RX enWUe deV ViWeV. Il eVW calcXlp VelRn ceWWe pTXaWiRn : 

𝑅 𝑃⁄ ௥௔௧௜௢ ൌ 𝑆ோ 𝑆௉⁄  

Avec : 

(5) 
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𝑆ோ nRmbUe WRWal d¶eVSqceV d¶algXeV URXgeV danV le SRinW d¶pchanWillRnnage 

𝑆௉ nRmbUe WRWal d¶eVSqceV d¶algXeV bUXneV danV le SRinW d¶pchanWillRnnage 

 

L¶indice de ShannRn (H¶) est un indice dépendant de la richesse spécifique du point 

d¶pchanWillRnnage eW de l¶abRndance de ceV eVSqceV. Il VeUa SlXV faible lRUVTX¶il \ aXUa mRinV 

d¶eVSqces et/ou une espèce nettement prédominante. Il sera au contraire plus fort lorsque les 

espèces seront nombreuses et/ou si ces espèces ont toutes des abondances similaires. H¶ a été 

calculé par la fonction « diversity ª dX Sackage µYegan¶ VelRn l¶pTXaWiRn VXiYanWe : 

𝐻ᇱ ൌ െ ෍ ௜݌

ௌ

௜ୀଵ

logଶ  ௜݌

Avec : 

௜݌  ௜ SRXUcenWage UelaWif de l¶eVSqce݌ ൌ 𝑛௜ 𝑁⁄  

𝑆 nRmbUe WRWal d¶eVSqceV danV le SRinW d¶pchanWillRnnage 

𝑛௜ SRXUcenWage de UecRXYUemenW de l¶eVSqce danV le SRinW d¶pchanWillRnnage 

𝑁 recoXYUemenW WRWal de WRXWeV leV eVSqceV danV le SRinW d¶pchanWillRnnage 

 

L¶pTXiWabiliWp de PiplRX (J) au contraire de H¶ ne dpSend SaV dX nRmbUe WRWal d¶eVSqceV 

idenWifipeV maiV XniTXemenW de l¶abRndance deV diffpUenWeV eVSqceV eW indiTXe dRnc la 

répartition deV eVSqceV danV le SRinW d¶pchanWillRnnage. J donne un résultat entre 0, 

correspondant à la dominance d¶Xne VeXle eVSqce, et 1, correspondant à une répartition équitable 

de chaTXe eVSqce. Elle eVW calcXlpe VelRn l¶pTXaWiRn VXiYanWe : 

𝐽 ൌ
𝐻ᇱ

𝐻ᇱ
௠௔௫

 

Avec : 

𝐻ᇱ indice de Shannon 

𝐻ᇱ
௠௔௫ ൌ logଶ 𝑆  (𝑆 nRmbUe WRWal d¶eVSqceV danV le SRinW d¶pchanWillRnnage) 

 

L¶indice de SimSVRn (D), donne la probabilité de tirer 2 individus de la même espèce en 

réalisant un tirage aléatoire. D a été calculé par la fonction « diversity ª dX Sackage µYegan¶ eW 

eVW pgal j l¶pTXaWiRn VXiYanWe : 
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𝐷 ൌ ෍ ௜݌
ଶ

ௌ

௜ୀଵ

 

௜݌  ௜ pourcentage UelaWif de l¶eVSqce݌ ൌ 𝑛௜ 𝑁⁄  

𝑆 nRmbUe WRWal d¶eVSqceV danV le SRinW d¶pchanWillRnnage 

𝑛௜ SRXUcenWage de UecRXYUemenW de l¶eVSqce danV le SRinW d¶pchanWillRnnage 

𝑁 UecRXYUemenW WRWal de WRXWeV leV eVSqceV danV le SRinW d¶pchanWillRnnage 

On SUiYilpgie l¶XWiliVaWiRn de l¶indice de diYeUViWp de SimSVRn TXi eVW pgal j 1 ± D. 

 

L¶indice de diversité de Hill (Hill) permet de combiner les indices de Shannon et de 

SimSVRn eW dRnne dRnc Xn UpVXlWaW SlXV V\nWhpWiTXe. Il eVW calcXlp VelRn l¶pTXaWiRn : 

𝐻𝑖𝑙𝑙 ൌ
1 𝐷⁄
𝑒ுᇲ  

Indice de structure des communautés 

L¶indice de SWUXcWXUe deV CRmmunautés (ou Ics) a été utilisé pour rendre compte du 

développement et de la structuration des communautés macroalgales (Ar Gall & Le Duff, 

2014). Cet indice est composé de trois sous-indices : l¶indice de VWUaWificaWiRn de la cRmmXnaXWp 

(IV), l¶indice d¶RUganiVaWiRn fRncWiRnnelle (IR) eW l¶indice Wa[RnRmiTXe (IW). L¶IcV eVW calcXlp 

VelRn l¶pTXaWiRn suivante et est compris le plus souvent entre 0.3 et 1.8, avec un maximum 

théorique de 2.1.  

𝐼𝑐ݏ ൌ 𝐼ݐ ൅ 𝐼݋ ൅ 𝐼ݏ 

L¶indice de VWUaWificaWiRn de la cRmmXnaXWp (IV), eVW baVp VXU la Waille deV WhalleV deV 

algXeV fRUmanW la cRmmXnaXWp. En effeW, cela SeUmeW de Ve UendUe cRmSWe de l¶pWaW de 

développement de la canopée et de la protection que celle-ci peut apporter aux différents 

organismes de la biocénose associée. La stratification peut être séparée en quatre groupes liés 

à la taille des individus (cf. ci-dessus). A chaque strate est attribué un indice Isi (respectivement 

dans l¶RUdUe 1, 2, 3, eW 4). L¶IV eVW calcXlp VelRn l¶pTXaWiRn (2). 

𝐼ݏ ൌ ෍ሺ𝐼ݏ௜ ൈ 𝐶௜ሻ ෍ሺ𝐼ݏ௜ ൈ 𝐶௠௔௫ሻൗ  

avec ∑ሺ𝐼ݏ௜ ൈ 𝐶௠௔௫ሻ ൌ 50 Cmax = 5. 

Soit :  
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𝐼ݏ ൌ ෍ሺ𝐼ݏ௜ ൈ 𝐶௜ሻ 50ൗ  

L¶indice d¶RUganiVaWiRn fRncWiRnnelle (IR), UeSRVe VXU Xne claVVificaWiRn VelRn le degUp 

de complexification des macroalgues : l¶indice SFG (SWUXcWXUal and FXncWiRnal GURXSV). L¶IR 

SaUW dX SUinciSe TXe chaTXe algXe ne SUpVenWe SaV Xn mrme niYeaX d¶RUganiVaWiRn de VRn Whalle. 

Une algue peu organisée et moins pérenne aura une chance moindre de développer une 

communaXWp YaUipe eW dXUable. Elle aXUa dRnc Xn SlXV faible imSacW VXU l¶RUganiVaWiRn deV 

cRmmXnaXWpV TX¶Xne algXe bien diffpUencipe eW VRn indice SFG VeUa SlXV SeWiW (Anne[e 1). 

L¶pTXaWiRn 3 mRnWUe le calcXl de l¶indice IR.  

𝐼݋ ൌ ෍ሺ𝐼݋௜ ൈ 𝐶௜ሻ ෍ሺ𝐼݋௜ ൈ 𝐶௠௔௫ሻൗ  

avec Ioi l¶indice SFG de l¶eVSqce, eW ∑ሺ𝐼݋௜ ൈ 𝐶௠௔௫ሻ ൌ 105 puisque Cmax = 5. 

soit : 

𝐼݋ ൌ ෍ሺ𝐼݋௜ ൈ 𝐶௜ሻ 105ൗ  

 

L¶indice Wa[RnRmiTXe (IW), UegURXSe leV diffpUenWV SRXUcenWageV de recouvrement des 

algues appartenant au même phylum. Ainsi, le calcul est réalisé en poolant toutes les espèces 

d¶algXeV URXgeV (RhRdRSh\Wa), d¶algXeV bUXneV (PhaeRSh\ceae) eW d¶algXeV YeUWeV 

(Chlorophyta). Les cyanobactéries ou les lichens ne sont pas priV en cRmSWe danV l¶IW, cRmme 

dans les autres sous-indices. Les algues brunes sont considérées comme étant les plus 

SeUfRUmanWeV SRXU pWabliU Xne canRSpe VWUXcWXUanWe eW SpUennanWe (FXcaleV en haXW d¶eVWUan eW 

deV LaminaiUeV en baV d¶eVWUan) (L�ning, 1990 ; CabiRc¶h eW al, 2014 ; Ar Gall & Le Duff 2014), 

WandiV TXe leV algXeV URXgeV VRnW VWUXcWXUanWeV VeXlemenW YeUV leV baV niYeaX[ de l¶eVWUan eW TXe 

leV algXeV YeUWeV VRnW TXe WUqV SeX VWUXcWXUanWeV eW VRXYenW RSSRUWXniVWeV. C¶eVW SRXUTXRi, danV 

le calcul du sous-indice It, ceV diffpUenceV d¶aSSRUW VWUXcWXUanW j la fRUmaWiRn de la canRSpe VRnW 

prises en compte par le biais de coefficients. Les algues brunes se voient appliquer un 

coefficient de 2 tandis que les algues rouges ont un coefficient de 1 et les algues vertes un 

coefficienW de 0.5. L¶pTXaWiRn (4) de l¶IW eVW la VXiYanWe :     

𝐼ݐ ൌ
2𝐶௣ ൅ 𝐶௥ ൅ 0,5𝐶஼

2𝐶݌௠௔௫ ൅ 𝐶ݎ௠௔௫ ൅ 0.5𝐶𝑐௠௔௫
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avec Cp, Cr, Cc, respectivement les indices de recouvrements des Phaeophyceae strates à, 

Rhodophyta et Chlorophyta. 2Cpmax, Crmax et 0.5Ccmax correspondent aux recouvrements 

ma[imXmV de chaTXe Sh\lXm, aYec leV TXaWUe VWUaWeV SUpVenWeV eW SRXU chacXne l¶indice de 

couverture le plus élevé, soit 2Cpmax + Crmax + 0.5Ccmax = 70.  

soit : 

𝐼ݐ ൌ
2𝐶௣ ൅ 𝐶௥ ൅ 0,5𝐶஼

70
 

 

5.3 Analyses statistiques 

Tests préliminaires 

Toutes les analyses ont été réalisées grâce au logiciel R (R Development Core Team, 

2018). La nRUmaliWp eW l¶hRmRVcpdaVWiciWp RnW d¶abRUd pWp WeVWpeV VXU chacXne deV YaUiableV 

biologiques et physiques par des tests de Shapiro-Wilk et de Bartlett / Levene, respectivement. 

Ces tests préliminaires permetWenW de dpWeUmineU le W\Se d¶anal\VeV, i.e. paramétrique ou non, à 

réaliser sur les variables.  

Corrélation 

SelRn leV cRndiWiRnV d¶aSSlicaWiRn, deux coefficients de corrélation ont pu être calculés : 

le r de PeaUVRn SRXU leV dRnnpeV SaUampWUiTXeV eW le Ĳ de Kendall danV le caV de dRnnpeV nRn 

paramétriques. Aux vues du grand nombre de données des matrices de corrélation ont été créées 

grâce au package µcRUUSlRW¶ afin d¶RbWeniU Xne YXe d¶enVemble deV cRUUplations qui peuvent 

exister entre les variables (Figure 30). 
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Figure 30 : Exemple de matrice de corrélation créée à partir des données échantillonnées pour la 

UpaliVaWiRn dX chaSiWUe 2.1. CeWWe maWUice UpYqle leV cRUUplaWiRnV (Ĳ de Kendall) UeWURXYpeV SRXU 

l¶aVVemblage dRminp SaU Pelvetia canaliculata. Plus les points de couleurs sont foncés, plus le 

coefficient de corrélation est important, rouge pour les corrélations négatives, verte pour les positives. 

Comparaison de groupes 

Des tests de Student ou tests t (paramétriques) ainsi que des tests Wilcoxon-Mann-

Whitney ou tests U (non paramétriques) ont été utilisés pour comparer les variables de deux 

gURXSeV, SaU e[emSle la cRmSaUaiVRn deV UecRXYUemenWV d¶Xne eVSqce enWUe deX[ VaiVRnV (cf. 

chapitre 1.2). De la même façon, des ANOVA (paramétriques) ou des tests de Kruskal-Wallis 

(non paramétriques) ont été réalisées pour comparer plus de deux groupes. Des tests post-hoc 

de Tukey HSD ou de Nemenyi sont appliqués aux données présentant des différences 

significatives respectivement après ANOVA ou Kruskal-Wallis pour identifier les variables 

statistiquement supérieures ou inférieures. 
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Analyses multivariées 

Les analyses multivariées permettent de traiter plus de deux variables en même temps 

eW d¶pWXdieU Xn jeX de données dans sa globalité. Une transformation de Hellinger est appliquée 

aX[ jeX[ de dRnnpeV afin de limiWeU l¶imSacW VWaWiVWiTXe deV Wa[a UaUeV eW de VWandaUdiVeU leV 

unités. Les analyses en composantes principales (ACP ou PCA en anglais) sont des 

représentations graphiques servant à apprécier la variabilité des communautés intertidales 

étudiées. Elles sont utilisées seules en approche préliminaire pour décrire les communautés et 

leV ViWeV eW meWWUe en aYanW d¶pYenWXelV SRinW d¶pchanWillRnnageV SUpVenWanW des valeurs 

aberrantes ou des cas particuliers (outliers). Elles peuvent également être combinées à des 

analyses hiérarchiques de redondance (HCPC) SRXU idenWifieU deV SRinWV d¶pchanWillRnnageV 

dpYelRSSanW deV cRUWqgeV d¶eVSqceV VimilaiUeV, VWaWiVWiTXemenW différenciés en « clusters » (par 

exemple chapitre 1.2). 

Les analyses de redondance (RDA en anglais) sont construites selon le même principe 

que les ACP mais, contrairement à ces dernières, les RDA sont contraintes par des variables 

explicatives. Cette analyse permet dans le cas de cette étude de mettre en évidence les effets 

significatifs des facteurs abiotiques (hydrodynamisme, altitude, site) sur les jeux de données. 

En y appliquant ensuite une ordination contrainte, on peut déterminer quelle variable 

explicative (facteur abiotique) est la plus impliquée dans la différenciation des communautés. 

Les pourcentages expliqués par ces variables sont ensuite résumés dans des diagrammes de 

Venn (chapitre 1.1 par exemple). 
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ChaSiWUe 1 : EffeWV de l¶h\dURd\namisme en zone 
intertidale à dominance macroalgale : variations intra- et 
inter-communautaires 
Dans ce chapitre, la hauteur de vagues in situ est utilisée comme estimateur (proxy) pour évaluer 

leV effeWV de l¶h\dURd\namiVme aX Vein deV cRmmXnaXWpV macURalgaleV. Seules les espèces 

végétales sont prises en compte. 

Six communautés macroalgales, correspondant à six niveaux bathymétriques / altitudinaux sur 

l¶eVWUan RnW pWp pchanWillRnnpeV VXiYanW deX[ SURWRcRleV, l¶Xn aYec leV algXeV j SlaW cRmme j 

l¶pmeUViRn (XndiVXUbed VamSling), l¶aXWUe aYec leV algXeV dUeVVpeV cRmme j l¶immeUViRn 

(upright profile). En parallèle, des sondes de pression Mini-Diver ont été fixées directement 

danV chaTXe SRinW d¶pchanWillRnnage eW leV YaleXUV enUegiVWUpeV SendanW Xne Vemaine RnW VeUYi 

à calculer les hauteurs moyennes de vague (cf. annexe A). Au total, 216 points ont été 

échantillonnés dans le chapitre 1.1 et 120 points dans le chapitre 1.2, sur trois sites de la côte 

nord-ouest de la Bretagne. Les sondes Mini-Diver et leur fixation sont par ailleurs présentées 

en Annexe A. 

DanV la SUemiqUe SaUWie de ce chaSiWUe, leV diffpUenWeV mpWhRdeV d¶pchanWillRnnage biRlRgiTXe 

et Sh\ViTXe TXi VeURnW XWiliVpeV WRXW le lRng de la WhqVe VRnW dpcUiWeV. C¶eVW Xne pWXde inWUa-

communautaire ayant pour but d¶eVWimeU leV effeWV de la haXWeXU de YagXe in situ sur chacune 

des six communautés macroalgales, prise indépendamment.  

La seconde partie est une étude inter-communautaire qui décrit les effets de la hauteur de vagues 

sur la différentiation verticale des cRmmXnaXWpV, en WenanW cRmSWe d¶Xn aXWUe facWeXU abiRWiTXe 

WUqV imSRUWanW danV la ]Rne inWeUWidale, l¶alWiWXde.  
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1.1 Effets de l'hydrodynamisme à petite échelle sur la 
structure des communautés de macroalgues intertidales : 
une nouvelle approche 

Small-scale effects of hydrodynamics on the structure of intertidal macroalgal 
communities: A novel approach 
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1. Introduction 

On rocky shores, the main factors influencing biocenoses distribution are tide and waves 

(Menge and Branch, 2001; Bird et al., 2013). Tidal conditions generate various abiotic and 

biotic pressures in the intertidal zone (Paine, 1966; Dahlhoff, 2004), inducing vertical zonation 

of organisms, which is observed globally (Stephenson and Stephenson, 1949). Rocky shores in 

the Northern Atlantic are commonly dominated by extensive canopies of seaweeds, which 

largely structure the habitat and the associated diversity (Little and Kitching, 1996). Fucoids 

typically dominate the higher and mid-intertidal zone, while Laminariales dominate the lower 

intertidal and high subtidal environments (Lüning, 1990). These intertidal macroalgae are 

distributed vertically according to their physiological preferendum, structuring six successive 

communities, commonly observed on the coasts of Brittany (Ar Gall and Le Duff, 2014). The 

composition and the extent of these communities vary according to several abiotic factors, 

including substratum composition, nutrient concentration and hydrodynamics (Boaventura, 

2000; Mieszkowska et al., 2013). However, communities do not necessarily respond in the same 

way to similar environmental pressures highlighting the interest of a study based on several 

well-structured canopies. In that way, the highly diversified megatidal zone of Brittany 

constitutes a convenient model for such a study compared to rocky shores of less extent that are 

therefore less differentiated (Ar Gall et al., 2016). 

Hydrodynamics is known to be a major driver of intertidal biocenoses composition 

(Denny and Wethey, 2001; Gilman et al., 2006). In the North-East Atlantic, sheltered shores, 

where macroalgal canopies are well developed, may be distinguished from exposed shores, 

where the presence of these canopies is largely reduced, and where sessile animals (e.g. 

barnacles, mussels) and limpets dominate the substratum (Raffaelli and Hawkins, 1999). As 

underlined by O'Connor et al. (2011), competition for the substratum on rocky shores occurs 

mostly between seaweeds and the benthic fauna in wave-exposed sites, whereas sheltered areas 

are more influenced by grazing. Some seaweed species are nevertheless well-adapted to wave 

exposed rocks, such as Pelvetiopsis limitata in the North-East Pacific (Abbott and Hollenberg, 

1976) or the variety linearis of Fucus vesiculosus in the North-East Atlantic (Want et al., 2014). 

The effects of hydrodynamics on intertidal organisms is well documented at the species level, 

including the decrease of drag coefficient in macroalgae (Gaylord et al., 1994) and the 

modification of either their size (Wolcott, 2007) or their morphology (Denny, 2006). 

Hydrodynamics results from the combined effect of swell and wave action, caused by wind-

induced forces far at sea and driven by tide and currents (Holthuijsen, 2010). 
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Hydrodynamics in the intertidal zone has first been investigated indirectly through the 

presence of characteristic taxa (Ballantine, 1961; FlRc¶h, 1964; Munda, 1978), which allows a 

rapid and costless overview of the shore exposure to waves. However, such approaches, 

although still in use because of their simplicity, are limited by local specificities. Alternative 

methods based on fetch measurements (i.e. the maximum distance swell and waves may travel 

without obstacle) have been developed, providing convincing results on the effects of 

hydrodynamics on intertidal community structure (Baardseth, 1970; Burrows et al., 2008). 

Approaches based on wind measurements depend on the local availability of reliable weather 

data (Thomas, 1986). Predictive models have also been developed to integrate wave energy 

and/or wave height at a regional scale (e.g. Holthuijsen, 2010; Reguero et al., 2012; Camus et 

al., 2013; Guillou and Chapalain, 2015; Rattray et al., 2015). Such models give a framework 

for local studies and open up new prospects to determine the effect of waves on the shores 

(Cefalì et al., 2016; Puente et al., 2016). Although aforementioned approaches have provided 

valuable insights into the relationship between hydrodynamics and intertidal communities, they 

are of little use at local scale, where small-scale topography (i.e. outcrops, rock orientation, 

crevices) can induce a variability in hydrodynamic forces actually affecting benthic habitats 

(Paine and Levin, 1981; Helmuth and Denny, 2003; Le Hir and Hily, 2005). Therefore, in order 

to characterize the extent of hydrodynamics variability at the metric scale and associated effects 

on intertidal biota, direct measurements are necessary. However, such measurements are still 

very rare for intertidal environments (Jones and Demetropoulos, 1968; Bell and Denny, 1994; 

O'Donnell and Denny, 2008). In situ hydrodynamical measurements are generally carried out 

using large (> 30 cm) pressure transducers in the intertidal zone, including wave height 

assessment (Autret et al., 2016; Suanez et al., 2019). Small-size (ca. 10 cm) pressure sensors 

are currently used to assess water levels and less often tidal variations (Balliston et al., 2018; 

Van Putte et al., 2019). In this study, small-size pressure sensors have been used as wave height 

recorders on intertidal rocky shores. The relatively low price of these instruments with regards 

to the quality of their measurements together with the fact that they can be easily displayed in 

the field as a constellation, makes it possible to conduct a detailed study of small-scale 

hydrodynamics. Combined to a concomitant accurate evaluation of the structure of macroalgal 

communities, this small-scale (ca. 10 m) monitoring could provide data to specify the impact 

of hydrodynamics at the community level. 

The working hypothesis of this study is that hydrodynamics would explain most of the 

inner variability observed in both the extent and the structure of macroalgal communities. Based 
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on this hypothesis, three questions may be addressed: (1) in the context macroalgae dominated 

rocky shores, is wave height an adequate descriptor/proxy of hydrodynamics? (2) is the small-

scale approach proposed in this study efficient when trying to characterize hydrodynamics at 

the community level? (3) do every studied macroalgal community respond in the same way to 

hydrodynamics variations? Thus, the effect of hydrodynamics on both the extent and the 

structure of macroalgal communities has been investigated, using in situ wave height 

measurements, in parallel to the ecological evaluation of six vertically distributed seaweed 

assemblages on three rocky shores of Western Brittany.  

2. Material and methods 

2.1. Sites and communities 

Three sites were studied at the western end of Brittany, open to the Atlantic Ocean 

(Figure 31). PRUVal (48�33.848ƍN/4�42.309ƍW), PRUVSRdeU (48�28.876ƍN/4�46.293ƍW) and Whe 

IVle Rf Segal (48�26.330ƍN/4�47.376ƍW) aUe abRXW 15 km fURm each RWheU.  

Tidal ranges are around 8mat Spring tides and the sampling sites are 150±500m long and 50±

200m wide. These sites were first selected in order to embrace natural variability from a single 

coast and waterbody (in the sense of the European Water Framework Directory). They are 

relatively sheltered locations with a similar extensive intertidal vegetation, presenting the six 

macroalgal communities usually found in the North-East Atlantic Ocean (Cabioc'h et al., 2014). 

Macroalgal communities are defined as assemblages dominated by either one or two structuring 

Fucales or Laminariales (Ar Gall and Le Duff, 2014). Communities of the intertidal zone are 

dominated from top to bottom by: (1) Pelvetia canaliculata (called Pc in the text), then (2) 

Figure 31 : Location of the three sites on the North-West coast of Brittany. 
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Fucus spiralis (Fspi), both structuring low (< 30 cm) canopies characterized by a reduced 

diversity. In the mid intertidal zone, two species are co-dominating (3), Ascophyllum nodosum 

and Fucus vesiculosus (An ± Fves), forming canopies up to 2m high and more than 50 cm high, 

respectively. Then, in the low intertidal zone, (4) Fucus serratus (Fser) structures a canopy up 

to 50 cm. (5) Bifurcaria bifurcata and Himanthalia elongata (He ± Bb), up to 30 cm for the first 

one and up to 4m high for the second one, are the Fucales co-dominating the lowest level of the 

intertidal zone. In the subtidal fringe, (6) the kelp Laminaria digitata (Ld) forms canopies 

reaching 3m high. Two other kelp species, Saccharina latissima and Saccorhiza polyschides 

may be found in association in this community. The altitude (average tidal height) of these 

communities was determined by GIS monitoring and post-treatment with Litto3D® data from 

the SHOM (Service Hydrographique et Oceanographique de la Marine; diffusion.shom.fr): P. 

canaliculata (6.44 ± 0.39m), F. spiralis (5.71 ± 0.50m), A. nodosum ± F. vesiculosus (4.29 ± 

0.72m), F. serratus (2.54 ± 0.46m), H. elongata ± B. bifurcata (1.94 ± 0.48m), L. digitata (1.32 

± 0.47m).  

2.2. Field sampling 

Field sampling was conducted from late Winter to mid Spring (January to May 2017). 

Each macroalgal community was sampled at low tide, during a one-week period (Table 1). For 

each community, thirty-six sampling surfaces or spots (twelve per site), evenly spaced, were 

determined by both photographs and GPS positioning. The substratum was mainly bedrock 

avoiding microhabitats (i.e. crevices, pools, boulders, sediments). For the sampling, a mobile 

1.65 × 1.65 m plastic grid structure consisting of 25 quadrats of 33 × 33 cm was laid on the 

spot. Cover was visually determined and classified within five percentage intervals: ]0±5[, [5±

25[, [25±50[, [50±75[ and [75±100]. Two complementary methods were used to estimate the 

respective abundances of different algal species (Figure 32). 

³UndiVWXUbed´ VamSling aimV aW deVcUibing Whe diVWUibXWiRn Rf macURalgal gURXSV dXUing 

emersion, when thalli are lying on the substratum, giving a characterization of the canopy-

forming species. Only dominating species of Phaeophyceae and large groups of flora (other 

Phaeophyceae, erect and crustose Rhodophyta, Chlorophyta) were considered in this method. 

Macroalgal undisturbed covers were measured on the area defined by the whole mobile 

structure (approximately 2.72 m2 per spot). 
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³USUighW SURfile´ VamSling aimV aW deVcUibing bRWh Whe hRUi]RnWal and YeUWical VWUXcWXUeV 

of the macroalgal canopy during immersion. The cover of all seaweed species was estimated 

based on the vertical projection of their thalli on the substratum, to mimic their habit at 

immersion. Only individuals or patches larger than 5 mm were taken into consideration and 

classified within the following four strata: crustose, micro-meiobiotic (< 30 cm), macrobiotic 

(30±100 cm) and mega-megalobiotic (> 100 cm). Where necessary, species identification was 

undertaken in the laboratory. In this method, the sampled area was defined by the cumulated 

surface of three 33 cm * 33 cm quadrats randomly chosen within the structure (i.e. about 0.33 

m2 per spot). 

2.3. Acquisition and treatment of hydrodynamic data 

In this study, wave heights were used as a proxy of hydrodynamics and estimated by 

pressure sensors. Mini-Diver® sensors (Schlumberger Water Services or SWS) were used to 

measure the absolute pressure (Pabs), equal to the sum of atmospheric pressure (Patm) and 

water pressure (Phydro). A plastic base was screwed to the rock and sensors were additionally 

fasted with cable ties; this method proved secure and allowed easy removal after measurements. 

They were programmed to record local pressures during seven consecutive days to include 

about 12±14 tidal cycles, to span various tidal amplitudes, with a relatively high acquisition 

frequency (0.04 Hz for a 25 s period, providing a total of 24000 values). For a given community, 

recording was performed by 36 sensors (12 for each site, one per spot), simultaneously to the 

sampling of macroalgae. 

Once recording was achieved, data were downloaded using Diver- Office® (SWS). 

Phydro values were obtained from Pabs data by substracting local Patm, acquired by a control 

probe. Each tide period was treated remotely and a polynomial regression was applied to it in 

order to remove the tide oscillation itself and to leave secondary pressure oscillations generated 

by waves and globally representative of wave heights. The twenty highest and the twenty lowest 

pressure values were then selected to determine the average wave height per tide. This estimator 

was proven to be similar to the Significant Wave Height, defined as the mean of third of the 

highest waves in the classical wave-by wave analysis (e.g. Holthuijsen, 2010) of an ancillary, 

synchronous and co-located signal sampled at a rate in excess of 2 Hz. Since altitude variations 

between the sensors within a given community were negligible, average wave heights were not 

corrected.  
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Figure 32: Description of the two methods of sampling used in the study. Undisturbed sampling takes 

into account the major groups of macrophytes on the whole structure. Upright profile sampling is based 

on a finer description of the macrophyte species and their canopy, and is applied in three quadrats of 

the structure. 
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2.4. Data treatment and statistics 

For both types of community sampling (undisturbed and upright profile), medians of 

percentage intervals were used to calculate the average cover of taxa or groups of taxa per 

community. Data from upright profile sampling were used for the calculation of diversity 

indices. The mean species richness was defined as the total number of species/taxa determined 

per sampled spot and averaged per community. Furthermore, the Shannon-Wiener index and 

the Rhodophyta/Phaeophyceae specific richness ratio (R/P ratio) were calculated for each 

sampled spot. The development and structural state of each macroalgal community was 

evaluated by the index of community structure (Ics) (Ar Gall and Le Duff, 2014), which takes 

into account the cover of taxonomic, stratum and structural/functional groups of seaweeds. 

Wave height values were treated after standardization of the variable. 

All analyses were conducted within the R environment (R Development Core Team, 

2014). Both normality and variance homogeneity were first assessed on all biological and 

physical data sets with Shapiro±Wilk and Bartlett/Levene tests, respectively. Macroalgal 

community parameters (diversity, indices) were compared between the three sites using 

Kruskal-Wallis (KW) tests. To establish potential correlations between species and variables, 

Pearson's r cRefficienWV ZeUe calcXlaWed, XVing Whe ³cRUUSlRW´ package (Wei and Simko, 2017). 

Redundancy analysis (RDA) was carried out with ³Yegan´ (Oksanen et al., 2013) to determine 

how environmental factors influence the development and the structure of macroalgal 

communities. Undisturbed sampling or upright profile sampling data were used as response 

variables, and the latitude, for site position, and average wave heights, for hydrodynamics, as 

explanatory variables. Then, an ANOVA and a constrained ordination were applied to variables 

of the RDA to determine if the reduced model is significant and, if so, which explanatory 

variable is mostly involved. Variation of communities was then partitioned with respect to both 

explanatory variables, i.e. site and wave height. The relative importance of each explanatory 

variable and their degree of interaction were summarized in Venn diagrams. 

3. Results 

3.1. Community structure 

Within the sampling period in the three sites, 125 macroalgal species were determined 

including 15 Chlorophyta, 83 Rhodophyta and 27 Phaeophyceae. Cover of dominating 

Phaeophyceae, mean species richness and Ics values are given by community and site in Table 
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1. Cover values of dominating Phaeophyceae ranged between ca. 45% in Pc and 70% in An ± 

Fves, with large intra-community and inter-site variations corresponding to the heterogeneity 

of the intertidal canopies. It is the highest at Porsal for the high and middle intertidal levels and 

at Porspoder for low intertidal levels (Table 1). Nevertheless, no significant difference was 

found between sites. Maximum values of macroalgal mean species richness for a spRW (§ 0.33 

m2), i.e. 37 species in Ld and 34 species in He ± Bb, were obtained in Segal. The mean species 

richness did not differ significantly between sites for a given community, except for Fspi and 

He ± Bb with higher values at Segal (KW, pvalue < 0.05). It increased from the high intertidal 

zone to the He ± Bb community, with a plateau for Ld. Values of the Shannon-Wiener index 

ranged between 0.2 and 3.0 and those of the R/P ratio varied between 0.5 and 20.0, suggesting 

large discrepancies in macroalgal diversity between communities (significant differences, KW, 

p-value < 0.05). However, values did not differ significantly between successive tidal heights 

(KW, p-value < 0.05). The Shannon-Wiener index showed higher values in Segal for the He ± 

Bb community (KW, p-value < 0.05), corresponding to a higher mean species richness (see 

above). KW tests did not reveal any significant intra-community difference for Ics. Three 

groups of communities differing significantly (KW, p-value < 0.05) may be observed (Pc and 

Fspi | An ± Fves, Fser and He ± Bb | Ld alone), with increasing values of Ics between these 

groups. 

3.2. Wave heights 

Wave heights were calculated for each spot and then averaged per community and per 

site (Table 1), according to the procedure and to the periods defined above. Given that recording 

periods were different, wave heights were smaller in high level communities than in lower 

levels and showed a reduced variability between sites. Thus, wave heights ranged from 15 to 

25 cm between sites, with an average of 18.90 ± 6.66 cm in Pc, and from 23 to 28 cm, with an 

average of 24.28 ± 6.83 cm, in Fspi. In An ± Fves, wave heights were greater but show little 

fluctuation between sites, ranging from 52 cm to 65 cm, with an average of 58.93 ± 15.40 cm. 

For the three lowest communities of the shore, a larger variability occurred in wave heights 

between sites, i.e. from 94 to 125 cm in Fser, from 59 to 135 cm in He ± Bb and from 45 to 89 

cm in Ld, with average values per community of 107.16 ± 21.72 cm, 93.04 ± 35.96 cm and 

72.30 ± 21.77 cm, respectively. The least exposed site was Porsal, for all communities of the 

shore, while Segal was the most exposed site for high level communities and Porspoder for mid 

and low intertidal communities. Including all recording periods, the maximum value of wave 

height obtained in one spot was 158.30 cm, in He ± Bb at Porspoder, and the minimum was 
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5.91 cm in Pc at Porsal. Considering the spatial distribution of wave heights inside each 

community on shorelines up to 250m long, their values may be either randomly distributed or 

vary significantly with the distance between sampling spots. The most drastic variation 

observed was a doubling of height values between two neighboring spots in Pc at Segal 

separated only by 8 m, rising from 19 cm to 37 cm. At the opposite, wave heights may only 

differ slightly between two spots, like a 12% discrepancy in He ± Bb at Porsal, from ca. 51 cm 

to 57 cm, i.e. 6 cm over a 190 m distance. Wave heights increase towards the open sea in 

communities with sampling spots placed on an axis perpendicular to the coastline. On the 

contrary, when the axis parallels the coastline, wave height values were distributed randomly. 

Table 1: Average values and standard deviations of Ics, mean species richness, covering of dominating 

Phaeophyceae, average wave heights corresponding recording periods per community and site. 

Communities dominated by: Pc = Pelvetia canaliculata, Fspi = Fucus spiralis, An ± Fves = Ascophyllum 

nodosum ± Fucus vesiculosus, Fser = Fucus serratus, He ± Bb = Himanthalia elongata ± Bifurcaria 

bifurcata, Ld = Laminaria digitata. 

Intertidal level Community Site Ics Mean species 
richness 

% cover of 
dominating 
Phaeophycean 

Average wave 
height (cm) 

Wave height / 
seaweed sampling 
period 

High Pc Segal 0.56 ± 0.23 5.08 ± 1.24 38.13 ± 21.75 24.96 ± 4.91 
08/05/17 to 14/05/17 Porspoder 0.57 ± 0.15 4.17 ± 1.03 39.38 ± 24.52 16.16 ± 3.41 

Porsal 0.56 ± 0.16 4.58 ± 1.16 54.17 ± 33.63 15.56 ± 6.72 
Fspi Segal 0.86 ± 0.24 13.17 ± 5.10 60.21 ± 30.22 27.61 ± 5.21 

15/02/17 to 22/02/17 Porspoder 0.73 ± 0.25 7.83 ± 4.45 41.45 ± 27.02 23.82 ± 4.88 
Porsal 0.87 ± 0.18 7.92 ± 2.02 60.83 ± 31.34 23.54 ± 9.11 

Medium An ± Fves Segal 1.12 ± 0.30 13.75 ± 6.73 61.04 ± 34.70 59.91 ± 8.52 
12/01/17 to 19/01/17 Porspoder 1.07 ± 0.28 13.17 ± 3.93 75.00 ± 33.51 64.23 ± 20.96 

Porsal 1.03 ± 0.52 12.17 ± 3.90 76.04 ± 26.23 52.64 ± 12.95 
Fser Segal 1.13 ± 0.23 19.25 ± 4.67 45.42 ± 27.11 102.04 ± 9.63 

01/02/17 to 08/02/17 Porspoder 0.95 ± 0.29 14.42 ± 5.99 45.00 ± 34.79 124.66 ± 29.38 
Porsal 0.96 ± 0.25 15.75 ± 3.96 55.21 ± 25.88 94.77 ± 3.81 

Low He ± Bb Segal 1.15 ± 0.27 30.17 ± 3.71 41.46 ± 32.64 84.93 ± 24.61 
15/03/17 to 22/03/17 Porspoder 1.32 ± 0.16 22.83 ± 3.66 57.08 ± 21.50 134.7 ± 17.45 

Porsal 1.07 ± 0.14 23.25 ± 3.28 52.71 ± 29.30 59.50 ± 3.61 
Ld Segal 1.42 ± 0.19 25.58 ± 6.24 57.82 ± 21.02 84.10 ± 13.29 

31/03/17 to 07/04/17 Porspoder 1.52 ± 0.17 21.82 ± 7.39 78.18 ± 16.92 88.72 ± 8.96 
Porsal 1.42 ± 0.19 24.17 ± 4.41 69.79 ± 20.79 45.44 ± 2.78 

3.3. Effects of hydrodynamics on seaweed communities based on undisturbed sampling 

In order to point out significant factors affecting the structure of seaweed canopies, a 

redundancy analysis (RDA) was performed for each community. The constrained ordination 

(p-value < 0.05) on RDA revealed that wave heights influence five out of six macroalgal 

communities, and that the site had an impact on the highest and the lowest macroalgal 

communities on the shore (Figure 33).  
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Wave height variation explained between 9.0 and 15.8% of the variance for four 

communities (Pc, An ± Fves, Fser, He ± Bb). By contrast, site effects never explained more 

than 2% of the variance and may be considered as negligible. The interaction between wave 

height and site had also a small impact for most of the communities, except Pc and Ld. For Ld, 

the contribution of each physical variable was difficult to determine. No significant result was 

evidenced for the Fspi community, suggesting no effect of site nor wave height on the 

community structure. 

To assess the effect of hydrodynamics in community structure, correlation tests were 

applied between wave heights and undisturbed cover data (results shown in Figure 34). Cover 

of several dominating Fucales was negatively correlated with wave heights. The highest 

correlation (r = í0.54) ZaV RbVeUYed fRU Whe Pc community, whereas correlation coefficients 

ZeUe beWZeen í0.39 and í0.48 fRU mid-to-low intertidal communities. Cover of other Fucales 

did not show any significant correlation, like F. spiralis with a p-value of 0.84 in its own 

community, F. vesiculosus with p-value = 0.39 in An ± Fves and H. elongata with a p-value of 

Figure 33: Venn diagrams illustrating the result of variance partitioning for the undisturbed sampling, 

taking into account the undisturbed sampling data (cover of dominating species of Phaeophyceae and of 

groups of seaweeds), per community with contribution of physical variables. Contribution of each 

variable is expressed as a fraction of 1, corresponding to a percentage. [S]: site, [W]: wave height. 

Residuals: unexplained variation. Communities dominated by: Pc = Pelvetia canaliculata, Fspi = Fucus 

spiralis, An ± Fves = Ascophyllum nodosum ± Fucus vesiculosus, Fser = Fucus serratus, He ± Bb = 

Himanthalia elongata ± Bifurcaria bifurcata, Ld = Laminaria digitata. 
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Figure 34: Cover of dominating brown seaweeds in the six studied communities related to normalized 

wave heights in the case of the undisturbed sampling method. p-value<0.05 and r=coefficient of 

regression. Sites: Porsal, Segal, Porspoder 
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0.05 in He ± Bb. Two opposite cases were observed with Laminariales structuring the lowest 

levels (Ld community), a positive correlation with wave heights for L. digitata (r = 0.39), but a 

negative one with S. latissima (r = í0.36). A SRViWiYe cRUUelaWiRn ZaV alVR RbVeUYed beWZeen 

wave heights and the total cover of erect Rhodophyta in the An ± Fves community (r = 0.37) 

and in He ± Bb (r = 0.39), and a negative correlation with the cover of H. elongata in the Ld 

community (r = í0.44). 

3.4. Effects of hydrodynamics on seaweed communities based on upright profile sampling 

Following the same method used for undisturbed sampling, a RDA was conducted on 

the covering of all seaweed species. Wave height had an impact on four communities, while the 

site factor affects significantly five communities (Figure 35). The variation of the two 

explanatory variables partly diverged from the results obtained in the case of the undisturbed 

sampling. The range of variation due to wave heights was larger, between 3.6 and 19.1%. The 

site effect was globally higher and varies between 4.1 and 17.4%. Unlike the undisturbed 

sampling, the Fspi community showed a significant response, whereas An ± Fves did not. 

Correlation coefficients were calculated for all seaweed species and for various 

biological indices relative to wave heights. Results are summarized in Table 1. The same 

tendencies were found in both upright profile and undisturbed samplings for the cover of P. 

canaliculata in Pc, B. bifurcata in He ± Bb, L. digitata and H. elongata in Ld, with similar 

correlation values (Figure 36). In contrast, no correlation was found with any Fucales in An ± 

Fves and in Fser. 

Considering Chlorophyceae, a negative was evidenced in An ± Fves and in Fser between 

the cover of Cladophora rupestris and ZaYe heighWV, ZiWh cRefficienWV Rf í0.46 and í0.36, 

respectively. 

The cover of several erect Rhodophyta appeared to be dependent on wave heights. At 

intermediate intertidal levels, Chondracanthus acicularis and Gelidium spinosum were 

positively correlated with hydrodynamics, with Pearson's r of 0.44 and 0.35, respectively. A 

similar result was obtained in He ± Bb for G. spinosum (r = 0.62), Ellisolandia (Corallina) 

elongata (r = 0.40), Chondrus crispus (r = 0.39), Gelidium corneum (r = 0.35) and Ceramium 

virgatum (r = 0.33). 
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Mean species richness and Shannon index did not correlate with wave heights. 

However, the Ics index showed negative correlations at the community level in Pc (r = í0.42) 

and Fser (r = í0.39). In lRZ leYelV Rf Whe VhRUe, cRUUelaWiRnV ZeUe eYidenced fRU Whe R/P ratio, 

positive in He ± Bb (r = 0.41) and negative in Ld (r = í0.38). 

4. Discussion 

Although the existence of a relationship between wave exposure and rocky intertidal 

assemblages has been described for a long time (Little and Kitching, 1996), few studies have 

addressed this issue beyond the clear contrast opposing sheltered, seaweed-covered shores, to 

exposed, less-vegetated ones (e.g. Cabioc'h et al., 2014). The variability of wave exposure 

occurring within a shore and its potential impact on inducing small-scale (at the metric scale) 

variability in intertidal habitats (e.g. O'Donnell and Denny, 2008) are often overlooked in the 

literature. Our study addressed this paradigm on six different macroalgal communities 

distributed vertically on rocky shores of the Western Brittany coastline, using in situ high-

Figure 35: Venn diagrams illustrating the result of variance partitioning for the upright profile sampling, 

taking into account the cover of every conspicuous seaweed species found in quadrats per community 

with contribution of physical variables. Contribution of each variable is expressed as a fraction of 1, 

corresponding to a percentage. [S]: site, [W]: wave height. Residuals: unexplained variation. 

Communities dominated by: Pc = Pelvetia canaliculata, Fspi = Fucus spiralis, An ± Fves = Ascophyllum 

nodosum ± Fucus vesiculosus, Fser = Fucus serratus, He ± Bb = Himanthalia elongata ± Bifurcaria 

bifurcata, Ld = Laminaria digitata. 
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Figure 36: Cover of dominating brown seaweeds in the six studied communities related to normalized 

wave heights in the case of the undisturbed sampling method. p-value<0.05 and r=coefficient of 

regression. Sites: Porsal, Segal, Porspoder 
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frequency direct monitoring of wave exposure. Therefore, this work provides insights about 

this important aspect of intertidal ecology. 

Correlations between dominating Phaeophyceae and wave height nearly show the same 

patterns for undisturbed and upright profile samplings, suggesting that both approaches are 

pertinent to evaluate the effects of hydrodynamics on macroalgal communities. Thus, negative 

correlations occur between the cover of several dominating Fucales and wave height following 

both procedures. This result is in agreement with the statement that tearing off macroalgae by 

strong hydrodynamics makes canopies regress drastically (Ballantine, 1961; Lewis, 1964; 

Burrows et al., 2008). As shown in other works (Grenager and Baardseth, 1965), cover 

regression affects particularly dominating Phaeophyceae, except for L. digitata which is  

favored by an increase of wave exposure. In sheltered locations, important sediment deposit 

may occur (Ballantine, 1961), limiting the development of large, perennial macroalgae to the 

benefit of short-lived opportunistic macroalgae (Daly and Mathieson, 1977). L. digitata, for 

instance, does not withstand a long burying of its large holdfast under sediments (Ar Gall et al., 

2016). In that way, in low wave exposure, L. digitata may be replaced relatively quickly by S. 

latissima which is more efficient in colonizing unstable substrata (Bunker et al., 2017). 

Furthermore, L. digitata shows higher growth rates in relatively agitated water (Kregting et al., 

2016). Consequently, the fact that the Ld community exhibits a positive correlation between 

wave heights and cover of L. digitata is not surprising and in agreement with studies on 

hydrodynamic tolerant kelps (Starko and Martone, 2016). The lack of correlation between wave 

height and the cover of dominating species in Fspi might be related to a heatwave in Summer 

2016, which resulted in a decrease of F. spiralis cover by nearly 70% at Porspoder (pers. obs.). 

The size of H. elongata follows high seasonal variations, with the elongation of receptacles up 

to 4m in Spring and their falling down in Autumn (Cabioc'h et al., 2014). Such a high 

seasonality might account for the lack of correlation observed between the cover of that co-

dominating species and wave heights in He ± Bb. 

The mean species richness may be a good tool to evaluate the ecological state of a 

seaweed community (Wells et al., 2007) and was occasionally related to hydrodynamics 

(Nishihara and Terada, 2010). Although they did not reveal any correlation between macroalgal 

diversity and hydrodynamics, our results remain consistent with those of Connan (2004) and 

Ar Gall and Le Duff (2014). Ics values found in this study are similar to those reported by Ar 

Gall and Le Duff (2014) in all communities. However, in the low shore of Porspoder, Ics scores 

of He ± Bb and Ld communities are clearly higher (beyond the standard deviation). Besides, 
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other monitoring results from the Rebent (Benthic Network in Brittany) has already shown 

values exceeding 1.32 for He ± Bb in seven sites and 1.52 for Ld in three sites (Ar Gall and Le 

Duff, pers. comm.). This descriptive index is negatively correlated to hydrodynamics in Pc and 

Fser with no significant relationship in other communities, pointing out an irregular effect of 

waves and swell on both the extension and the structure of macroalgal communities. The 

absence of a correlation between hydrodynamics and Shannon-Wiener index is probably related 

to the large dispersion of values. At the opposite, the R/P ratio is positively correlated to wave 

height in He ± Bb and negatively in Ld, showing that hydrodynamics promotes the 

predominance of Rhodophyta in He ± Bb, while it favors Phaeophyceaen species in Ld. 

The variance partitioning shows that hydrodynamics has an effect on most of the studied 

communities, explaining up to 15.8% of the total variance in undisturbed sampling and 19.1% 

in upright profile sampling. These values are high when considering a single explanatory 

variable in variance partitioning (e.g. Quillien et al., 2015). They tend to confirm the major role 

of hydrodynamics on intertidal assemblages at local scale (Cefalì et al., 2016). Differences were 

evidenced between the two sampling approaches when comparing Venn diagrams. Undisturbed 

sampling is mainly influenced by wave heights, whereas upright profile sampling is also 

affected by the site explanatory variable. This discrepancy is stronger in the low intertidal zone, 

with more contrasted positive and negative correlations with hydrodynamics. canopy forming 

Phaeophyceae, upright profile sampling gives also information on the effect of wave exposure 

on understory species. For instance, positive correlations between wave height and epilithic 

turf-forming species like Chondrus crispus, Gelidium spinosum and G. corneum reflect the fact 

that Rhodophytes better withstand hydrodynamics, thanks to an overall smaller size than large 

Phaeophyta in the intertidal zone (Puente et al., 2016). Increasing cover of red seaweeds may 

also explain partially the concomitant regression of large Fucales such as F.serratus and A. 

nodosum, suggesting a competition between these two functional groups. Increasing covers due 

to stronger hydrodynamics is documented so far in the genus Gelidium (Prathep et al., 2009). 

In the same way, a positive correlation with hydrodynamics is observed for Ellisolandia 

(Corallina) elongata, a finding already reported from the North of Spain where Corallina spp. 

dominate intertidal communities (Ramos et al., 2016a). Indeed, the thallus organization of 

articulate coralline seaweeds is considered as well adapted to exposed biotopes (Martone and 

Denny, 2008). In the case of Ceramium virgatum, mostly growing as epiphyte on other species 

(Maggs and Hommersand, 1993), the positive correlation may be associated to the physical 

damages caused by hydrodynamics to host species, either directly by wave action, or indirectly 
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by grazing, which both favor the development of epiphytes (Gaylord, 1999). An indirect 

relationship between Cladophora rupestris and hydrodynamics may be suspected, since this 

species grows preferentially under the canopies of Fucus spp. and A. nodosum (Brodie et al., 

2007), as underlined in our study by a strong correlation with the cover of Fucales (r = 0.68 in 

Fser and r = 0.61 in An ± Fves). 

Wave heights inside a community may vary randomly or follow a coastline ± open sea 

gradient, depending on the distribution of the sampling spots. Wave heights averaged on three 

sites vary between ca. 19 cm in Pc and ca. 108 cm in Fser with maximal values reaching around 

160 cm. The data presented in our study are consistent with those from previous studies for 

assemblages dominated by sessile animals and limpets obtained by in situ wave height 

recording (O'Donnell and Denny, 2008) or by buoy sensors (Gilman et al., 2006). However, 

values are rather low compared to those reported from previous works (e.g. Jones and 

Demetropoulos, 1968; Bell and Denny, 1994), probably because these recordings are one-off 

measurements. Wave heights differ between communities and so between corresponding 

altitudes on the shore, but no statement can be inferred from these data, given that recording 

periods are different. To carry out an inter-community study of hydrodynamics, it would be 

necessary to monitor pressures simultaneously on a single site. Discrepancies in wave heights 

occur also between sites for a single community, a result which may be linked to surrounding 

topography and site openness. For example, Porsal is the least exposed site, probably due to the 

occurrence of numerous reefs off the coast (more than 30 islets permanently emerged in all 

directions within a radius of 4 km from the site). 

Even though all wave oscillations (usual periods between 6 s and 12 s, versus 25 s in 

our study) could not be taken into account in our in situ monitoring of hydrodynamics, data 

obtained by Mini-Diver® sensors at a frequency of 0.04 Hz (T = 25 s) are coherent with 

significant wave heights calculated from values obtained at a frequency of 1 Hz (T = 1 s) 

(unpublished personal data), measured by the same sensors within shorter durations (e.g. 6 h 

versus ca. 7 days) and by Wave Gauge OSSI-010-003C-03 sensors (Ocean Sensor Systems 

Inc., Coral Springs, USA). Considering the one-week period used to evaluate wave height 

exposure, structural differences observed in a given macroalgal community depend on the 

hydrodynamic forces conditioning it all year long (Levin and Paine, 1974; Ramos et al., 2016b). 

Thus, the spatial study of community structure, relatively to a condensed set of wave exposure 

data (here wave heights), may be informative enough about the long-term effect of 

hydrodynamics. The coherence of the following results suggests the temporal 
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representativeness of our wave height data: (1) when sampling spots are distributed along a 

coastline ±open sea transect, wave height values follow a corresponding increasing gradient (2) 

sampling spots are numerous enough to consider the micro-topography of the shore at the intra-

community level (3) the average wave height follows site patterns per community. Considering 

the above assertions, wave height may be considered as an adequate descriptor/proxy of local 

hydrodynamics. In the same way, the small-scale monitoring performed in this study is efficient 

to characterize the hydrodynamics at the community level. However, further experiments 

should be scheduled to assess the accuracy of our experimental approach with longer time 

hydrodynamic regimes (cf. Guillou and Chapalain, 2015). Finally, it would be interesting to 

compare the trends delineated at the assemblage level by our local scale wave height proxy to 

larger scale approaches at the site level, such as fetch measurements or Baardseth index 

(Baardseth, 1970; Burrows et al., 2008). 

The originality of the ecological evaluation of seaweed assemblages carried out in this 

study lies in (1) the community approach (Ar Gall et al., 2016) (2) the fine space scale used to 

assess hydrodynamics (3) the double (undisturbed and upright profile) sampling analysis. 

Although the zonation of communities is well described in the world (Lüning, 1990; Barnes 

and Hughes, 1999; Witman and Roy, 2009), and the contribution of hydrodynamics to the 

differentiation of seaweed canopies has been partially investigated, an inter-community study 

of wave exposure at the site level has still to be achieved. In this prospect, the intra-community 

procedure developed in this work may constitute an efficient approach. 
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1. Introduction 

The vertical zonation of organisms is a major structuring pattern in a large variety of 

environments worldwide and particularly in marine ecosystems (Little and Kitching, 1996). 

Sessile engineer species living on rocky shores can shape horizontal populations, also known 

as ³belts,´ which vertical extension depends on several physical pressures modulated by tidal 

conditions (Raffaelli and Hawkins, 1999; Dahlhoff, 2004). In the case of seaweeds, up to six 

different macroalgal belts may develop on sheltered rocky shores in the Northeast Atlantic 

(Cabioc'h et al., 2014). Their expansion is controlled by abiotic pressures related to tide 

oscillations such as desiccation, UV radiations, temperature, and salinity (Chappuis et al., 

2014). These pressures are considered as the major limiting factors for the development of 

sessile ecosystem engineers and rather determine the upper level of the intertidal zone 

(Schonbeck and Norton, 1978; Helmuth and Hofmann, 2001; Somero, 2002). Biological 

interactions, such as competition for substratum or predation, also play a major role in 

conditioning the vertical limits of sessile organisms (Paine, 1966; Schonbeck and Norton, 1980; 

Underwood, 1981; Hawkins and Hartnoll, 1985). Grazers and particularly limpets also affect 

the distribution boundary of macroalgae by reducing their extension in the upper shore 

(Underwood and Jernakoff, 1984). However, the resulting vertical extension also varies 

according to the local tide range as well as the potential occurrence of spray (Druehl and Green, 

1982; Mettam, 1994; Hobday, 1995; Harley and Helmuth, 2003; Gilman et al., 2006). 

Upper intertidal macroalgal communities are characterized by a low diversity including 

dominating Fucales that are morphologically (Chapman, 1987) and physiologically (Schonbeck 

and Norton, 1978; Connan et al., 2004) adapted to long periods of emersion, living together 

with a few Rhodophyta species (Ar Gall and Le Duff, 2014). In contrast, the lower-shore levels 

generally show larger numbers of macroalgal species, corresponding to highly structured 

communities (Connan, 2004; Scrosati and Heaven, 2007; Ar Gall and Le Duff, 2014). 

Besides shore elevation, hydrodynamics is often considered as the second main abiotic 

factor conditioning the distribution of seaweeds in the intertidal zone (Menge and Branch, 2001; 

Bird et al., 2013). Proxies are usually used to assess the effects of hydrodynamics, mostly based 

on in situ monitoring or remote-sensing methods (Jones and Demetropoulos, 1968; Palumbi, 

1984; Fuji, 1988; Helmuth and Denny, 2003), coastal topography-derived estimates (Burrows 

et al., 2008), as well as exposure models (Sundblad et al., 2014; Varing et al., 2017). 

Hydrodynamics is known to affect both the attachment and the development of macroalgae on 
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rocky shores (Denny and Wethey, 2001; Pratt and Johnson, 2002). It may also condition the 

extension and the structure of intertidal seaweed communities and associated assemblages 

horizontally, by promoting/disturbing the development of organisms both at local scale (Burel 

et al., 2019c) and at regional scale (Zacharias and Roff, 2001; Gaspar et al., 2017). 

Vertical zonation is the main factor influencing assemblages at a regional/local scale at 

least in temperate regions (Petraitis et al., 2008; Chappuis et al., 2014). Hydrodynamics is 

known to modulate the vertical structure of rocky shores (Lindegarth and Gamfeldt, 2005; 

Gilman et al., 2006). Moreover, increasing water velocities occur with decreasing bathymetric 

levels (Denny and Gaylord, 2002), suggesting that wave action could have a greater impact on 

the reduction of macroalgal covers in the upper intertidal zone (Cabioc'h et al., 2014). However, 

most of these studies considered populations/communities either singly or as a whole on the 

entire intertidal zone, whereas the pluri-community approach of the intertidal zone has often 

been understudied (Ar Gall et al., 2016). Therefore, to better understand structure variations 

between communities distributed on the shore, it is essential to determine how elevation vs. 

hydrodynamic conditions modulate the development of their constitutive species. 

This study aimed at (1) determining how the wave height and elevation are related on 

the shore, (2) assessing how and how much the period of the year may influence wave heights 

and their effect on the structure of macroalgal communities, and (3) identifying the respective 

roles of elevation and wave height on both the extension and the structure of seaweed 

communities. To address these questions, average wave heights were deduced from in situ 

pressure monitoring and elevation from a digital terrain model (DTM) over six vertically 

distributed macroalgal communities on the coasts of Western Brittany (Northeast Atlantic). The 

study was conducted at two different periods of the year to test the intraannual variability of the 

structure of macroalgal communities and of hydrodynamics. 

2. Material and methods 

2.1. Sites and communities 

This study was carried out at small scale on three sites of the coast of Northwest Brittany 

about 15 km from each other: Porsal (48° 33.848ƍ N/4° 42.309ƍ W), Porspoder (48° 28.876ƍ 

N/4° 46.293ƍ W), and the Isle of Segal (48° 26.330ƍ N/4° 47.376ƍ W). The size of sampled shores 

range between 150 and 500 m horizontally and 50±200 m cross-shore, and maximal tidal ranges 

are around 8 m. The three sites are seaweed dominated and highly similar intertidal zones, with 
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shore slopes ranging from 3 to 6% and the six successive macroalgal communities typically 

found in the Northeast Atlantic vertically distributed on the shore. These macroalgal 

communities were dominated, from the higher intertidal zone to the subtidal fringe, by the 

Fucales (1) Pelvetia canaliculata, (2) Fucus spiralis, (3) Ascophyllum nodosum/Fucus 

vesiculosus, (4) Fucus serratus, (5) Himanthalia elongata/Bifurcaria bifurcata, and (6) by the 

kelp Laminaria digitata. They are referred to, respectively, as Pc, Fspi, An ± Fves, Fser, He ± 

Bb, and Ld hereafter. The aforementioned communities cover large areas of the rocky 

substratum and develop canopies sheltering smaller macroalgal species. 

2.2. Sampling methods 

2.2.1. Sampling of macroalgal communities 

Field sampling was carried out at two periods of the year, early summer (July 2017) and 

late autumn (mid-November to mid-December 2017) which is stormier and wavier. For each 

period, the three sites were sampled during a 1-week period. At low tide, macroalgal sampling 

was performed using a 1.65 × 1.65 m mobile grid structure divided into 25 quadrats (0.33 × 

0.33 m). Each sampling area or spot was evenly spaced and delimited by this mobile grid of ca. 

2.72 m2. Sampling spots were located using GPS positioning (Garmin GPS-73) and pictures, 

to find them from one period to the other. Macroalgal cover was visually determined and 

classified within five percentage intervals: ]0±5[, [5±25[, [25±50[, [50±75[ and [75±100]. At 

each site, three sampling spots were positioned within each of the six communities. 

Two methods were used to describe macroalgal community composition and structure: 

undisturbed sampling and upright profile sampling (Burel et al., 2019c). Undisturbed sampling 

describes the distribution of canopy-forming species and main structural groups when thalli are 

lying on the substratum at low tide. Therefore, only dominating species of Phaeophyceae and 

large groups of seaweeds (other Phaeophyceae, erect and crustose Rhodophyta, Chlorophyta) 

are considered in this sampling method. Macroalgal undisturbed cover was estimated on the 

area defined by the 1.65 × 1.65 m mobile grid structure. Upright profile sampling aims at 

describing the spatial structure of macroalgal communities during immersion. In this method, 

the sampled area was defined by the cumulated surface of three 33 cm × 33 cm quadrats 

randomly chosen within the mobile grid structure (i.e., about 0.33 m2 per spot). In this case, 

the cover of all seaweed species was obtained from the vertical projection of their thallus onto 

the substratum. Only individuals or patches larger than 5 mm were considered and ranked 
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among four macroalgal strata, defined as crustose, micromeiobiotic (< 30 cm), macrobiotic (30±

100 cm), and mega-megalobiotic (> 100 cm). If needed, samples were taken, and species were 

identified in the laboratory. 

For both undisturbed and upright profile samplings, medians of percentage intervals 

were used to calculate the average cover of taxa or groups of taxa per community. Using upright 

profile sampling data, the mean species richness (S) was defined as the total number of 

species/taxa determined per sampled spot and averaged per community. The ecological state of 

communities was evaluated using diversity indices such as Shannon±Wiener (or Hƍ) and 

Simpson (or D) and structural indices like the index of community structure (Ics, Ar Gall and 

Le Duff, 2014) and the R/P (Rhodophyta/Phaeophyceae) ratio. 

2.2.2. Environmental parameters 

Mini-Diver recorders were used to monitor in situ pressure every 25 s during 1 week. 

The 9-cm-long probes were attached onto the substratum in each sampling spot using two fixing 

points. Pressure measurements were extracted from Mini-Diver recorders using Diver Office 

2017. The absolute pressure (Pabs) was recorded per spot in the field without taking into 

account the effects of turbulence, whereas a control recorder was used to subtract the 

atmospheric pressure (Patm) from Pabs to obtain the water pressure (Phydro). Data for each 

high tide were then isolated, and a polynomial regression wasapplied to the tide signal. Thereby, 

the signal was flattened, and the 40 extreme values (highest and lowest values) were selected 

to estimate wave heights. 

The vertical elevation of sampled macroalgal communities was determined by 

Geographic Information System (GIS). Each sampling spot was located by GPS coordinates, 

allowing a post-treatment by GIS. QGIS was used to integrate the sampling spots as vector 

layers. Then, a high-resolution digital terrain model, Litto3D (Louvart and Grateau, 2005), 

allowed attributing a vertical elevation at each sampling spot (20-cm vertical accuracy) using 

the ³Point sampling tool´ plugin. This method does not take into account the slope effect. 

2.3. Data analysis 

Data analyses were conducted using R environment (R Development Core Team 2017). 

The normality was assessed on all biological and physical data sets with Shapiro±Wilk tests. 

Homoscedasticity was then tested by Bartlett/Levene tests. Macroalgal community diversity 
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and indices were compared between sites or communities using Kruskal±Wallis (KW) tests. A 

two-way ANOVA was performed on wave height values, with community and season as 

factors, and pairwise differences were analyzed using Tukey HSD post hoc test. To identify 

correlations between species and physical variables, Pearson¶s r coefficients were calculated. 

Principal component analyses (PCA) were created with the FactoMineR package (Lê et al., 

2008) using macroalgal covers from undisturbed and upright profile sampling methods. A 

hierarchical clustering on principal components (HCPC) and an ordination were then applied 

to the PCA to identify similar groups of vegetation using HCPC function from the FactoMineR 

package (Lê et al., 2008). Euclidean distances were used to group the sampling spots into 

clusters. The clusters defined by this method were then delimited on the PCA matrix. 

To determine how physical factors are interacting with the development and structure 

of macroalgal communities, redundancy analysis (RDA) was performed out with vegan 

package (Oksanen et al., 2013). Macroalgal cover from undisturbed or upright profile sampling 

was used as response variable, whereas the latitude, wave height, and elevation were the 

explanatory variables. An ANOVA was then applied to variables of the RDA to determine if 

the reduced model was significant, and if so, a constrained ordination was conducted to 

determine which explanatory variable was mostly involved in differentiating the vegetation. 

Variation of communities was then partitioned with respect to explanatory variables. The 

relative importance of explanatory variables and their degree of interaction were summarized 

in Venn diagrams. 

3. Results 

3.1. Hydrodynamical features of the studied shores 

In the three selected sites, the sampled area extended vertically from ca. 0.7 to 6.8 m 

above chart datum. For each community, the lowest, median, and highest values of elevation 

are given in Table 2. Three groups differed significantly according to their elevation (KW, p-

value < 0.001). The first group included the communities from upper to middle intertidal levels 

(Pc, Fspi, and An ± Fves), the second one from middle to low intertidal levels (An ± Fves, Fser, 

and He ± Bb), and the last one from low intertidal levels to the subtidal fringe (Fser, He ± Bb, 

and Ld). These groups were not differentiated and showed at least one community overlapping 

in each case. 
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Wave heights ranged from 15 to 72 cm in early summer and from 17 to 100 cm in late 

autumn. When wave heights were compared considering all communities and both seasons, 

significant differences were revealed (two-way ANOVA, F = 6.19 for the community factor 

and F = 23.42 for the period factor, p-value < 0.001) (Figure 37). Wave heights were negatively 

correlated with elevation (r = í0.40), with lowest values recorded in the upper intertidal levels 

and highest values recorded in the low intertidal zone. This correlation was stronger in late 

autumn (r = í0.52) than in early summer (r = í0.34) (Figure 38). Two ranges of wave heights 

occur in the intertidal zone: homogeneous values, never exceeding 50 cm on lower levels of the 

shore. 

Table 2: Results obtained for six seaweed communities in three sites for two periods, i.e., period 1 = 

early summer and period 2 = late autumn. Elevation is attributed via GIS process with [minimal-] 

average and [-maximal] values of elevation in meters. Wave heights determined by Mini-Diver 7-day 

recordings with [minimal-] average and [-maximal] values of wave heights in centimeters. S: mean 

species richness (± standard deviation).Hƍ: values of the Shannon-Wiener index (± standard deviation). 

D: values of the Simpson index (± standard deviation). R/P: proportion of Rhodophyta versus 

Phaeophyceae seaweed species (± standard deviation). Ics: values of the index of community structure 

(± standard deviation) (Ar Gall and Le Duff 2014) 

Globally, wave heights were significantly higher in late autumn (47.6 ± 19.5 cm) (t-test, 

p-value < 0.001). However, when focusing on the early summer period, no significant 

difference in wave height values was evident between communities, revealing relatively 

homogeneous hydrodynamical conditions (34.3 ± 10.1 cm). On the contrary, in late autumn, 

Community Pc Fspi An ± Fves Fser He ± Bb Ld 
Elevation (both 
periods) 

[5.8-] 6.3 [-
6.8] 

[4.9-] 5.6 [-
6.2] 

[3.0-] 3.9 [-
4.4] 

[1.5-] 2.4 [-
2.9] 

[1.4-] 1.9 [-
2.8] 

[0.7-] 1.3 [-
1.9] 

Wave heights (both 
periods) 

[16.49-] 
31.37 [-
46.90] 

[15.64-] 
31.25 [-
45.03] 

[21.67-] 
39.28 [-
61.92] 

[23.01-] 
45.10 [-
97.53] 

[22.06-] 
49.20 [-
99.70] 

[21.37-] 
49.66 [-
80.95] 

Wave heights 
(Period 1) 

28.83 ± 10.03 28.89 ± 10.25 31.74 ± 9.02
 
 35.18 ± 8.70 39.74 ± 15.23 41.64 ± 19.11 

Wave heights 
(Period 2) 

33.92 ± 9.19 33.61 ± 6.60 46.82 ± 9.22 55.03 ± 25.37 58.65 ± 24.46 57.68 ± 17.19 

S (Period 1) 6.0 ± 1.2 11.0 ± 4.0 21.8 ± 5.0 25.8 ± 5.3 31.8 ± 5.7 26.5 ± 6.4 
S (Period 2) 6.75 ± 1.4 11.25 ± 3.6 21.75 ± 2.4 21.75 ± 4.8 24.75 ± 3.1 24.50 ± 5.6 
H' (Period 1) 1.30 ± 0.27 1.60 ± 0.35 2.28 ± 0.30 2.40 ± 0.23 2.59 ± 0.42 2.28 ± 0.39 
H' (Period 2) 1.27 ± 0.25 1.58 ± 0.36 2.46 ± 0.15 2.22 ± 0.33 2.57 ± 0.22 2.33 ± 0.27 
D (Period 1) 0.65 ± 0.11 0.73 ± 0.08 0.84 ± 0.06 0.86 ± 0.03 0.87 ± 0.06 0.84 ± 0.06 
D (Period 2) 0.66 ± 0.08 0.74 ± 0.08 0.88 ± 0.03 0.84 ± 0.05 0.89 ± 0.04 0.85 ± 0.05 
R/P (Period 1) 0.85 ± 0.47 1.62 ± 0.73 4.67 ± 1.75 4.17 ± 1.54 8.88 ± 4.82 3.92 ± 1.47 
R/P (Period 2) 0.97 ± 0.42 2.40 ± 2.34 4.54 ± 1.00 5.34 ± 3.48 7.86 ± 3.56 5.25 ± 2.12 
Ics (Period 1) 0.65 ± 0.10 0.85 ± 0.21 1.36 ± 0.15 1.22 ± 0.15 1.21 ± 0.16 1.48 ± 0.17 
Ics (Period 2) 0.66 ± 0.16 0.91 ± 0.18 1.34 ± 0.17 1.18 ± 0.20 1.12 ± 0.22 1.28 ± 0.22 
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three groups of wave heights were differentiated: a first group including Pc and Fspi with values 

significantly lower than in He ± Bb and Ld; a second group corresponding to An ± Fves and 

Fser, showing no significant difference with any of the other groups; and a third one, pooling 

He ± Bb and Ld.  

 

 

Figure 37: Wave height measured for the six intertidal macroalgal communities found in Brittany 

according to two periods of recording (in grey early summer and in white late autumn). Boxes represent 

values of the interquartile range and the thick band in each box the median value. Whiskers represent 

values within 1.5 of the quartiles and dots outliers. Letters refer to statistical differences (two-way 

ANOVA). Macroalgal communities are Pc = Pelvetia canaliculata, Fspi = Fucus spiralis, An ± Fves = 

Ascophyllum nodosum ± Fucus vesiculosus, Fser = Fucus serratus, He ± Bb = Himanthalia elongata ± 

Bifurcaria bifurcata, Ld = Laminaria digitataZ 
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3.2. Variations of macroalgal communities structure between sampling periods 

Ecological and diversity indices, mean specific richness, and index of community 

structure are summarized in Table 2. During both periods of sampling, a total of 114 macroalgal 

taxa were identified (13 Chlorophyta, 78 Rhodophyta, 23 Phaeophyceae). The number of 

species showed no significant difference between periods, with 103 taxa in summer (13 

Chlorophyta, 71 Rhodophyta, 19 Phaeophyceae) and 90 taxa in autumn (10 Chlorophyta, 62 

Rhodophyta, 18 Phaeophyceae) (Mann ± Whitney U test, p-value = 0.37). Also, no significant 

differences were found between periods for the diversity indices Hƍ, D as well as for R/P ratio. 

Figure 38: Relationship between elevation and wave heights in the intertidal zone of three sites of 

Brittany. Elevation above chart datum (in m) is deduced using a DTM by GIS treatment. Wave heights 

(in cm) are measured during a 1-week period according two periods of recording: early summer shown 

in black dots and late autumn in grey dots. Lines correspond to linear trendline with the Pearson 

correlation coefficient given for two periods; black line corresponds to early summer and grey to late 

autumn 
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Concerning the Ics, a significant difference was observed for the Ld community, with higher 

values observed in summer (1.48 ± 0.17 in summer and 1.28 ± 0.22 for autumn). 

When considering macroalgal cover variations between periods, no differences were 

observed for either the dominant Phaeophyceae cover (53.4% in summer to 50.6% in autumn) 

or the non-dominant Phaeophyceae cover (1.5% for both periods). The same conclusion was 

observed for the cover of erect Rhodophyta with the absence of significant differences between 

summer and autumn (16.4 and 20.8%, respectively). A greater occurrence of the foliose 

Rhodophyllis divaricata and the filamentous Ceramium echionotum was nevertheless observed 

in summer and most particularly in Fser and He ± Bb communities (a rise from 0.33 to 3.4% 

for the first and from total absence to 5.4% for the second). Even though no significant 

difference was evidenced, the increasing abundance of another Ceramium species, namely 

Ceramium virgatum, was noticed ranging from 0.33% in autumn to 3.42% in summer in He ± 

Bb. When considering the crustose Rhodophyta, a significant difference was observed with 

greater occurrences in autumn, (14.6%) compared with summer (7.1%) (Mann±Whitney U test, 

p-value < 0.001). Differences were also observed for the total cover of green macroalgae that 

may reach great abundances on the shore during the warm period (3.9% in autumn, 6.5% in 

summer, t-test, p-value < 0.05) and particularly for the filamentous Acrosiphonia spinescens in 

Fser and He ± Bb (from the absence in autumn to 1.6% in summer and from 0.01% in autumn 

to 4.8% in summer respectively, t-test, p-value < 0.05) and for the tubular Ulva compressa in 

An ± Fves (1.4 in autumn, 8.2% in summer, t-test, p-value < 0.05). 

3.3. Macroalgal communities, effects of waves, and elevation 

The following analysis includes datasets from both sampling periods. 

3.3.1. Upright profile structure 

Ecological indices and mean specific richness showed lower values in the high-level 

communities (Pc and Fspi), significantly different from the other communities (KW, p-value < 

0.001). Thus, elevation was negatively correlated with the mean specific richness (r = í0.80), 

the Shannon±Wiener index (r = í0.74), and the Ics (r = í0.69). Increasing wave heights showed 

positive correlations with the cover of erect Rhodophyta (r = 0.41), mainly for Gelidium 

pulchellum (r = 0.47) and Ellisolandia (Corallina) elongata (r = 0.55) but also for the crustose 

Mesophyllum lichenoides (r = 0.50).  
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A PCA was conducted using the cover of every macroalgal species (i.e., upright profile) 

for each replicate and is presented in Figure 39. Percentages showing relatively low values are 

obtained with the first dimension explaining 8.5% and the second one 6.6% of the total variance. 

Several canopy forming or understory species contribute to the first axis of the PCA such as 

Chondrus crispus, Ulva sp., or Himanthalia elongata. Axis 2 is defined by epiphytic 

filamentous species such as Ceramium virgatum or Monosporus pedicellatus. Four clusters are 

identified by HCPC, showing different species composition and including between 50 sampling 

spots (cluster 3) and 5 spots (cluster 4). Cluster 1 was well defined by the presence of both the 

erect Rhodophyta Catenella caespitosa and the crustose Hildenbrandia rubra, and it included 

100% of Pc and Fspi sampling spots. Cluster 2 was characterized by the presence of both the 

erect Lomentaria articulata and the crustose Phymatolithon lenormandii, with 100% of 

Figure 39: Principal component analysis (PCA) of composition and upright structure of intertidal 

macroalgal communities for three sites from Brittany. a) The clusters defined here results from a 

hierarchical clustering on the PCA data revealing five clusters well defined by their understory structure. 

Cluster 1 dominated by Catenella caespitosa and Hildenbrandia rubra. Cluster 2 dominated by 

Lomentaria articulata and Phymatolithon lenormandi. Cluster 3 dominated by Lithophyllum incrustans, 

Mesophyllum lichenoides, Chondrus crispus, and Chondracanthus acicularis. Cluster 4 dominated by 

Rhodymeniales and Saccharina latissima, and Cluster 5 dominated by Codium tomentosum (one 

sampled spot in early summer). b) Vector map showing the 10 species contributing the most to the PCA 

construction (black continuous lines). Illustrative environmental (blue dashed lines) and ecological state 

indices (red dashed lines) not contributing to the PCA are shown. Acr spi Acrosiphonia spinescens, Asp 

arm Asparagopsis armata, Cer vir Ceramium virgatum, Cho cri Chondrus crispus, Elev elevation, Gas 

ova Gastroclonium ovatum, Gri cor Griffithsia corallinoides, Him elo Himanthalia elongata, Ics index 

of community structure, Mon ped Monosporus pedicellatus, S mean species richness, Sac lat Saccharina 

latissima, Ulv sp Ulva sp., Wh wave height 
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sampling spots of An - Fves and 20% of Fser. Cluster 3 included various crustose (Lithophyllum 

incrustans + Mesophyllum lichenoides) and erect Rhodophyta (Chondrus crispus + 

Chondracanthus acicularis). It constituted the largest cluster grouping 80% of Fser, 85%of He 

± Bb, and 85% of Ld. Cluster 4 was characterized by the occurrence of the kelp Saccharina 

lattissima and several Rhodymeniales species with only 10% of He ± Bb and 15% of Ld. A fifth 

cluster was characterized only by the summer development of the green Codium tomentosum 

on a single spot and might be considered as an outlier, so it will not be treated further in the 

text. Since low percentages of variance are obtained with both dimensions of the PCA, no 

further multivariate analysis has been conducted on the upright profile structure. Therefore, the 

clustering presented in Figure 39 is based only on intrinsic characteristics of the vegetation. 

3.3.2. Undisturbed community structure 

As achieved with the upright profile, another PCA was conducted on the undisturbed 

structure taking into account the cover of canopy-forming species (Figure 40). Percentages of 

variance were higher compared with those of the upright profile: the first dimension explaining 

17.3%and the second 11.5%of the variance. The cover of upper intertidal taxa Pelvetia 

canaliculata and lichen species are contributing the most to axis 1 construction, while low 

intertidal species such as Laminaria digitata and Himanthalia elongata are mostly involved in 

the axis 2 construction. Again, a HCPC was applied to the PCA and resulted in three clusters 

showing similar sizes: between 47 and 33 sampling spots considered. Cluster 1 included 

communities from the upper intertidal zone and was characterized by the dominance of the 

Fucales P. canaliculata and F. spiralis, and it included 100% of sampling spots of the Pc and 

Fspi communities. It was well separated from the two other clusters by the first dimension of 

the PCA. Cluster 2 included communities from the mid intertidal zone and is the largest one. It 

was characterized by the dominance of the Fucales F. serratus and A. nodosum including 100% 

of sampling spots of An -Fves, 95% of Fser, and 40% of He ± Bb. Cluster 3 grouped the low 

shore communities and was characterized by the dominance of the Fucales H. elongata and the 

kelp L. digitata, containing 100% of sampling spots of Ld, 60% of He ± Bb, and 5% of Fser. 

Thus, these clusters distinguished the macroalgal communities better than the upright profile 

clustering, and so we used them for the further intercommunity analysis. 

A RDA was then conducted on all of the six macroalgal communities, including 

undisturbed sampling values as response variables and using elevation, site (latitude), and 

average wave heights as explanatory variables. A total of 17.4% of the variance was explained 
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by the explanatory variables. A constrained ordination revealed that two explanatory variables 

affect significantly the variance of macroalgal communities within the intertidal zone: mostly 

elevation (13.7%), then wave height (0.8%), and their combination (2.9%) (Figure 41a). 

Another RDA has then been achieved on each cluster defined by the HCPC and based on the 

undisturbed structure (Figure 40). For the upper-shore cluster Pc/Fspi, 45% of the variance was 

explained by abiotic factors, elevation, or wave height (ANOVA, F = 10.17, p-value < 0.001). 

The constrained ordination revealed that the entire variance due to abiotic factors was explained 

by the elevation (i.e., no effect of wave height). For the mid-shore cluster, An - Fves/Fser and 

He ± Bb pro parte, 46.2% of the variance was explained by the elevation and/or wave heights 

(ANOVA, F = 13.97, p-value < 0.001). Elevation was also the factor influencing mostly 

macroalgal communities with 41.7% explained, then wave height (2.5%) and their combination 

(2%). In the lower-shore cluster, He ± Bb/Ld, 34% of the variance was explained by the studied 

environmental factors (ANOVA, F = 5.53, p-value < 0.001), elevation for 13.9%, wave height 

for 3.4%, site for 4.2%, and wave height plus site for 12.5% (Figure 41b). 

 

 

Figure 40: Venn diagrams obtained by a constrained ordination, describing the abiotic factors 

(elevation, wave heights, and site effect) influencing the most the extension and composition of canopy-

forming rockweed in three sites of Brittany when considering a the whole intertidal zone (from ca. 0.7 

to 6.8 m above chart datum) and b three clusters of characteristics canopy-forming rockweeds: cluster 1 

dominated by Pelvetia canaliculata and Fucus spiralis, cluster 2 dominated by Ascophyllum nodosum 

and Fucus serratus, and cluster 3 dominated by Himanthalia elongata and Laminaria digitata 
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Figure 41: Principal component analysis (PCA) of the undisturbed canopy structure for three sites from 

Brittany. a) The clusters defined here result from a hierarchical clustering on the PCA data revealing 

three clusters well defined by their canopy-forming seaweeds. Cluster 1 dominated by Pelvetia 

canaliculata and Fucus spiralis, cluster 2 dominated by Ascophyllum nodosum and Fucus serratus, and 

cluster 3 dominated by Himanthalia elongata and Laminaria digitata. b) Vector map showing the five 

variables contributing the most to the PCA construction (black continuous lines). Illustrative 

environmental (blue dashed lines) and ecological state indices (red dashed lines) not contributing to the 

PCA are shown. Elev elevation, cru crustose Rhodophyta, Him elo Himanthalia elongata, Ics index of 

community structure, Lam dig Laminaria digitata, lich lichens, Pel can Pelvetia canaliculata, S mean 

species richness, Wh wave height 
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4. Discussion 

This study aimed at investigating the role of both wave height and elevation in the 

development and structuring of intertidal macroalgal communities. Given that reliable proxies 

are essential to consider dynamics and changes in marine communities (Snickars et al., 2014), 

the procedure developed by Burel et al. (2019c) to test the ecological status of macroalgal 

intertidal communities as a function of hydrodynamics has been followed. To disentangle the 

effect of elevation vs. the effect of wave height on seaweed communities, their vertical position 

has been assessed using GIS treatment. Although wave heights measured in this study are 

relatively low compared with fauna dominated shores (Bell and Denny, 1994; Shanks et al., 

2017a), they are consistent with results from previous studies on seaweed-dominated 

environments using either the same approach (Burel et al., 2019c) or buoy recording (Gilman 

et al., 2006). This statement tends to confirm the relevance of our proxy. Besides, the use of 

digital terrain model to describe both the elevation and the complexity of topography in coastal 

regions is a relatively recent way to predict biological patterns and model habitats (Bekkby and 

Isæus, 2008; Meager et al., 2011). Indeed, GIS techniques used to deduce the elevation from 

GPS coordinates give consistent results to describe stable environments, such as rocky shores. 

Moreover, they are time-saving procedure, when compared, with cumbersome approaches that 

imply much more field work, like differential global positioning system.  

A negative correlation was found between wave heights and elevation with increasing 

values of wave heights in lower levels of the shore, i.e., with decreasing elevation. Thus, low 

shore communities bear rougher wave height conditions (Gaylord, 1999). Such an outcome may 

be explained by the dissipation of wave energy when entering shallow waters due to the seabed 

topography, which induces wave breaking and/or top breaking (Rattray et al., 2015). In 

particular, the present study reveals that wave height follows two trends depending on the 

intertidal level: for elevations higher than 4 m above chart datum, wave heights range between 

15 and 50 cm, while at a lower elevation, they encompass a greater range, varying from 20 to 

100 cm. Wave heights are higher at lower shore (i.e., waves reaching the shore with a deeper 

water column underneath), an opposite trend to the water velocities which tend to be larger with 

decreasing water depth (see the velocity model for unbroken waves in Denny and Gaylord 

(2002)). Such differences could find their origin in the fact that the velocity model used in 

Denny and Gaylord (2002) is based on unbroken waves, whereas breaking wave velocities are 

higher but are also more difficult to predict (Holthuijsen, 2010). Furthermore, model data 

frequently show a gap when confronting predicted values to in situ measurements (Gaylord, 
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2000). Therefore, the development of concurrent in situ measurements of hydrodynamical 

parameters such as velocity and orbital speeds together with wave heights might constitute a 

helpful way to clarify the structuring role of each hydrodynamical parameter at different levels 

of the shore. 

Considering the sampling periods tested in this study, results reveal that wave heights 

are 30% higher in late autumn compared with those recorded in early summer. This may clearly 

be related to rougher sea conditions when getting closer to winter (Gonçalves et al., 2014; 

Guillou and Chapalain, 2015). Our results suggest therefore that late autumn (and probably 

winter) tends to condition more strongly the ecological state of macroalgal communities. For 

instance, the lower shore community dominated by the kelp L. digitata undergoes larger waves 

and shows lower Ics (index of community structure) values in late autumn. However, the use 

of complementary ecological indices did not reveal any significant difference between the two 

sampling periods at the other intertidal levels. Nevertheless, the cover of several species varied 

between the two periods, a result which could as well be related to season-dependent 

environmental variations but not necessarily to hydrodynamics. Indeed, some taxa mostly 

considered as opportunistic, such like Acrosiphonia spinescens, Rhodophyllis spp., Ulva spp., 

or most of the Ceramium spp., mainly develop in early summer and remain cryptic almost 

completely at the end of autumn (Orfanidis et al., 2011; Guinda et al., 2014; Malavenda et al., 

2017). However, these changes in taxa composition do not necessarily deeply impact the global 

community structure neither the overall diversity of the studied rocky shores. 

Effects of wave height and elevation explain more than 17% of the variance when 

considering the whole intertidal zone (i.e., the six communities together). It appears that the 

major part of variance is explained by the elevation (§ 14%), whereas hydrodynamics plays a 

minor role (< 1%). Therefore, the results presented here tend to confirm on one hand the major 

role of the vertical zonation in differentiating the communities (Heaven and Scrosati, 2008; 

Chappuis et al., 2014) but also, on the other hand that elevation alone does not allow a clear 

and complete differentiation of the communities (Druehl and Green, 1982; Harley and Helmuth, 

2003; Scrosati and Heaven, 2007). More specifically, strong relationships are found between 

elevation and the cover of the characteristic taxa found at the boundary of the intertidal zone, 

i.e., P. canaliculata, F. spiralis, and lichens in the upper levels of the shore and H. elongata, L. 

digitata, and several Rhodophyta in the lower levels. An enhancement of macroalgal diversity, 

mean species richness, and community structure may also account for lower abiotic pressures 

occurring in lower levels (Choi and Kim, 2004; Scrosati et al., 2011; Ar Gall and Le Duff, 
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2014). Nevertheless, residuals of the RDA remain high (82%) and include the effects of biotic 

interactions that are known to be a strong structuring factor of macroalgal communities, 

together with abiotic factors that would need to be evaluated in further studies, e.g., 

temperature, irradiance, substratum composition, wave velocity, etc. (Watt and Scrosati, 2013; 

Pocklington et al., 2017). 

The impact of elevation and wave height varies according to the clusters defined by the 

statistical analysis of the undisturbed structure. In the upper-shore cluster Pc/Fspi, the RDA 

reveals that 45% of the total variance is explained by elevation. The high similarity of Pc and 

Fspi communities has been already reported in previous studies (Connan, 2004; Ar Gall et al., 

2016). The structure of these two assemblages is comparable, with small canopy-forming 

species hosting few understory species. They also exhibit significantly lower values of 

ecological indices when compared with the communities of the lower shore. In the mid-shore 

cluster An ± Fves/Fser, elevation also explains more than 40% of the variance. In this case, 

canopy species are larger in size and are associated with higher number of understory species 

when compared with those from the upper-shore cluster. It has to be noticed that in both 

clusters, seaweed species are genetically adapted and so selected to withstand long periods of 

emersion (Zardi et al., 2011). Since wave height has little effect on the structure of these 

communities, the difference in size between canopy forming species might be explained by the 

effect of other components of hydrodynamics such as shear stresses and/or velocity). In the 

lower-level cluster, He ± Bb/Ld, 14% of variance is explained by elevation, 3% by wave heights, 

4% by the site characteristics, and 13% by the interaction of wave height and site. This larger 

distribution of variance reveals a more complex organization than at higher levels of the shore, 

with a reduced level of adaptation to emersion conditions allowing the expression of other 

factors in the structuring of communities. 

The clusters obtained by the PCA of the upright profile structure of communities are 

similar in the upper level of the shore but differ in mid and lower levels. This discrepancy is 

first due to the fact that clustering is only based on the upright profile structure and does not 

take into account the effect of environmental factors. In addition, the undisturbed structure 

relies mainly on canopy species which directly withstand emersion conditions while the upright 

profile structure is more related to the development of understory strata (microhabitat level). 

Thus, understory species are only vicariously impacted by wave heights and elevation. They 

may also grow under the cover of several different canopy species, resulting to their extent 

through two to three communities (Bertolini, 2018). However, understory species may play the 
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role of engineer species when forming turfs in habitats at low shore (Schaal et al., 2016). In 

particular, turf-forming species such as Chondrus crispus, Gelidium pulchellum, and E. 

elongata together with crustose species like Mesophyllum lichenoides (Burel et al., 2019c, this 

study) withstand the stressful hydrodynamic conditions and may replace the dominant 

rockweed Phaeophyceae (Burrows et al., 2008; Puente et al., 2016). 

This study revealed that wave heights show higher values in the low intertidal zone, and 

thus, communities developing at this level bear rougher hydrodynamical conditions. As 

expected, wave heights were higher during the late autumn period, although such difference 

does not seem to have an impact on the macroalgal community structures. As reported in Burel 

et al. (2019c), wave heights are the main abiotic factor influencing the inner structure of 

macroalgal communities at local scale. In comparison, in the present study adopting an 

intercommunity approach, a more balanced contribution of hydrodynamics to the 

differentiation of intertidal macroalgal communities has been evidenced, with a more 

significant impact of elevation. To develop a more comprehensive approach of the impact of 

these environmental factors on intertidal macroalgal communities, and, beyond on 

corresponding assemblages, further studies integrating the associated fauna and biotic 

interactions should be undertaken (see Jonsson et al., 2006; Golléty et al., 2011; Scrosati, 2017). 

  



94 
 

Conclusion du chapitre 1 

Ce chapitre met en évidence dans un premier temps le rôle primordial de l¶h\dURd\namisme, 

évalué par la hauteur moyenne des vagues, dans la structuration interne des communautés de 

macroalgues. Son effet se traduit en particulier par la modulation du pourcentage de 

recouvrement des Fucales dominantes, et également par un développement accrX d¶eVSqceV 

d¶algXeV URXgeV TXand l¶inWenViWp de l¶e[SRViWiRn aXgmenWe. DanV Xn VecRnd WemSV, l¶pWXde 

inter-cRmmXnaXWaiUe a miV en pYidence le U{le eVVenWiel de l¶plpYaWiRn VXU l¶eVWUan SRXU 

expliquer les différences structurelles des communauWpV. L¶h\dURdynamisme est un facteur de 

VWUXcWXUaWiRn nRn VignificaWif aX milieX eW en haXW de l¶eVWUan. Il inWeUYienW WRXWefRiV danV la SaUWie 

baVVe de l¶eVWUan en pTXilibUanW l¶inflXence de l¶plpYaWiRn, danV deV enYiURnnemenWV mRinV 

impactés par les contraintes liées j l¶pmeUViRn.  
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Chapitre 2 : InflXence de l¶h\dURd\namiVme 
sur les assemblages macroflore ± macrofaune 
Ce chaSiWUe dpcUiW le U{le de l¶h\dURd\namiVme danV la VWUXcWXUaWiRn deV aVVemblageV 

macroflore ± macURflRUe. PaU cRnVpTXenW, l¶pchanWillRnnage biologique appliqué aux 

macroalgues a été étendu à la faune sessile et aux principales espèces de brouteurs associées 

aux habitats intertidaux de substrat rocheux.  

La SUemiqUe SaUWie dX chaSiWUe anal\Ve l¶inflXence de l¶h\dURd\namiVme danV la WUanViWion entre 

une dRminance macURalgale eW Xne dRminance de la macURfaXne VeVVile le lRng d¶Xn WUanVecW de 

hauteurs de vague.  

La VecRnde SaUWie cRnceUne l¶inflXence de l¶h\dURd\namiVme VXU leV inWeUacWiRnV enWUe 

macroflore et macrofaune au sein de six assemblages à dominance macroalgale échantillonnés 

VXU cinT eVWUanV de la SRinWe bUeWRnne. L¶h\dURd\namiVme eVW ici pYalXp VelRn deX[ SUR[\V, la 

hauteur de vagues in situ eW l¶angle de la SenWe aX niYeaX deV SRinWV d¶pchanWillRnnage. 
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2.1 TUanViWiRn d¶Xne dRminance macURalgale j macURfaXnale 
le lRng d'Xn gUadienW d'e[SRViWiRn aX[ YagXeV 
ChaUacWeUi]ing WhUeVhRldV in Whe WUanViWiRn fURm macURalgal WR macURfaXnal dRminance 
alRng a URck\ VhRUe ZaYe e[SRVXUe gUadienW. 
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1. Introduction 

Hydrodynamics is considered as a major horizontal environmental gradient in temperate 

rocky shores (Bird et al., 2013), inducing the occurrence of highly contrasted algal and animal 

assemblages depending on the severity of hydrodynamical conditions (Ballantine, 1961; 

Raffaelli and Hawkins, 1999; Christofoletti et al., 2010). Organisms have adapted their 

morphology, their physiology and their behavior to these gradients (Stiger and Payri, 1999; 

Denny and Blanchette, 2000; Le Pennec et al., 2017; Lalegerie et al., (in press)). However, 

beyond a certain level of turbulence, environmental conditions can too harsh for a species to 

occur (Schiel and Lilley, 2007). This is especially true for canopy forming fucoids, which are 

dominant on sheltered to semi-exposed rocky shores of North Atlantic rocky shores, and host 

numerous understorey organisms for which they provide shelter against biotic and abiotic 

stresses (Eriksson et al., 2007).The structure of the whole associated community may be 

affected by canopy loss, often leading to a decrease of habitat complexity and a drop in local 

diversity (Seed, 1996; Jenkins et al., 1999a). 

Increasing wave exposure is known to dislodge macroalgae (Bell, 1999) and to reduce 

the cover of structuring species (Burel et al., 2019c), while barnacles and other sessile fauna 

(mussels, limpets) are better adapted to wave action (Marchinko and Palmer, 2003; Neufeld 

and Palmer, 2008). In addition, to other environmental factors, intermediate wave exposures 

may also contribute to increase biodiversity (Bruno et al., 2003), keeping up competition 

between organisms under reduced canopies (Scrosati et al., 2011; Gemelli et al., 2019). 

Hydrodynamics can modulate the intensity of grazing (Jenkins et al., 1999a; Jonsson et al., 

2006; Korpinen and Jormalainen, 2008), but also stimulate chemical (Van Alstyne, 1988; Yates 

and Peckol, 1993) and morphological defenses of seaweeds against herbivory (Himmelman and 

Nédélec, 1990). 

In the northeast Atlantic, upper and mid intertidal levels of the rocky shores are 

dominated by either perennial species of Fucales forming dense canopies or by sessile fauna, 

according to wave exposure (Ballantine, 1961; Lüning, 1990; Coppejans, 1995). Species of 

dominating Fucales are vertically distributed in that zone and develop into linear populations 

or belts with from top to bottom, Pelvetia canaliculata, Fucus spiralis, Ascophyllum nodosum 

and Fucus serratus (Johnson et al., 1998). A similar vertical zonation has been described for 

understorey macroalgae (Lewis, 1964), vagile fauna (Boaventura et al., 2002b; Tagliarolo et 

al., 2013) and sessile animals (Foster, 1971). Whatever the usual distinction between typically 
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exposed versus sheltered facies based on the relative abundance of vegetation versus sessile 

fauna and bare bedrock, few is known about the way hydrodynamics determines exactly that 

apparent duality. Results about the effect of in situ wave height on macroalgal communities 

supported the idea of a progressive impact of hydrodynamics on their structure, modulated by 

other factors like the site and the elevation (Burel et al., 2019a,b). A recent work pointed out a 

similar tendency for inner variations of macroalgal ± macrofauna assemblages tempered by 

both shore slope and site (Burel et al., in prep). However, no evidence has been reported so far 

about a gradual transition between macroalgal- and macrofauna-dominated biocenoses from 

well sheltered to highly exposed rocky shores. 

In this study, we focused on the effect of progressive horizontal gradients of 

hydrodynamics on the inner structure of four intertidal macroalgal ± macrofaunal assemblages. 

Using in situ wave height as an exposure proxy, we aimed at determining whether the transition 

from sheltered macroalgae dominated assemblages to exposed sessile fauna dominated 

assemblages was gradual or not. 

2. Material and methods 

2.1 Sampling sites and levels 

The study area was located in the western Brittany, on three sites about 15 km from each 

RWheU: PRUVal (48�33.848ƍN/4�42.309ƍW), PRUVSRdeU (48�28.876ƍN/4�46.293ƍW) and Whe IVle Rf 

Segal (48�26.330ƍN/4�47.376ƍW). On each ViWe, fRXU baWh\meWUic leYelV ZeUe Waken inWR 

account, corresponding to Fucales-dominated communities in sheltered zones (hereafter named 

after the initials of the dominating macroalgae) : (1) the uppermost level (6.26 m ± 0.43) 

corresponding to Pelvetia canaliculata (Pc), (2) the second one (5.77 m ± 0.43 above chart 

datum) to Fucus spiralis (Fspi), (3) the third one around mid-tide level (3.83 m ± 0.72) to 

Ascophyllum nodosum ± Fucus vesiculosus (An ± Fves) and (4) the last one (2.67 m ± 0.37) to 

Fucus serratus (Fser). The lower intertidal zone was not taken into account in this study since 

changes from macroflora to macrofauna dominance are uncommon at this level (see Ballantine, 

1961).  

2.2 Assemblage sampling 

Along shore transects consisting of 12 sampling spots were positioned by GPS and 

images at each level of each site (Figure 42). Sampling was carried out once for each level at 
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four different periods the year: from 30th January to 6th February 2018 for Pc, from 15th to 22nd 

February 2018 for Fspi, from 6th to 13th March 2018 for An ± Fves and from 23rd to 30th April 

2018 for Fser. The sampling of assemblages was performed at low tide, using a mobile plastic 

grid structure of 1.65 * 1.65 m consisting of 25 quadrats of 33 * 33 cm was placed on each 

sampling spot. We used two upright profile methods of sampling defined in (Burel et al., 

2019c). The cover of all seaweed and sessile fauna taxa was estimated visually and in three 

randomly chosen quadrats of the structure. The different taxa were then classified within four 

strata crustose, micro-meiobiotic (< 30 cm), macrobiotic (30±100 cm) and mega-megalobiotic 

(> 100 cm). In parallel, the number of grazers was counted in the same quadrats. Where 

necessary, species identification was undertaken in the laboratory. This method of sampling 

allowed the calculation of numerous indices such as the mean species richness (S) the Shannon-

WieYeU inde[ (H¶) RU Whe inde[ Rf VWUXcWXUe Rf cRmmXniW\ (IcV). 

2.3 Wave height monitoring 

Wave heights were used as a proxy of hydrodynamics. In each sampling spot, a Mini-

Diver recorder was attached to the substratum and measured the pressure every 25s during a 

one-week period. Once recording was achieved, Mini-Divers were removed from the sampling 

spots and carried in the laboratory. Pressure data were downloaded from each recorder, using 

Diver-Office software. A polynomial regression was applied on each tide period in order to 

remove the tide oscillation and giving raw pressure variations generated by waves. Then the 

twenty highest and the twenty lowest pressure values were selected to determine the in situ 

wave height. Wave height values were treated after standardization of the variable to remove 

site effect. 

2.4 Treatment and statistics 

All data were analyzed using the R environment (R Developement Core Team, 2018). 

Pearson's r cRefficienWV ZeUe calcXlaWed, XVing Whe ³cRUUSlRW´ Sackage (Wei and Simko, 2017), 

to test correlations between in situ wave height and biological data (covers of intertidal species 

and ecological indices). 
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3. Results 

3.1 Wave heights 

Waves heights showed large variations, with values ranging from 34.4 to 149.5 cm in 

Pc, from 42.3 to 106.8 cm in Fspi, from 24.5 to 108.7 cm in An ± Fves and from 30.9 to 83.1 

cm in Fser. Figure 42 summarizes the evolution of wave heights along the transect axis. 

Globally, the transect corresponded to an exposure gradient. To track differences between 

assemblages along the exposure gradients, sampling spots were pooled four by four depending 

on wave height. Average wave heights for each group are given in Table 3. While no significant 

difference in wave height was observed between sites for Pc and Fspi levels (KW = 0.27 and 

0.07 respectively), sites differed significantly for both An ± Fves and Fser levels (KW < 0.05), 

with lower wave heights found in Porsal. Since absolute height values differed from a site to 

another, they were standardized allowing a global comparison of biological characteristics per 

level. 

Table 3: wave height values according to the community and the wave regime considered. 

Community Small 
waves 

Intermediate 
waves Large waves Recording 

period 

Pc 52.8 ± 8.0 73.1 ± 12.9 98.1 ± 20.3 30/01 to 
06/02/18 

Fspi 55.9 ± 11.0 66.9 ± 10.7 86.1 ± 14.8 15/02 to 
22/02/18 

An ± Fves 50.3 ± 18.5 56.0 ± 11.38 67.1 ± 17.8 06/03 to 
13/03/18 

Fser 37.5 ± 4.6 49.0 ± 14.2 53.4 ± 19.2 23/04 to 
30/04/18 
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Figure 42: Images of the three 

studied sites showing the location 

of the transects (lines) and the 

sampling spots (dots). Transects 

range from area with small wave, 

represented with light colored 

dots to large waves with dark 

colored dots. Sites, a: Porsal, b: 

Porspoder, c: Segal. Transect 

color: orange, Pelvetia 

canaliculata; blue, Fucus 

spiralis; green, Ascophyllum 

nodosum ± Fucus vesiculocus; 

red, Fucus serratus. Background: 

infrared orthoimage from 

Finistère - Mégalis Bretagne with 

vegetation dominated area 

figured in red and macrofaunal 

dominated area or bare rock 

figured in grey. 
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3.2 Structure of the assemblages in three hydrodynamics regimes 

Assemblages differed strongly in their composition according to the wave regime as 

defined above by three zones on the shore (Figure 43). Assemblages submitted to small wave 

heights were mostly characterized by large covers of Phaeophyceae (between 62.7 % for Pc 

and 79.2 % for Fser) and/or Rhodophyta (between 6.0 % for Fspi and 10,8 % for Fser). Bare 

rock was scarce and reached a maximum of 13.8 % of the total surface in Pc, while the sessile 

fauna covered always less than 10 %, and was mostly composed of spirorbid worms, sponges 

and/or anemones. 

In contrast, large wave heights conditioned assemblages with sessile fauna extensive 

covers mainly in the form of barnacles, with cover values ranging from 33.5 % in Fser to 45.1 

% in Fspi. Bare rocks accounted for 31.3 % in Fspi to 49.9 % in Pc. In these exposed 

assemblages, the vegetation remaining was mainly composed of cyanobacteria in the upper 

intertidal communities (4.8 to 11.0 %) and by Rhodophyta in the mid-intertidal (6.0 to 6.3%).  

The intermediate wave exposure was characterized by large covers of vegetation, still 

occupying most of the substratum surface between ca. 45% in An ± Fves and more than 75 % 

in Pc. It was mainly formed by Phaeophyceae with covers ranging from 29.6 % in Pc to 41.0 

% in Fspi, i.e. values clearly lower to those from small wave height assemblages. Interestingly, 

a high proportion of lichens occurred in Pc, reaching 35.6 % in average. Unlike Phaeophyceae, 

covers of Rhodophyta were similar to those observed with small wave exposure. They could 

even be higher, reaching 20.0 % in Fser. Bare bedrock was an important component of the 

shore in these semi-exposed zones, with values from 19.1 % in Pc to 31.0 % in An ± Fves. 

Comparatively to strongly exposed assemblages, the part of the sessile fauna (mainly barnacles) 

was largely reduced, with cover values around 4% up to 14.3 % in An ± Fves. 
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Figure 43: percentages of cover of 

vegetation (dark grey) and sessile 

fauna (light grey) and percentage of 

bare rock (white) in 4 macroalgal 

dominated assemblages from three 

shores in Brittany using the 

undisturbed sampling method. P. 

canaliculata correspond to the highest 

assemblage in the intertidal zone whilst 

F. serratus stands for the low-middle 

intertidal level. Vegetation regroups 

percentages of cover of macroalgae, 

lichens and cyanobacteria. Sessile 

fauna regroups mostly barnacles and 

sponges, anemones, spirorbids when 

visible. 
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Macrograzers abundance varied in function of both the community and wave height, 

with maximal values up to ca. 135 ind.m-2 for Patella spp. in Fser (Table 4). Among Trochidae, 

the species showing the highest densities all along the wave gradient was Steromphala 

umbilicalis, with larger densities in the intermediate states. Other Steromphala species, S. 

pennanti and S. cineraria, occured only at low densities in Fser. The gastropod Phorcus 

lineatus was found in the upper levels of the intertidal zone, but was never dominant in the 

faunal assemblage. Littorinidae species also showed a gradient from the upper intertidal zone 

to the lowest levels. In Pc, Littorina saxatilis was the main grazer, mostly in small wave 

impacted assemblages. L. compressa, scored larger densities in Fspi, rather in wave impacted 

assemblages contrary to L. saxatilis that were fewer in these habitats. L. obtusata was mostly 

found in environments presenting small wave heights from Fspi to Fser, while L. littorea was 

observed all along the shore but at low densities. 

Limpets were also found all over the shore, on rocks dominated by both the vegetation 

and the sessile fauna. Densities of Patella spp. were however particularly high at mid shore 

levels, with maximum values in assemblages submitted to intermediate and strong wave 

exposure.  

3.3 Linear gradient between wave height and species 

Numerous correlations were found between wave heights and intertidal organisms 

(Table 5). Globally, the cover of vegetation was negatively correlated with wave height while 

the abundance of faunal taxa was positively correlated with wave exposure. 

The cover of dominating Fucales was negatively correlated to increasing wave heights. 

Significant correlations were found in communities where the Fucales species itself was 

dominating, with large values of Pearson's r (up to r = -0.82 for P. canaliculata), as well as in 

communities characterized by a different dominating species (for example r = -0.5 for F. 

spiralis in Pc). The only case with a positive correlation with increasing wave heights is F. 

vesiculosus in Fser with r = 0.49.  
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 Pc Fspi An-Fves Fser 

 
Small 
waves 

Int. 

waves 

Large 
waves 

Small 
waves 

Int. 

waves 

Large 
waves 

Small 
waves 

Int. 

waves 

Large 
waves 

Small 
waves 

Int. 

waves 

Large 
waves 

Phorcus 
lineatus 

0.26 ± 
0.07 

0.26 ± 
0.07 

0 
1.28 ± 
0.22 

1.79 ± 
0.29 

3.07 ± 
0.38 

0.26 ± 
0.07 

1.28 ± 
0.22 

0.26 ± 
0.07 

0 0 0 

Steromphala 
umbilicalis 

0 0 0 
2.30 ± 
0.43 

0.51 ± 
0.10 

2.05 ± 
0.57 

20.41 
± 1.27 

33.67 
± 2.22 

15.05 
± 1.51 

3.83 ± 
0.44 

28.57 
± 1.76 

10.71 
± 1.34 

Steromphala 
pennanti 

0 0 0 0 0 0 0 0 0 
4.59 ± 
0.41 

1.28 ± 
0.13 

0 

Steromphala 
cineraria 

0 0 0 0 0 0 0 0 0 
3.57 ± 
0.54 

0.26 ± 
0.07 

0 

Littorina 
saxatilis 

23.27 
± 2.30 

9.21 ± 
0.89 

6.65 ± 
0.74 

1.79 ± 
0.30 

6.39 ± 
0.84 

2.30 ± 
0.26 

0.26 ± 
0.07 

0 0 0 0 0 

Littorina 
compressa 

8.06 ± 
0.65 

6.91 ± 
0.54 

17,75 
± 1,48 

2,81 ± 
0,32 

15,86 
± 0,94 

20,97 
± 1,88 

0,26 ± 
0,07 

0,51 ± 
0,14 

0,77 ± 
0,15 

0 0 0 

Littorina 
obtusata 

0 
0,26 ± 
0,07 

0 
16,11 
± 1,14 

7,16 ± 
0,65 

0,77 ± 
0,21 

17,35 
± 0,87 

11,48 
± 1,43 

0,77 ± 
0,15 

4,85 ± 
0,35 

2,81 ± 
0,22 

0,26 ± 
0,07 

Littorina 
littorea 

0 0 
0,51 ± 
0,14 

0 0 0 
0,51 ± 

0,1 
0,26 ± 
0,07 

0 0 
0,26 ± 
0,07 

0 

Patella spp. 0,77 ± 
0,15 

1,53 ± 
0,22 

24,3 ± 
1,95 

3,11 ± 
0,26 

18,16 
± 1,14 

36,32 
± 1,55 

40,81 
± 2,00 

79,58 
± 2,58 

94,38 
± 1,86 

6,63 ± 
0,96 

60,45 
± 3,21 

134,68 
± 6,13 

 

Table 4: densities and repartition of the macrograzers found in the three sites according to the assemblage and the wave height 
Uegime. ³Small ZaYeV´ = aVVemblageV SUeVenWing Vmall ZaYe heighWV, ³InW. ZaYeV´ = aVVemblageV SUeVenWing inWeUmediaWe ZaYe 
heighWV, ³LaUge ZaYeV´ = aVVemblageV SUeVenWing laUge ZaYe heighWV. DenViWieV aUe giYen in ind.m-² ± standard error. 
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Among Rhodophyta and Chlorophyta, most species were negatively correlated with 

wave heights such as the crustose coralline Phymatolithon lenormandii, the filamentous 

Cladophora rupestris, the turf-forming Catenella caespitosa or the cartilaginous tufts of 

Mastocarpus stellatus. In the lowest community considered in this study (Fser), positive 

correlation with wave height were noticed, such as for the thin foliose Porphyra dioica and the 

tubular Ulva compressa, as well as the filamentous Erythrotrichia welwitschii. The crustose 

Hildenbrandia rubra revealed opposite trends in function of wave height although depending 

on the community taken into account, with a negative correlation with wave heights in the upper 

intertidal zone, and a positive correlation in the mid intertidal.  

The sessile fauna was globally positively correlated to wave height mainly in connection 

with the predominance of barnacles in the assemblages. However, several taxa from various 

phyla were negatively influenced by wave heights in the mid intertidal level, such as sponges 

(Hymeniacidon perlevis), anemones (Actinia equina) as well as polychaetes (spirorbids). 

Unlike the sessile fauna, the density of vagile animals was globally negatively correlated with 

wave heights mostly in connection with large abundances of limpets in Fspi, An ± Fves and 

Fser. Littorina compressa and Steromphala umbilicalis were positively correlated with 

increasing wave heights or showed no significant correlations, depending on the level of the 

shore, while Littorina obtusata and Steromphala pennanti were negatively impacted by wave 

heights or showed no significant correlation, depending also on the level.  

Concerning the structure of macroalgal communities, similar trends were observed for 

Ics in the four assemblages, with less structured communities with increasing wave heights. In 

the same way, the mean species richness of seaweeds decreased in the three highest 

communities of the intertidal zone with stronger wave exposures, while no significant effect 

was detected in Fser. The mean species richness of macrofauna did not change significantly 

with larger wave heights in both upper intertidal communities, Pc and Fspi, while it decreased 

in An ± Fves and Fser.  
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Table 5: main significant correlations obtained between in situ wave heights and several intertidal 

organisms, ecological indices and bare rocks (p-value < 0.05). Communities dominated by Pelvetia 

canaliculata and Fucus spiralis were situated in the upper shore, those dominated by Ascophyllum 

nodosum ± Fucus vesiculosus, and by Fucus serratus ZeUe ViWXaWed in Whe middle VhRUe. ³n.V.´ indicaWes 

a non-VignificaWiYe UeVXlW Zhile ³-´ indicaWeV an abVence Rf Whe Wa[Rn in Whe cRmmXniW\ cRnVideUed. 

 Upper shore Middle shore 

Community P. canaliculata F. spiralis A. nodosum ± 
F. vesiculosus F. serratus 

Phaeophyceae     
Pelvetia canaliculata -0.82 -0.37 - - 
Fucus spiralis -0.5 -0.69 - - 
Ascophyllum nodosum - n.s. -0.63 - 
Fucus vesiculosus - - n.s. 0.49 
Fucus serratus - - -0.44 -0.66 
Rhodophyta     
Catenella caespitosa -0.35 -0.46 - - 
Hildenbrandia rubra -0.52 -0.48 0.42 - 
Phymatolithon lenormandii - n.s. -0.48 n.s. 
Mastocarpus stellatus - n.s. n.s. -0.52 
Porphyra dioica - - n.s. 0.48 
Erythrotrichia welwitschii - - n.s. 0.53 
Chlorophyta     
Cladophora rupestris - n.s. n.s. -0.55 
Ulva compressa - n.s. n.s. 0.59 
Total Flora -0.76 -0.66 -0.65 -0.65 
Sessile Fauna     
Barnacles 0.49 0.62 0.65 0.38 
Hymeniacidon perlevis - - -0.49 -0.49 
Actinia equina - n.s. -0.36 n.s. 
Spirorbids - - -0.49 -0.42 
Total Sessile Fauna 0.49 0.62 0.50 n.s. 
Vagile Fauna     
Limpets 0.51 0.58 0.61 0.60 
Littorina compressa n.s. 0.51 n.s. n.s. 
Littorina obtusata n.s. -0.44 -0.36 n.s. 
Steromphala umbilicalis - n.s. n.s. 0.35 
Steromphala pennanti - - - -0.38 
Total Vagile Fauna n.s. 0.49 0.35 0.64 
Bare rock 0.61 n.s. 0.35 0.49 
Ecological indices     
Ics -0.70 -0.76 -0.68 -0.70 
S (Flora) -0.64 -0.42 -0.49 n.s. 
S (Fauna) n.s. n.s. -0.60 -0.38 
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3.4 Evidence of a wave height threshold in the dominance 

The cover of three species of Fucales decreased with increasing in situ wave heights, 

revealing the occurrence of a clear threshold when considering the relationship between algal 

cover and wave height (see Figure 44). Threshold values corresponds approximated 

standardized wave heights of 0.4 for P. canaliculata, 0 for F. spiralis and 0.3 for A. nodosum. 

Corresponding non-standardized wave heights records, were ca. 73.4 cm in Pc during the period 

30/01±06/02/2018. For Fspi during the period 15 ± 22/02/2018, non-standardized wave height 

was 78.6 cm in average. For An ± Fves during the period 06 ± 13/03/2018, the non-standardized 

wave height beyond which A. nodosum lacked amounted 68.9 cm. Even if a decrease of the 

cover of F. serratus was observed with increasing wave heights in Fser, no such threshold was 

noticed at this level.  

These thresholds linked to the cover of the dominant Fucales corresponded to similar 

thresholds for the abundance of organisms associated with the Fucales (see below). This was 

globally the case for the total cover of the vegetation in the three relevant levels (data not 

shown). The presence of the periwinkle L. obtusata or of the filamentous green C. ruspestris 

were completely dependent on the presence of both F. spiralis and A. nodosum in the 

corresponding community / assemblage, i.e. these taxa were not found without the Fucales. It 

was the same for the crustose H. rubra and the small erect C. caespitosa with F. spiralis, or in 

the mid intertidal in An ± Fves, for the sponges H. perlevis, and Grantia compressa, or for the 

Rhodophyta Membranoptera alata, Plumaria plumosa, Gelidium pusillum and Vertebrata 

lanosa with A. nodosum. This dependence of organisms to the associated dominant Fucales was 

not observed in the level dominated by F. serratus.  

The wave height thresholds observed for the disappearance of Fucales logically 

coincided with the emergence of barnacles in Pc and Fspi (Figure 44). Therefore, concomitant 

and opposite thresholds co-occurred at approximately the same standardized / non standardized 

wave heights for the dominance of macroalgae and of the sessile fauna. Consequently, 

thresholds of organisms associated to seaweeds tended to give a mirror configuration with the 

sessile fauna and mainly with the cover of barnacles. Apart from a few exceptions, we found 

no quadrats where fucoids and barnacles co-occured, illustrating the absence of a gradual 

relationship between facies dominance and exposure. 
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Figure 44: Cover of dominating Fucales (left column), and barnacles (right column) using the upright 

profile structure in the 4 studied communities correlated to normalized wave heights. Shaded rectangles 

delimit thresholds of dominance, when existing. They corresponded to values beyond which the cover 

of Fucales remained below 10%. 
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4. Discussion 

In this study, we highlighted a strong link between hydrodynamics and intertidal 

community structure, which has long been described in the literature (Raffaelli and Hawkins, 

1999). Beyond this classical relationship, we found that the different intertidal species are 

characterized by varying relationship to wave height, and highlighted the existence of exposure 

thresholds (characterized by wave height), where marked dominance shifts were observed 

between seaweed dominated and sessile fauna dominated facies.  

We found that increasing wave exposure reduced the cover of large seaweeds which 

tended to be replaced by sessile filter-feeding animals (Jonsson et al., 2006; Christofoletti et al., 

2010). The density of the vagile fauna, here herbivorous gastropods, varied also along the 

gradient and particularly the limpets, which benefited from increased available space (bare 

rock) in wave-swept shores (Jonsson et al., 2006). This dominance switch coincided with a 

downgraded structure of macroalgal community, a result which was found within macroalgal 

dominated assemblages (Schiel and Lilley, 2007). Fucales are structuring intertidal canopies, 

sheltering understorey species against irradiance and desiccation during emersion and also 

against wave agitation and currents at immersion (Hawkins and Hartnoll, 1983). So, by 

reducing Fucales cover, waves alter the buffer capacity of the community against wave 

exposure but also against desiccation and extreme temperatures which accentuates the 

disturbance (Bertocci et al., 2010). Therefore, waves act indirectly on the diversity associated 

to Fucales, noticeably in canopies dominated by A. nodosum, which are known to host a large 

biodiversity on rocky shores of the north Atlantic (Johnson and Scheibling, 1987; Golléty et al., 

2011). The reduction of this canopy resulted in our study in a loss of numerous associated 

species, like the sponges H. perlevis and G. compressa, and the red macroalgae M. alata, P. 

plumosa, G. pusillum and V. lanosa. This result is consistent with the ecological facilitation 

already mentioned in the intertidal zone by Stachowicz (2001). Thus, the structuring species P. 

canaliculata, F. spiralis and A. nodosum would act as facilitators sheltering their own early 

stages (Andrew and Viejo, 1998), but also other species forming assemblages underneath by 

protecting these from wave exposure induced stress (Bertness and Leonard, 1997). On the 

contrary, such a pattern was not observed for F. serratus, as understorey species were not 

significantly impacted by the loss of the canopy. Indeed in this zone, desiccation is considerably 

reduced because of an emersion time comprised between 25 % ± 40 % of the total (Ar Gall and 

Le Duff, 2014), thus the species might not be as shelter-dependent as in the upper part of the 

intertidal an may even, locally cope with canopy loss (Bertolini, 2018).  
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Intertidal organisms develop diverse responses to increasing disturbance (Schiel and 

Lilley, 2007). Two responses are classically taken into consideration for organisms facing wave 

exposure, either increasing or decreasing of the abundance (McQuaid and Branch, 1984). From 

our results, we propose four types of relationship between species and hydrodynamics (Figure 

45) : a) The absence of relation existing for species withstanding hydrodynamics and being 

competitive enough below macroalgal canopies, b) bell curved relation either for faunal species 

independent from macroalgae for feeding but that may not withstand large hydrodynamical 

conditions or macroalgal species requiring average hydrodynamics, c) linear regression for 

species with an affinity for either sheltered or exposed areas, and depending on their ecological 

limits, d) they may not develop on the entire gradient, and present thresholds for variable wave 

height values. 

 

Figure 45: Various types of relationship between the abundance of species and wave height. Species or 

groups of species below are given for all communities in which they occur, unless specified, a Palmaria 

palmata, Osmundea pinnatifida in Fser and Lomentaria articulata in Fser. b Steromphala umbilicalis 

in An - Fves c positive: limpets, Littorina compressa ; negative: Fucus serratus d positive: barnacles ; 

negative: Pelvetia canaliculata, Fucus spiralis, Ascophyllum nodosum 
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The most neutral relationship is the lack of apparent reaction of the species, as illustrated 

in this study by several species inhabiting in Fser. This is typically found for turf-forming 

species such as O. pinnatifida or L. articulata which can survive well as independent patches. 

The second type of relationship is a bell curved response, with higher densities found at 

intermediate wave exposure, such as observed for the Trochidae S. umbilicalis in Fser. 

However, responses to disturbance may be opposite for the same species at different levels of 

the shore (cf. Table 5). A striking example is the crustose species H. rubra which was negatively 

impacted by wave heights in both Pc and Fspi, and was then positively correlated to them in 

An ± Fves. Thus, it looks necessary to adopt a level / community ± dependent approach for the 

study of intertidal species. The third type of relationship is linear response, which is illustrated 

by limpets, which were present all along the wave exposure gradient but increased with 

increasing wave heights. This positive response was also evidenced for simply organized 

seaweeds such as the uniseriate filamentous E. welwitchii or the monostromatic P. dioica. More 

complex seaweeds tended to be rather negatively impacted by wave heights, such as M. stellatus 

which is known to break under severe hydrodynamical conditions (Dudgeon and Johnson, 

1992). 

Among the four canopy-forming Fucales studied here, P. canaliculata, F. spiralis and 

A. nodosum displayed a different pattern along the exposure gradient from F. serratus. The first 

three species, which dominate the mid to upper shore, were virtually absent from areas 

characterized by wave height higher than 70-80 cm, and displayed high cover variability below 

these values. Our wave height values were recorded at one period only, and are therefore not 

necessarily representative of hydrodynamic conditions encountered all along the year. Hence, 

they were considered here as a within-site relative proxy of hydrodynamics, and standardized 

for among-sites comparisons (Burel et al., 2019c). Consequently, although these value cannot 

be considered as absolute thresholds, their consistency among the three shore levels and across 

the three study sites suggests that similar mechanical, i.e. propagule or adult plants 

dislodgement, scouring (Littler et al., 1983; Bell, 1999; Taylor et al., 2010) or biological 

processes, i.e. grazing by limpets, competition for space with fauna (Jenkins et al., 1999a; 

Korpinen and Jormalainen, 2008),limit the expansion of these species in high hydrodynamics 

conditions. More interestingly, below these exposure thresholds, we did not find a gradual 

decrease of Fucales with wave height increase, which would have revealed an increasing 

environmental stress. Consequently, it seems that these species respond to hydrodynamic 

gradients on a on/off mode, being either flourishing or totally absent, which contradicts several 
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previous reports (e.g. Dalby et al., 1978). Besides, we found several species displaying the same 

pattern within each of these three shore levels (e.g. C. caespitosa in Pc, C. rupestris in Fspi, P. 

plumosa in An ± Fves), supporting the hypothesis that these species rely almost exclusively on 

their canopy forming alga for providing shelter against hydrodynamics.  

On the contrary, although F. serratus displayed a significant negative relationship with 

wave height, no clear limit was detected to its expansion in the most exposed areas. The absence 

of a threshold at this level may be either due to a reduced emersion stress at this level of the 

shore  (Burel et al., 2019a) and / or to a better competitiveness of F. serratus for variable 

hydrodynamical conditions (Lindegarth and Gamfeldt, 2005). The second hypothesis being 

more likely as threshold of abundance in Fucales was also detected in these levels in another 

Fucales, Bifurcaria bifurcata in a previous study (Burel et al., 2019c). Alternatively, other 

components of hydrodynamics may be lower at lower shore levels (Littler et al., 1983). Indeed, 

in this study we only measured wave height as a proxy of hydrodynamics, although current 

pressure, orbital and shear forces due to breaking waves are also likely to affect macroalgal 

survival on the shore (Hurd, 2000).   

Overall, our results evidenced that numerous intertidal species extent following a binary 

pattern, either present or absent. We found the existence of hydrodynamics thresholds at three 

levels of the shore for the covers of both seaweeds and the sessile fauna. These thresholds also 

highlight that the species grows in wave swept environments probably show a limited 

competitiveness for space in in macroalgal dominated habitats. That statement opens new 

perspectives to study the dominance shifts on rocky shores beyond classical paradigms based 

on biological data. The precise evaluation of wave height by the in situ monitoring of the 

hydrostatic pressure made possible that step forward to understand the functioning of intertidal 

macroalgal - macrofauna assemblages under the pressure of wave exposure. 
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1. Introduction 

In temperate regions, rocky shores are highly diverse environments which have been 

massively studied during the past century (e.g. McGuinness and Underwood, 1986; Hawkins et 

al., 2019b). Such variable environments lead to a variety of habitats as a consequence of biotic 

and abiotic pressures (Raffaelli and Hawkins, 1999). Emersion gradient may be considered as 

the most important physical driver in the intertidal zone, leading to a vertical succession of 

organisms and assemblages (Chappuis et al., 2014; Burel et al., 2019a). Average emersion times 

are particularly conspicuous with macroalgal belts (Cabioc'h et al., 2014) but they also strongly 

condition the distribution of animal species (Boaventura et al., 2002b; Tagliarolo et al., 2013; 

Pandey and Thiruchitrambalam, 2019).  

Hydrodynamics deeply influences the structure of intertidal assemblages as well as their 

species composition (Boller and Carrington, 2006; Denny, 2006). Thus, rocky shore-associated 

assemblages vary along an exposure gradient from exposed shores where mussels, limpets and 

barnacles dominate the substratum to sheltered shores where large macroalgal canopies prevail 

(O'Connor et al., 2011). The relative dominance of seaweeds versus animals has been used as 

an empirical biological scale to assess the level of exposure (Ballantine, 1961; Lewis, 1964). 

Several in situ proxies have been developed to measure wave action. Some estimate the global 

effect of hydrodynamics (Muus, 1968; Doty, 1971; Hart et al., 2002). Others however focus on 

a single component measuring wave power using dynamometers (Jones and Demetropoulos, 

1968; Palumbi, 1984; Fuji, 1988; Bell and Denny, 1994), velocity using accelerometers (Evans 

and Abdo, 2010; Chang et al., 2011) or estimating wave height by pressure monitoring (Burel 

et al., 2019c). The use of these proxies helps explaining biological and ecological variations in 

communities (Denny and Blanchette, 2000; de Bettignies et al., 2015). Apart from these in situ 

approaches, geographical data such as site openness (Burrows et al., 2008) or topography / 

shore slope (Chust et al., 2008) are often used to predict effects of hydrodynamics. More 

recently, the development of numerical models for swell and wave exposure models could lead 

to interesting advances in near-shore environmental studies (Sundblad et al., 2014; Puente et 

al., 2016). 

In the North-East Atlantic, the fauna associated to seaweed-dominated shores is 

characterized by high species richness and densities (Davidson et al., 2004; Christie et al., 2009; 

Schaal et al., 2016). Biotic interactions between fauna and flora are known to structure these 

assemblages (Lubchenco and Gaines, 1981). In temperate coastal ecosystems, seaweeds are 
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essential to the primary production and are so submitted to an intense grazing (Lüning, 1990; 

Golléty et al., 2008; Bordeyne et al., 2015). Among the main intertidal herbivores of the 

northeast Atlantic, limpets (Patella spp.) are known to control the extension of fucoids 

seaweeds through their grazing activity (Boaventura et al., 2002a; Le Roux, 2005; Schaal and 

Grall, 2015). In addition, limpets may have a negative effect on canopies through competition 

for space (Underwood and Denley, 1984). Other herbivores, such as periwinkles (Littorinidae) 

and topshells (Trochidae) are also well represented within rocky intertidal habitats but are 

mostly considered as biofilm or even short-lived algae feeders (Lubchenco, 1983; Hawkins et 

al., 1989; Mieszkowska et al., 2007). Macroalgal communities may shelter animal species 

against predators and they provide for a large variety of benthic fauna, an habitat for breeding 

and feeding (Hawkins and Hartnoll, 1983; Parker et al., 2001; Moore et al., 2007). 

Competition for space between fauna and flora, typically between mussels/barnacles 

and seaweed is also an important driver of the structure of intertidal assemblages (Lubchenco 

and Menge, 1978; Petraitis et al., 2003). However, beyond the classical dichotomy between 

wave-exposed and sheltered assemblages, a large variability may exist within a shelter shore 

between and inside communities (Heaven and Scrosati, 2008; Valdivia et al., 2011; Burel et al., 

2019a). Competition for space between fauna and flora do exist within seaweed-dominated 

environments, mostly with understorey animal species such as sponges (Bell and Barnes, 2000) 

or anemones (Dayton, 1971). Despite the existence of a large bibliography depicting the 

relations of macrograzers, mostly limpets, and macroalgal covers (Davies et al., 2007; Golléty 

et al., 2011) or the competition for space between seaweeds and sessile fauna (Beermann et al., 

2013), the inner structure of seaweed-dominated associated community has been relatively 

overlooked in the literature. 

Our study is aimed at delineating the way hydrodynamics condition seaweed ± 

macrofauna assemblages on the rocky shores. Given that the structure of intertidal macroalgal 

communities is differentially influenced by wave height (Burel et al., 2019a; Burel et al., 

2019c), we hypothesize that hydrodynamics could have a significant effect on the distribution 

of both seaweeds and animals at the assemblage level, leading to potential modifications of the 

balance between them. To address this question, the structure of assemblages was characterized 

using data obtained by field sampling algal diversity and covers, sessile fauna covers and 

macrograzer densities. In parallel, two proxies of small-scale hydrodynamics, i.e. wave height 
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and shore slope, were assessed by in situ pressure monitoring and a Digital Terrain Model, 

respectively. 

2. Material and Methods 

2.1 Sampling sites 

Five seaweed-dominated shores distant 15 ± 25 km from each other and facing the 

northeast Atlantic were selected in Brittany. Sampling was performed in Porsal (48�33.85ƍN/ 

4�42.30ƍW), LandXnYe] (48�31.70ƍN/ 4�46.00ƍW), PRUVSRdeU (48�28.80ƍN/ 4�46.30ƍW), IVle Rf 

Segal (48�26.30ƍN/ 4�47.30ƍW) and Delleg  (48�21.07ƍN/ 4�34.15ƍW). The Vemidiurnal shows 

a maximal amplitude comprised between 7.90 m for the southernmost site and 8.40 m for the 

northernmost one. The sites are rocky shores ranging from 100 to 600 m along the coastline 

and 50 to 200 m cross from bottom up. The selected shores are entirely seaweed-covered but 

with small areas with patches of barnacles and / or limpets, bare rock or sediment / sand covered 

substratum. The study was conducted over a two-year period to test assemblage time variations. 

Sites were sampled at four occasions, winter 2016, winter 2017, summer 2017 and autumn 

2017. Between 36 (Landunvez and Delleg) and 72 sampling spots (Porsal, Porspoder and Segal) 

were surveyed in order to encompass spatial variability. Every sampling spot was GPS-

positioned and several pictures were taken in order to identify their precise localization. 

2.2 Assemblage sampling 

Six assemblages dominated by Phaeophyceae were considered in this study, five 

dominated by Fucales and one by Laminariales. From top to bottom, the uppermost assemblage 

is dominated by (1) Pelvetia canaliculata followed by (2) F. spiralis in the high intertidal, by 

(3) Ascophyllum nodosum ± Fucus vesiculosus and (4) Fucus serratus in the mid intertidal and 

finally, by (5) Bifurcaria bifurcata ± Himanthalia elongata and (6) L. digitata, in the lower 

intertidal / subtidal fringe.  

Macroalgae were sampled using the method of the upright profile structure as defined 

in Burel et al. (2019c). Each sampling spot was delimited by a 1.65 × 1.65 m mobile grid 

structure composed by 25 quadrats of 0.33 × 0.33 m. Three quadrats were randomly selected 

per spot at each sampling occasion. Within the selected quadrats, seaweed individuals larger 

than 5 mm were identified in the field. When species could not be determined in situ, specimens 

were collected, frozen and then identified under a microscope in the laboratory. Macroalgae 
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cover was visually estimated using the following percentage intervals: ]0-5[, [5-25[, [25-50[, 

[50-75[ and [75-100], derived from the Braun-Blanquet cover-abundance scale (L¶HaUd\-Halos 

et al., 1973). Finally, each seaweed size was visually assessed and assigned into one of the 

following strata: crustose, micro-meiobiotic (size < 30 cm), macrobiotic (30 cm < size < 1m) 

or megabiotic (size > 1m). This comprehensive sampling allows the assessment of several 

variables such as mean species richness (S), diversity as calculated by the Shannon-Wiener 

index (H¶), aV Zell aV Whe RUgani]aWiRn and the degree of complexity of the communities 

evaluated by the index of community structure (Ics, Ar Gall and Le Duff, 2014). 

Fauna sampling took into account only individuals or crusts larger than 5 mm, and was 

performed in the same quadrats used for the upright profile sampling of seaweeds, in order to 

allow direct comparison between flora and fauna assemblages. Thus, mobile grazers 

(Gastropods) were counted while the cover of the sessile fauna was estimated visually using 

the same five cover percentages intervals use for macroalgae. Because we adopted a non-

destructive sampling method, the different species of large limpets, i.e. Patella vulgata, P. 

ulyssiponensis and P. depressa ZeUe SRRled XndeU Whe name ³limSeWV´, Zhile Whe diffeUenW 

species Chthamalus stellatus, C. montagui, Semibalanus balanoides, Austrominius modestus, 

and the less frequent Perforatus perforatus were also SRRled XndeU Whe name ³baUnacleV´.  

2.3 Measurements of abiotic factors  

The effect of hydrodynamics on assemblages was assessed by monitoring two proxies: wave 

height and shore slope. In situ wave height was recorded using 9 cm long Mini-Diver pressure 

recorders. One recorder was attached onto the substratum in each sampling spot and deployed 

during a one-week period with an acquisition frequency of one measurement every 25s. 

Recorders were then removed from the substratum and pressure values were extracted using 

the Diver-Office software. Values obtained appear as a succession of tide cycles (between 12 

and 14 cycles). Each high tide was then isolated and a polynomial regression was applied to the 

curve to remove the tide amplitude and flatten the signal. The wave height proxy used for 

analysis was finally calculated as an average of the 20 highest and the 20 lowest pressure values 

together (Burel et al., 2019c).  

The slope was obtained using QGIS integration of each GPS-positioned sampling spot 

as a vector layer. The 20 cm resolution Digital Terrain Model Litto3D was integrated as a raster 

in the same geographical system. A new raster was then created from Litto3D using the slope 
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tool in the Terrain Analysis function set, integrated in QGIS. This new raster allows describing 

slope angles. Finally, the Point sampling tool attributed a slope value for each sampling spot. 

The height on the shore (elevation) was calculated for each sampling spot using the same Point 

sampling tool plugin. 

2.4 Data analysis 

All data analyses were performed using R environment (R Developement Core Team, 

2018). Differences of wave exposure between sites or assemblages were tested by Kruskal-

Wallis tests (KW) since they are robust and data were not following a normal distribution 

(Shapiro±Wilk WeVW). TR WeVW cRUUelaWiRnV beWZeen WZR YaUiableV, PeaUVRn¶V r was used. 

Multivariate analyses were then performed to appraise the organization and structure of 

macroalgal assemblages and to evaluate the effect of abiotic factors. Datasets were firstly 

modified by Hellinger-transformation in order to reduce the weight of rare taxa (Legendre and 

Gallagher, 2001). Using the vegan package (Oksanen et al., 2013), a redundancy analysis 

(RDA) was achieved on each assemblage to test how the abiotic factors may drive their inner 

structure. Within the RDA, the response variables were the abundance matrix of both faunal 

and macroalgal species, while explanatory variables were in situ wave height, slope and latitude 

as site effect. An ANOVA was then applied to the result of the RDA to check the significance 

of the analysis prior to a partitioning of variance performed on the results of the RDA in order 

to quantify the percentage of the variance due to each explanatory variable. In order to represent 

the extension and distribution of species inside the assemblage, a Principal Component Analysis 

(PCA) was made using the ade4 package (Dray and Dufour, 2007). For each assemblage, the 

analysis was performed on 66 sampling spots, presenting various numbers of species (between 

21 and 134, see Table 6). In order to assess how far abiotic factors are related to each 

assemblage, we added wave height, slope and site effect as supplementary variables. Finally, 

Ze inWegUaWed alVR H¶, S and IcV WR Whe anal\ViV aV VXSSlementary variables to check whether 

some taxa are related to these indices and to evidence putative relationships between abiotic 

factors and community descriptors. The supplementary variables were not contributing to the 

construction of the PCA. 
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Table 6: Distribution and number of taxa of the main macroscopic organisms found during the study 

according the assemblage considered. Cyano. = Cyanobacteria, Gastro. = Gastropods 

Assemblage dominance 
Seaweeds 

Lichens Cyano. Gastro. Sessile 
fauna Total Reds Browns Greens 

P. canaliculata 3 3 4 3 1 6 1 21 
F. spiralis 27 10 7 1 1 8 7 61 
A. nodosum ± F. vesiculosus 40 7 9 0 1 9 10 76 
F. serratus 52 15 10 0 1 8 13 99 
H. elongata ± B. bifurcata 76 21 14 0 1 7 15 134 
L. digitata 68 22 14 0 0 7 13 124 

3. Results 

3.1 Field data 

3.1.1 Hydrodynamics 

Wave height values ranged from 0.05 m and to 1.70 m, with lower values found in the 

high intertidal zone and higher values found in the lower level of the shore. Significantly lower 

wave heights were recorded at Porsal (44.6 ± 24.8 cm) and Delleg (42.9 ± 16.7 cm), 

comparatively to the highest values at Porspoder and Landunvez (67.8 ± 44.7 cm and 66.57 ± 

20.69 cm, respectively) and an intermediate exposure at Segal (57.0 ± 27.5 cm). Slopes ranged 

from 0 to 20.8°, with an average at 4.9 ± 3.3°, and no significant difference neither between 

sites (KW p-value = 0.22) nor between assemblages (KW p-value = 0.06). Values obtained for 

the two proxies of hydrodynamics were therefore not correlated (p-value = 0.68). 

3.1.2 Composition of assemblages  

A total of 187 taxa was identified during the study. Within photosynthetic organisms, 

the richest group was Rhodophyta (101 taxa), followed by Ocrophyta (Phaeophyceae, 33 taxa), 

Chlorophyta (Ulvophyceae, 18 taxa), lichens (3 taxa) and Cyanobacteria (2 taxa). Within fauna, 

30 taxa were recorded, including 11 Gastropoda, 7 Porifera, 6 Cnidaria, 2 Polychaeta 

(spirorbids and honey-comb worms) and Bivalvia, Ascidiacea, Bryozoa and Cirripedia (1 taxon 

each). The distribution of these taxa according to the assemblages is presented in Table 7. 
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Table 7: Results of variance partitioning on the 3 abiotic factors recorded in the six assemblages 

considered. The percentages of explanation of each variable is indicated by assemblage. - indicate a 

non-significant effect of the abiotic factor. 

Not surprisingly, the mean species richness was low for both flora and fauna in upper 

intertidal levels. The P. canaliculata assemblage was characterized by the lowest mean species 

richness in vegetation with 10 macroalgal species together with 1 Cyanobacteria and 3 lichens. 

Few animal species were also identified with 6 Gastropoda, mostly Littorinids, and barnacles. 

The F. spiralis assemblage displayed a higher diversity of seaweeds with 44 taxa, 1 species of 

lichens, 1 Cyanobacteria and, for animal species 8 Gastropoda and 7 taxa of sessile fauna.  

Middle intertidal assemblages showed an intermediate mean species richness. In the A. 

nodosum ± F. vesiculosus, it was characterized by 56 species of macroalgae, 1 species of 

Cyanobacteria, and concerning animals, 9 species of Gastropoda (Littorina spp., Steromphala 

spp., Patella spp. and Phorcus lineatus) and 10 species of sessile fauna (including 3 species of 

sponges and 3 of Anemones). The following F. serratus assemblage showed a higher number 

of species, with a total of 77 macroalgae, 1 Cyanobacteria, plus 8 species of Gastropoda and 13 

taxa of sessile fauna.  

The highest macroalgal mean species richness was evidenced in the H. elongata ± B. 

bifurcata community (111 species). One species of Cyanobacteria, 7 species of Gastropoda and 

15 taxa of sessile fauna were also identified in this low-level assemblage. Downwards, the L. 

digitata community was characterized by a slightly lower mean species richness in seaweeds 

(104 species) but with comparable number of animal species (7 Gastropoda and 15 taxa of 

sessile fauna).  

The abundance of organisms varied among the different assemblages (Figure 46). The 

total macroalgal cover was high (over 75%) for all studied assemblages. While the cover of 

Assemblage dominance Percentage of explanation of the abiotic factors 
Slope Wave height Site 

P. canaliculata 3.8 6.6 6.1 
F. spiralis 3.7 2.6 8.6 
A. nodosum ± F. vesiculosus - 10.3 5.4 
F. serratus - 3.1 5.0 
H. elongata ± B. bifurcata - 3.1 2.8 
L. digitata - 5.7 4.6 
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green seaweeds from the upper to lower intertidal assemblages (8 ± 15 %), brown seaweeds 

showed significant higher covers in the middle ± lower shore, within the assemblages 

dominated by A. nodosum ± F. vesiculosus and by L. digitata. The cover of red macroalgae was 

negatively correlated with the height on Whe VhRUe (PeaUVRn¶V r = -0.73), with higher covers 

when moving down the intertidal zone. Some faunal groups remained relatively stable on the 

shore such as the Trochidae (generally 10 ± 25 ind.m-2), were present in all assemblages 

excepted in the highest one. Many taxa reached their maximal abundances either in the mid-

shore assemblages, such as most gastropods and sessile animals, or in low-shore assemblages, 

such as ascidians (cover ca. 3 ±4 %). 

3.2 Effects of abiotic factors on the diversity and the structure of assemblages 

The constrained analysis (see RDA results in Table 7) revealed a significant effect of 

abiotic factors for each of the studied assemblages. Both wave heights and site had a significant 

effect on each of the six assemblages, while the slope only have a significant effect on the upper 

intertidal assemblages. Waves explain between 2.6 and 10.3% of the total variance of the 

different assemblages, site effect between 2.8 and 8.6% of the total variance and slope shows 

lower values varying between 3.7 and 3.8%. A description of the assemblages by PCA in Figure 

47. 

The sum of the first and second axis of the PCA accounted for 26.7% of the global 

variance in Pelvetia canaliculata, 23.6% in Fucus spiralis, 21.0% in Ascophyllum nodosum ± 

F. vesiculosus, 16.8% in Fucus serratus, 13.1% in in Himanthalia elongata ± Bifurcaria 

bifurcata and 13.8% in Laminaria digitata dominated assemblages. 

The 10 variables contributing the most to the PCA construction were mainly vegetation 

components, with an increasing proportion of macroalgal taxa downwards, from 5 in P. 

canaliculata, plus 1 Cyanobacteria, to 7 in F. spiralis and A. nodosum ± F. vesiculosus, 8 in F. 

serratus and 10 in the lowest levels of the shore. Concomitantly, the part of animal species 

decreased from 4 to 0. 
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Figure 46: Abundance of the main taxonomic groups in 6 macroalgal dominated assemblages on five 

shores of Brittany. a The abundances of main groups of macroalgae are given in percentages of cover 

of brown (Phaeophyceae), red (Rhodophyta) and green (Chlorophyta) macroalgae. The category 

³RWheUV´ aggUegaWeV bRWh LichenV and C\anobacteria. Total percentages of cover may exceed 100% 4 

different strata (crustose, micro-meiobiotic, macrobiotic and megabiotic) co-occur. b Abundances of 

main groups of sessile fauna are given in SeUcenWageV Rf cRYeU. The caWegRU\ ³RWheUV´ aggUegaWeV 

Anemones, Bivalves, Bryozoans and the honeycomb worm (Sabellaria alveolata). c Abundances of 

Gastropods are given in individuals per m². 

a 

b 

c 
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Figure 47: Principal component analysis (PCA) describing the composition of 6 intertidal assemblages 

dominated by seaweeds for five sites from Brittany (North-East Atlantic). The biplot presents both the 

individual map with sampled spots (black dots) and the vector map with up to 6 arrows representing 

supplementary variables which do not contribute to the construction of the map. a) P. canaliculata 

dominated assemblage, b) F. spiralis dominated assemblage, c) A. nodosum - F. vesiculosus dominated 

assemblage, d) F. serratus dominated assemblage, e) H. elongata - B. bifurcata dominated assemblage, 

f) L. digitata dominated assemblage. Ascnod: Ascophyllum nodosum, Bifbif: Bifurcaria bifurcata, 

Catcae: Catenella caespitosa, Cerech: Ceramium echionotum, Cergad: Ceramium gaditanum, Choaci: 

Chondracanthus acicularis, Chocri: Chondrus crispus, Clarup: Cladophora rupestris, Claspo: 

Cladostephus spongiosus, Corfer: Corallina ferreyrae, Cyano.: benthic cyanobacterial mats, Ellelo: 

Ellisolandia elongata, Fucser: Fucus serratus, Fucspi: Fucus spiralis, Furlum: Furcellaria lumbricalis, 

Gasova: Gastroclonium ovatum, Hilrub: Hildenbrandia rubra, Himelo: Himanthalia elongata, Lamdig: 

Laminaria digitata, Litinc: Lithophyllum incrustans, Litcom: Littorina compressa, Litlit: Littorina 

littorea, Litobt: Littorina obtusata, Litsax: Littorina saxatilis, Lomart: Lomentaria articulata, Masste: 

Mastocarpus stellatus, Meslic: Mesophyllum lichenoides, Osmpin: Osmundea pinnatifida, Pelcan: 

Pelvetia canaliculata, Phylen: Phymatolithon lenormandii, Polstr: Polysiphonia stricta, Ralver: Ralfsia 

verrucosa, Rhoflo: Rhodothamniella floridula, Ulvcom: Ulva compressa, Ulvsp.: foliose Ulva sp., 

Verlan: Vertebrata lanosa. The continuous blue arrows represent the abiotic factors which have a 

significant effect on the assemblage (RDA results presented in Table 7) whereas the 3 red dashed arrows 

are ecological indicaWRUV (S: mean VSecieV UichneVV, H¶: ShannRn-Wiener index, Ics: index of community 

structure). The longer the vectors are the stronger the relation is. 

 

In the P. canaliculata assemblage (Figure 47a), the Fucales P. canaliculata dominated 

in association with the crustose red H. rubra in both the negative part of axis 1 and the 

positive part of axis 2, giving well-structured communities showing Ics values higher than the 

reference established in Brittany. Still in the P. canaliculata assemblage, the second axis of 

PCA pointed out macroalgal species which correspond to higher values of ecological 

indicatRUV (H¶, S, IcV), ZheUeaV aW Whe RSSRViWe, animal Wa[a and c\anRbacWeUia ZeUe UaWheU 

related to wave height, slope and site effects. On the negative part of the axis 2, a gradient was 

observed between barnacle dominated rocks linked to the slope and limpets / cyanobacteria 

profiles rather influenced by wave height.  

In the F. spiralis assemblage (Figure 47b), axis 1 tended to discriminate assemblages 

exhibiting higher levels of structure of the vegetation (high Ics), with the dominating F. spiralis 

and the associated turf-forming C. caespitosa and L. obtusata. A higher specific richness tended 
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to segregate the typical sand-covered species Polysiphonia stricta and Cladostephus spongiosus 

together with the ubiquitous species of Ulva. The positive part of axis 2 was overall 

characterized by macroalgal species and Littorina obtusata, with higher values of Ics and 

specific richness. The negative part of axis 2 showed higher abundances of barnacles and L. 

littorea largely influenced by abiotic factors. Not surprisingly, high covers of barnacles are 

strongly influenced in this high-level belt by the location, steep slopes and strong waves height.  

Around mid-tide level, two groups were delineated in the A. nodosum ± F. vesiculosus 

assemblage by axis 1 of PCA (Figure 47c). Limpets and barnacles dominated the negative part 

of the axis with moderate influence of wave height and site whereas macroalgae dominated the 

positive part. Among seaweeds, a gradient was observed along axis 2 between well-structured 

macroalgal communities with high Ics values, including the large canopy-forming A. nodosum 

associated with the green understorey species C. rupestris. Then, medium structured canopies 

with F. serratus, the typical epiphyte of A. nodosum, Vertebrata lanosa, and the periwinkle L. 

obtusata. Finally, communities characterized by a higher diversity and the red turf-forming 

species C. ferreyrae, C. crispus and L. articulata. 

In the PCA analysis of the F. serratus assemblage (Figure 47d), the negative part of axis 

1 was characterized by the pair barnacles / limpets, strongly associated to wave height, and well 

differentiated from the 7 macroalgal species in the positive part of Axis 1. The structuring 

species F. serratus and the understorey species C. crispus, M. stellatus and C. rupestris were 

cleaUl\ UelaWed WR high IcV YalXeV. On Whe cRnWUaU\, bRWh H¶ and S ZeUe aVVRciaWed ZiWh WXUf-

forming species like C. spongiosus, C. acicularis and the ubiquitous foliose Ulva. 

In the lower intertidal assemblages, fauna components did not appear among most 

contributing variables, suggesting a complete supremacy of vegetation components. The H. 

elongata ± B. bifurcata assemblage was divided into 4 clusters (Figure 47e). The negative part 

of both axes was dominated by H. elongata and the crustose Rhodophyta L. incrustans, with 

rather high values of Ics suggesting well-structured communities. On the positive part of axis 1 

and the negative part of axis 2, B. bifurcata was dominating together with the Rhodophyta F. 

lumbricalis and the filamentous green C. rupestris, conditioned by both higher Ics values and 

a site effect. On the combined positiYe SaUWV Rf bRWh a[eV, high S and H¶ YalXeV (high diYeUViW\) 

were linked to the brown turfs of C. spongiosus and to the epiphyte C. echionotum. Finally, two 

crustose seaweed R. verrucosa and P. lenormandii show close location on the positive part of 
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axis 1, with few impacts of environmental factors. High wave height values are globally 

characterizing clusters from the negative part of the axis 2.  

In the L. digitata dominated assemblage (Figure 47f), variables are radiating all around 

the PCA as observed in the H. elongata ± B. bifurcata assemblage.  Covers of the kelp L. 

digitata and of the crustose L. incrustans depended mainly on high values of Ics and partially 

on large wave heights, while the Fucales H. elongata associated to the Rhodophyta C. acicularis 

rather depended on the site. On the positive parts of both axis the sand stabilizing R. floridula, 

the Rhodophyta G. ovatum and Osmundea pinnatifida, and the foliose Ulva spp. appeared to be 

linked WR high H¶ and S. The RccXUUence Rf WZR CRUallinaceae, Whe cUXVWRVe M. lichenoides and 

the erect E. elongata, was clearly related to a stronger hydrodynamics with larger wave heights. 

4. Discussion 

Our study was aimed at studying the effects of hydrodynamics and site on seaweed-

dominated assemblages distributed from top to bottom of temperate, rocky shores, integrating 

macroflora and macrofauna components. Hydrodynamics was assessed using two proxies, in 

situ wave height measurement and DTM determination of the slope per sampling spot. Up to 

date, the structure of macroalgal ± macrofauna assemblages was few documented, with reports 

in the North-Atlantic only on portions of the shore, like the A. nodosum level (Golléty, 2008) 

or two belts, P. canaliculata and F. vesiculosus / A. nodosum (Grall et al., 2014) or again F. 

vesiculosus and F. serratus (Bordeyne, 2016). Our study is therefore the first one dealing with 

assemblages on whole rocky shores. 

A total of 152 macroalgal taxa and of 30 animal taxa was identified during the study, 

with an increasing species richness from the upper to the lower intertidal levels of the shore, in 

which more than 100 species of macroalgae and 22 taxa of fauna occur. The wave exposure 

affected both upper and mid intertidal assemblages similarly. Within upper intertidal 

assemblages (P. canaliculata and F. spiralis), a classical wave exposure gradient was found. 

Low exposure conditions showed well-structured assemblages, with small-sized canopy-

forming Fucales associated with understorey species, either crustose or turf-forming, while 

more exposed conditions favored barnacle-dominated environments and were characterized by 

the presence of periwinkles (Littorina saxatilis and L. compressa). A similar observation was 

found in mid-intertidal assemblages (A. nodosum ± F. vesiculosus and F. serratus), in which 

higher wave heights were associated with higher abundances of barnacles and limpets, whereas 
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a weaker exposure to waves was linked to the development of macroalgae. This observation is 

in concordance with the classical exposure paradigm opposing sheltered seaweed-dominated 

shores and exposed animal-dominated shores (Ballantine, 1961). Slope is considered as a 

primary driver of the hydrodynamics in the surf zone and has an effect on barnacles population 

(Shanks et al., 2017a). Even if the slope ranges measured here are considered as gentle 

(Benedetti-Cecchi, 2001) a significant effect is highlighted in the high intertidal zone, where 

water height is reduced. The positive relation between slope and the cover of barnacles is 

possibly due to stronger shear stresses occurring with lower water height (Le Hir et al., 2000). 

That may be the reason why no significant effects were observed on middle and low shore 

assemblages where water height is higher.  

Limpets were more abundant in wave-impacted environments, due to powerful adhesion 

allowing a mor efficient competitiveness for space than macroalgae (Denny and Blanchette, 

2000). In these environments, the intraspecific competition for space is considered as a limiting 

factor (Paine, 1994). On the contrary, a decreasing wave action reduces the abundance of P. 

vulgata even if total absence is infrequent (Jenkins and Hartnoll, 2001). The occurrence of well-

structured assemblages seems benefic for both large Fucales and understorey species, because 

large canopy-species protect the understorey species which in turn prevent limpets from grazing 

the base or the propagules of fucoids (Jenkins et al., 1999a; Jenkins et al., 1999b). Limpets have 

a long known structuring role on exposed habitats by regulating the development of young 

seaweed plants and therefore accentuating the seaweed losses due to wave exposure (Notman 

et al., 2016). However, no correlation was found between increasing wave heights and the 

abundance of limpets, whereas high wave heights showed a negative impact on the cover of 

numerous Fucoids (Burel et al., 2019c). Thus, the initial presence of limpets is probably an 

indirect effect of the loss of fucoids due to wave exposure (Jenkins et al., 1999a), giving more 

free space for other organisms to develop. Other smaller snails appear wave-tolerant like 

Littorina saxatilis with a shell morphology adapted to hydrodynamics (Le Pennec et al., 2017) 

or its sister species Littorina compressa found in exposed locations in high intertidal levels 

(Hayward and Ryland, 2014). 

While the number of animal taxa increased from 7 in the uppermost assemblage to 22 

in the low intertidal, their contribution to the construction of the assemblages diminished 

downwards. As underlined in (Ar Gall and Le Duff, 2014), that apparent contradiction between 

diversity and structure has been reported so far for macroalgal communities. Considering faunal 

groups, Trochidae shared similar densities with Littorinidae, and even higher than them in the 
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lower intertidal assemblages. Trochidae may be considered as ubiquitous, since they were found 

among understorey macroalgal species as well as in crevices in exposed areas. On the contrary, 

the Littorinidae seemed to be closely related to particular species such as L. obtusata on 

Ascophyllum nodosum fronds as suggested by Golléty et al. (2011). Apart from barnacles, no 

other sessile fauna taxon showed a significant contribution to the assemblage structure. Both 

sponges and bryozoans exhibited modest covers (Palumbi, 1986; Okamura and Partridge, 1999) 

even reduced under high wave exposure. Considering that sponges are often less competitive 

for space than macroalgae (Wulff, 2006) the fact that they were not significantly discriminant 

for assemblage structure was not surprising. Ascidians, bryozoans or anemones were not 

significant either since they develop better in to shaded places like crevices, the underside of 

rocks or at the base of large seaweeds and they could be overall less competitive than turf-

forming macroalgae in such habitats.  

Despite a weaker representativeness of low shore assemblages (H. elongata ± B. 

bifurcata and L. digitata) by the PCA (two axes < 14 %) probably due to a higher mean species 

richness encountered in these communities (> 120 species.), the analysis revealed a complex 

distribution pattern beyond the dichotomy between exposed and sheltered clusters. The 

influence of wave heights on these lower intertidal assemblages was not reflected by the 

development of sessile animal species (Silva et al., 2010), but rather by the extension of both 

erect and crustose Corallinaceae. Erect Corallinaceae have flexible and robust thalli with the 

presence of genicula allowing them to withstand wave-swept environments (Martone and 

Denny, 2008), while the encrusted forms are few impacted by waves dislodgment as they are 

tighly attached to the substratum.  

The ecological indicators used in this study showed diverging trends in the PCA 

analysis. While diversity indices (Shannon-WieneU H¶ and mean species richness S) tended to 

point in a similar direction, the Index of community structure Ics more often headed for another 

one. The Ics was designed to evaluate both the development and the structure of macroalgal 

communities and scores higher values when seaweed thalli fully occupy canopy volume (Ar 

Gall and Le Duff, 2014). In the P. canaliculata dRminaWed aVVemblageV, H¶ and S ZeUe mRUe 

or less related with the occurrence of F. spiralis and C. caespitosa, while the best Ics scores 

were obtained with a significant contribution of the belt structuring species, i.e. P. canaliculata, 

and a large covering by the crustose Hildenbrandia. In fact, the Ics vector was always close 

enough to the contributing structuUing VSecieV Rf Whe belW in all aVVemblageV, Zhile H¶ and S 
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were linked to macroalgal contributors suggesting a more equal repartition of seaweed species 

possibly due to more variable physical conditions. 

For example, from the F. spiralis dominated assemblages to the bottom of the intertidal 

]Rne, VRme VSecieV aVVRciaWed ZiWh higheU H¶ and S are characteristic of sand-covered rocks, 

such as R. floridula, C. acicularis, C. spongiosus, P. stricta (see Díaz Tapìa, 2013 and 

references therein). The accumulation of sediment may result in a loss of macroalgal diversity 

in subtidal communities (Balata et al., 2007), but it could have easier the development of turf-

forming species (Bertness et al., 1999) and / or preventing the vegetation from grazing (Airoldi 

and Hawkins, 2007). Instead of linking the increase of mean species richness to higher wave 

exposure (Nishihara and Terada, 2010) via the classical dichotomy between sheltered and 

exposed shores, a more cyclical pattern variation including sediment deposit could be 

considered by incorporating four sections (Figure 48). This scheme also questions the 

difference between a good ecological state as well as a large specific richness and the relevance 

of ecological state indicators based exclusively on specific richness (Wells et al., 2007).  

 

Figure 48: Seaweed groups characterizing pattern of assemblages in the lower intertidal zone 

according to both exposure gradient to wave and to sediment.  

Overall, although the abundance of the macrofauna in seaweed-dominated habitats 

could be considered as secondary, our results point out the importance of taking it into account 

to fully understand the structure of the corresponding assemblages. This was particularly the 

case in high and middle intertidal levels and the main role of both limpets and barnacles in 
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structuring the temperate rocky shores was confirmed. Concerning the low intertidal zone, our 

results suggest a new approach associating assemblages of sand covered rocks and of bare rocks 

in a sole substratum / hydrodynamics gradient. New insights were given on the effects of 

hydrodynamics on intertidal seaweed-dominated habitats, taking into account both in situ wave 

height and shore slope. 
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Conclusion du chapitre 2 

Ce chaSiWUe a SeUmiV de SUpciVeU le U{le de l¶h\dURd\namiVme danV leV interactions entre la 

macroflore et la macrofaune aX Vein de Vi[ aVVemblageV j dRminance macURalgale. L¶pWXde de 

la transition entre une dominance macroalgale et une dominance par la macrofaune sessile a 

mRnWUp l¶e[iVWence de TXaWUe W\SeV de UpSRnVe deV RUganiVmeV j l¶inWenViWp de 

l¶h\dURd\namiVme. DeV seuils de hauteur de vague ont ainsi été mis en évidence pour la 

couverture des Fucales dominantes et des balanes. 

Un exemple de transition entre une dominance par la Fucale A. nodosum et une dominance par 

la macrofaune sessile est illustré par la figure 49. 

DanV leV aVVemblageV dRminpV SaU leV macURalgXeV, l¶h\dURd\namiVme jRXe Xn U{le eVVenWiel 

danV leXU VWUXcWXUaWiRn inWeUne. L¶abRndance deV SaWelleV agiW VXU l¶e[WenViRn deV macURalgXeV 

et tend à amplifier leV effeWV de l¶h\dURd\namiVme. 
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Figure 49 : PaVVage d¶Xne dRminance de macURflRUe j Xne dRminance de macURfaXne en fRncWiRn de l¶h\dURd\namiVme : e[emSle de l¶aVVemblage j Ascophyllum 

nodosum. Le caUUp nRiU V\mbRliVe la canRSpe eW la flqche RUange l¶imSacW deV facWeXUV abiRWiTXeV (h\dURd\namiVme, lXmiqUe, deVViccaWion) et ce qui peut être 

atténué par la canopée de Fucales. a. cRmmXnaXWp bien VWUXcWXUpe SeX VRXmiVe j l¶h\dURd\namiVme SUpVenWanW une canopée importante jouant son rôle protecteur. 

Une faune et une flore diverses y co-existent (voir zooms) avec la présence de nombreux Gastéropodes brouteurs sur les frondes et sur le substrat, avec des 

spirorbes et de nombreuses espèces de macroalgues. b. communauté moyennement structurée, avec un hydrodynamisme intermédiaire, présentant une canopée 

clairsemée limitant son effet protecteur. Les littorines sont moins présentes, mais les autres gastéropodes brouteurs prolifèrent, on observe des « fronts de 

patelles » au pied des Fucales. Les épiphytes se développent davantage (voir zoom). c. Assemblage dominé par la faune, subissant directement les effets 

abiotiques et présentant une richesse faible surtout représentée par les patelles et les balanes (voir zoom). 
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Chapitre 3 : l¶h\dURd\namiVme j gUande pchelle eW VRn 
effet sur les communautés macroalgales 
Ce chaSiWUe V¶inWpUeVVe aX[ effeWV de l¶h\dURd\namiVme j l¶pchelle d¶Xn VecWeXU gpRgUaShiTXe 

d¶Xne cenWaine de kilRmqWUeV de lRngXeXU. SeSW eVWimaWeXUV (SUR[\V) VRnW XWilisés pour apprécier 

l¶imSacW de l¶h\dURd\namiVme VXU la cRmmXnaXWp de milieX d¶eVWUan dominée par A. nodosum 

et F. vesiculosus, dans douze sites de la pointe bretonne et au cours de plusieurs saisons. 
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3.1 CRmSaUeU la SeUWinence de diffpUenWV SUR[\V SRXU 
l¶pYalXaWiRn leV effeWV de l'h\dURd\namiVme VXU la VWUXcWXUe 
deV cRmmXnaXWpV de macURalgXeV 
Comparing the relevance of different proxies to assess the effects of 
hydrodynamics on the structure of seaweed communities 
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1. Introduction 

Exposure to wave action is considered as one of the most structuring factors in rocky 

shores habitats (Raffaelli and Hawkins, 1999). Hydrodynamics is known to modify the 

morphology, the size and distribution of organisms (Harley and Helmuth, 2003). Seaweeds in 

particular have adapted their size and morphology (Gaylord et al., 1994; Ruuskanen and Bäck, 

1999; Fowler-Walker et al., 2006; D'Amours and Scheibling, 2007) as well as their 

reproduction and early-life stages (Taylor and Schiel, 2003; Stevens et al., 2008) to wave 

impact.  

The effects of hydrodynamics on the intertidal zone have long been documented, first 

by differentiating exposed shores, dominated by sessile fauna, from sheltered shores where 

luxuriant seaweed canopies occur (Little and Kitching, 1996). Empirical biological scales based 

on the predominance of characteristic taxa, helped to refine the classic exposed shores vs. 

sheltered shores dichotomy by integrating geographical variations and led to the description of 

up to ten exposure levels (Ballantine, 1961; FlRc¶h, 1964; Lewis, 1964; Dalby et al., 1978; 

Munda, 1978). However, direct physical assessment of hydrodynamics appeared rapidly 

necessary to evaluate precisely effects on organisms (Jones and Demetropoulos, 1968). Since 

hydrodynamics includes several components (Gaylord, 1999), various monitoring systems were 

designed to apprehend them.  

Proxies based on in situ direct measurements using dynamometers (Bell and Denny, 

1994), accelerometers (Focht and Shima, 2019) or pressure recorders (Burel et al., 2019c) were 

developed and implemented on the intertidal zone. Through direct local measurements, these 

approaches allowed the characterization of small-scale variability patterns in hydrodynamics. 

At larger scales, other approaches have been used, based either on direct measurements from 

offshore buoys data (Harley and Helmuth, 2003), or on numerical models such as Simulating 

WAves Nearshore (SWAN) or WaveWatch III models (Gorman et al., 2013; Guillou and 

Chapalain, 2015; Jones et al., 2015) Although these approaches do not allow taking into account 

for small scale topography and its effects on intertidal assemblages, they provide medium to 

large scale integrated estimates of average exposure for a stretch of the coastline. Alternatively, 

indirect estimates of exposure have been provided by fetch characterization (Zacharias and 

Roff, 2001; Ekebom et al., 2003; Burrows, 2012), wind measurements (Thomas, 1986), or surf 

zone width (Shanks et al., 2017a) all of them being potentially associated with one of the facets 
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of hydrodynamics. Most of the cited literature consider only one hydrodynamics proxy, giving 

necessarily a partial appraisal of the role played by that physical factor in coastal environments. 

The two Fucaceae Fucus vesiculosus and Ascophyllum nodosum develop large canopies 

in the mid-intertidal zone of the North-East Atlantic (Golléty, 2008; Bordeyne, 2016). These 

two engineer, habitat forming species distribute along a gradient of wave exposure, with A. 

nodosum confined to sheltered shores while F. vesiculosus is more ubiquitous and may 

acclimate in wave impacted environments (Cabioc'h et al., 2014). F. vesiculosus may even 

differentiate as the morphotype (variety) linearis (Hudson) Kützing in highly exposed shores 

(Want et al., 2014). In extreme exposed situations however, the middle of the intertidal zone is 

generally dominated by barnacles and / or mussels (Jenkins et al., 2008). Up to date, few studies 

used wave exposure proxies to examine the effect of hydrodynamics on the populations of 

Fucales (Grenager and Baardseth, 1965; Topinka et al., 1981) and even fewer on the structure 

of their associated macroalgal communities (Burel et al., 2019c). Since canopies dominated by 

A. nodosum and other mid-intertidal fucoids tend to regress all around Europe (Le Roux, 2005; 

Davies et al., 2007; Martins et al., 2019), a better understanding of how the corresponding 

communities are structured is needed. 

In the present study we calculated seven different wave exposure proxies over 12 sites 

representative of Brittany in order to assess their differences and similarities. Following 

Sundblad et al. (2014) who showed no significant differences in the ecological impact 

(expressed as biological exposure index) among four wave exposure models, we expected 

highly similar response in the 7 different proxies used. We then investigate the role of 

hydrodynamics estimated by these different approaches, on the structure of an intertidal 

seaweed community at medium scale (100km). Using data from 4 seasons as variations of in 

situ wave heights, we here aim at 1) assessing the effect of hydrodynamics on the structure of 

a mid-intertidal macroalgal community taken as representative of a whole rocky shore 2) 

evaluating the representativeness of several proxies of wave exposure at the site scale. 

2. Material and Methods 

2.1 Sites 

Both Ascophyllum nodosum and Fucus vesiculosus occur around mid-tide level and so 

withstand intermediate emersion times, ca. 5 ± 7 hours per 12 hours tide cycle. Therefore, they 

undergo daily effects of hydrodynamics, including a regular pressure of currents, orbital and 
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shear forces due to breaking waves. Secondly, their co-dominance on rocky shores is at least 

partially modulated by hydrodynamics, giving the opportunity to test a gradual influence of 

waves and swell on their distribution. In addition, mid-tide level may be reached and sampled 

at each low tide. 

The study was performed on 12 sites along the coast of western Brittany (Figure 50 and 

Table 8). Sites were selected to best represent the variability of the A. nodosum ± F. vesiculosus 

community from the authors expertise. Site 1 (Trégunc) is the southernmost sampled shore in 

a sheltered fault facing southwest, with a dominance of A. nodosum growing on large boulders. 

Westward, site 2 (Loctudy) is the widest intertidal zone (1 km) open to the southeast, with F. 

vesiculosus developing on small pebbles. SiWe 3 (PenmaUc¶h) is facing west / southwest and 

shows a long intertidal zone (more than 500 m), with a dense population of A. nododum growing 

on a large rocky plateau. Site 4 (Mesperleug) is a southwest-orientated site in the bay of 

Audierne and it is characterized by sand-covered rocks covered by F. vesiculosus. Two sites 

are located in the Bay of Douarnenez: site 5 (Treboull), a small artificial shore (120 m long) 

with large boulders covered by F. vesiculosus and site 6 (Aber) in the north of the bay which is 

also dominated by F. vesiculosus. Site 7 (Traezh Hir) is located in the bay of the Bertheaume 

and is dominated by A. nodosum with sandy channels. Site 8 (Segal) is an isle accessible at low 

tide, presenting a well-developed A. nodosum dominated community in the north. Site 9 

(Porspoder) is open to the southwest with large canopies of A. nodosum on the fringe of a 

sheltered cove. Site 10 (Porsal) is a large site (ca. 250 m wide from top to bottom) facing 

northwest and dominated by high densities of A. nodosum at mid-tide level. It is surrounded 

offshore by more than 30 protecting islets. Site 11 (Brignogan-Plages) is a northeast orientated 

site with a dominance of A. nodosum between large boulders. The northernmost site of this 

study, site 12 (Mogerieg), is open to the north west with sand-covered rocks covered by F. 

vesiculosus.  

2.2 Assemblage sampling and biological indices 

The recording/sampling of assemblages was performed during four periods, in autumn 

(21 ± 28 October 2017), winter (18 ± 25 January 2018), spring (5 ± 12 April 2018) and summer 

(18 ± 25 July 2018). In each site, three sampling spots distributed within a maximum radius of 

20 m were GPS positioned in the middle of the intertidal zone. At low tide, the description of 

assemblages was performed combining both macroalgal sampling and faunal sampling. 
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Table 8 : Site numbers used in Figure 50, site names, Fucales species dominating the middle intertidal 

community, and geographic locations in degrees and minutes determined in situ via Garmin GPS 73  

Site Site name Fucales dominating the 
middle intertidal  Latitude, north Longitude, west 

1 Trégunc A. nodosum 47�50.02¶ 3�54.06¶ 
2 Loctudy F. vesiculosus 47�48.81¶ 4�09.85ƍ 
3 PenmaUc¶h A. nodosum 47�47.94¶ 4�22.52¶ 
4 Mesperleug F. vesiculosus 48�00.13ƍ 4�30.26ƍ 
5 Treboul F. vesiculosus 48�06.16ƍ 4�20.92ƍ 
6 Aber F. vesiculosus 48�13.68ƍ 4�25.97ƍ 
7 Traezh Hir A. nodosum 48�20.78ƍ 4�42.06ƍ 
8 Segal A. nodosum 48�26.29ƍ 4�47.07ƍ 
9 Porspoder A. nodosum 48�28.88ƍ 4�46.26ƍ 
10 Porsal A. nodosum 48�33.90¶ 4�42.29ƍ 
11 Brignogan A. nodosum 48°40.58ƍ 4�19.53ƍ 
12 Mogueriec F. vesiculosus 48�41.57ƍ 4�05.12ƍ 

 

Figure 50: Recording of wave exposure and sampling of the A. nodosum ± F. vesiculosus community 

were performed in 12 sites at the tip of Brittany open to the northeast Atlantic Ocean. Latitudes and 

longitudes of the site are presented in Table 8. 
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Each sampling spot was defined by the surface of a 1.65 × 1.65 m mobile grid structure 

including 25 quadrats of 0.33 × 0.33 m. Once the structure was placed on the spot, a first 

sampling procedure taking into account both fauna and flora was performed, following the 

undisturbed sampling described by Burel et al. (2019c). It consists in estimating the abundance 

of the species lying on the substratum at low tide, on the entire spot. The cover of structuring 

species of Phaeophyceae (Fucales and Laminariales), large groups of vegetation (not structuring 

Phaeophyceae, erect and crustose Rhodophyta, Chlorophyta, Cyanobacteria, Lichens), sessile 

animals (barnacles, mussels, etc.) and the bare rock were estimated. 

Then macroalgae were sampled using the method of upright profile as defined by Burel 

et al. (2019c). In that procedure, 3 quadrats were randomly selected among the 25 defining the 

mobile grid structure. In each selected quadrat, macroalgal species larger than 5 mm were 

identified in the field and, when not possible, some specimens were collected and identified 

under a microscope in the laboratory. Macroalgae cover was visually estimated using the 

following intervals: ]0-5[, [5-25[, [25-50[, [50-75[ and [75-100], derived from the Braun-

Blanquet cover-abundance scale. The size of specimens was visually assessed and assigned into 

one of the following strata: crustose, micro-meiobiotic (size < 30 cm), macrobiotic (30 cm < 

size < 1m) or megabiotic (size > 1m). This comprehensive sampling allows the assessment of 

several variables such as the mean species richness (S), the diversity as calculated by the 

Shannon-WieneU inde[ (H¶), and Whe inde[ Rf cRmmXniW\ VWUXcWXUe (Ics, Ar Gall and Le Duff, 

2014) which describes the structure and the degree of complexity of macroalgal communities. 

Fauna sampling took into account individuals larger than 5 mm, and was performed 

directly within the quadrats used for the upright profile sampling of seaweeds, in order to allow 

a direct comparison between flora and fauna in assemblages. Thus, the mobile macrofauna 

(grazing gastropods) was while the cover of the sessile fauna was estimated visually using the 

same intervals of cover percentages used for macroalgae. Since Patella species and barnacles 

were not identified in situ, they were pooled under the nameV ³limSeWV´ and ³baUnacleV´, 

respectively.  

2.3 Exposure proxies and biological exposure index 

Ballantine scale  

The Ballantine scale (Ballantine, 1961) is a semi-quantitative biological wave exposure 

scale based on the occurrence of characteristic taxa for either sheltered or exposed locations. 
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The scale ranges from 1 to 8 with increasing values corresponding to more sheltered shores. 

This estimator was chosen for this study since it was developed in the same geographical area 

(northeast Atlantic) and because it is relatively gradual and so allows a more accurate 

description of the exposure level.  

Shore slope 

Each sampling spot was GPS-localized in the field, and the slope determined in post-

treatment by GIS. QGIS was used to integrate the sampling spots as vector layers. The 20 cm 

UeVRlXWiRn Rf Whe DigiWal TeUUain MRdel ³LiWWR3D´ ZaV inWegUated as a raster in the same 

geRgUaShical V\VWem. A neZ UaVWeU ZaV When cUeaWed fURm ³LiWWR3D´, XVing Whe ³VlRSe´ WRRl in 

Whe ³TeUUain Anal\ViV´ fXncWiRn VeW, inWegUaWed Whe VRfWZaUe. ThiV fXncWiRn WUiangXlaWeV each 

pixel to evaluate the difference of height. This new raster allows describing slope angles. 

Finall\, Whe ³PRinW VamSling WRRl´ aWWUibXWed a VlRSe YalXe fRU each VamSling VSRW. 

Width of the surf zone 

The average surf zone width was calculated following a concept developed by Shanks 

et al. (2017b), using satellite images from summer 2012 and 2015 (Megalis Bretagne) and 

between autumn 2002 and autumn 2018 (Google Earth). The width was measured directly in 

QGIS (Measure tool) or in Google Earth (Ruler tool). The surf zone width is defined as the 

distance between the offshore zone where the waves are breaking and the swash line. This 

process was performed between 7 and 11 times by site depending on the number of available 

satellite images. 

Fetch 

Wind fetch is defined as the maximum distance wind may travel oversea without 

obstruction (land area). The fetch was calculated using FetchR package (Seers, 2018). 

Parameters used were a maximum fetch of 200 km radiating in 16 directions (see Burrows et 

al., 2008 and references herein). The shapefiles used in R to determine obstacles were the 

Finistère coastlines (available online at https://www.data.gouv.fr/fr/datasets/) and/or the 

European coastlines (available online at https://www.eea.europa.eu/) for the sites facing the 

southern coast of England. 

Baardseth index 

https://www.data.gouv.fr/fr/datasets/
https://www.eea.europa.eu/
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The Baardseth index (Baardseth, 1970) is a semi quantitative exposure index giving an 

appraisal of the exposure of the site by measuring its openness. It was first developed in Norway 

and linked to an estimation of the biomass of seaweeds, including both F. vesiculosus and A. 

nodosum (Grenager and Baardseth, 1965). A circle divided into 40 equal sectors, each 

measuring 7.5 km long with an angle of 9°, is placed over the map for each site. The number of 

open sectors, i.e. not containing an obstruction, is then counted. Originally, the authors 

determined three classes of wave exposure including protected (no open sector), semi-exposed 

(1 to 7 open sectors) and exposed areas (8 to 40 open sectors). 

In situ wave height 

In situ wave height allows a small-scale analysis of hydrodynamics (see Burel et al., 

2019c). In each sampling spot, a Mini-Diver® pressure recorder was attached to the rocky 

substratum and measured the pressure every 25 s during a one-week period (between 12 and 14 

tides). Once the recording achieved, the recorder was removed from the substratum and taken 

back to the laboratory. Pressures were then extracted from the recorders via the software Diver-

Office. Raw data correspond to the absolute pressure which takes into account both water and 

atmospheric pressures. During the recording period, another Mini-Diver® was let in the 

laboratory in order to measure the local atmospheric pressure which was then subtracted from 

the absolute pressure to obtain the water pressure. Water pressure values obtained at each high 

tide were isolated and a polynomial regression was applied to remove the oscillation due to tide 

amplitude. The 40 extreme values (20 highest and 20 lowest) of the resulting flattened signal 

were then selected and averaged in order to design the in situ wave heights. 

SWAN model 

The SWAN model (Simulating WAves Nearshore) is a high-resolution wave model 

used to predict the significant wave height (Hs) in nearshore areas. It was developed in the Sea 

of Iroise for the period 2004-2011 by Guillou and Chapalain (2015). Note that two sites (1 and 

12) were located outside the calculation area of the model and were not treated. Hs values were 

evaluated offshore at a minimal depth of 15m corresponding to a distance comprised between 

800 and 2000 m from the coastline. 

2.4 Data analysis 
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All data were analyzed using the R environment (R Developement Core Team, 2018). 

Pearson's r coefficienWV ZeUe calcXlaWed, XVing Whe ³cRUUSlRW´ Sackage (Wei and Simko, 2017), 

to test correlations first between wave exposure proxies, then between the proxies and 

biological data (covers of intertidal species and ecological indices). To identify seasonal 

variations or differences between sites, Kruskal-Wallis tests (KW) were done on wave exposure 

proxies. Further analyses were applied to Hellinger-transformed datasets, in order to reduce the 

statistical weight of rare taxa (Legendre and Gallagher, 2001). To evaluate the variability of the 

macroalgal community, a principal component analysis (PCA) was performed on the 

undisturbed structure. Then a hierarchical clustering on principal components (HCPC) was 

applied to this PCA to identify similar groups within the community using FactomineR package 

(Lê et al., 2008). Finally, in order to determine the effect of each exposure proxy on the structure 

of the community, a redundancy analysis (RDA) was performed on the upright profile structure 

dataset for each season, testing the different wave exposure proxies as constraining variables. 

The RDA was performed using the vegan package (Oksanen et al., 2013). 

3. Results 

3.1 Diversity and structure of the Ascophyllum nodosum ± Fucus vesiculosus community 

A total of 116 taxa were identified for all sites, including 58 taxa of Rhodophyta 18 

Phaeophyceae, 14 Chlorophyta, 11 Gastropoda, 5 Cnidaria, 3 Polychaete, 3 Porifera and one 

taxon each for Cirripedia, Bivalvia, Bryozoa and Ascidiaceae. All sites presented large covers 

of dominating Phaeophyceae in the A. nodosum ± F. vesiculosus community, with averages of 

73 % and 87 % when dominated by F. vesiculosus and A. nodosum respectively. The clustering 

performed on the undisturbed structure of the community revealed the occurrence of two 

groups, separating clearly according to the axis 1 (Figure 51), with a positive characterized by 

the dominance of F. vesiculosus, barnacles, mussels and bare rocks, and a negative part 

characterized by the presence of A. nodosum, spirorbids, sponges and F. serratus. Rhodophyta 

and Chlorophyta were not considered as discriminant in this analysis. Considering the 12 sites, 

there was no significant difference between the seasons (KW p-value > 0.05) for either Ics (1.17 

in spring ± 1.28 in aXWXmn), H¶ (1.64 in VSUing ± 1.90 in autumn), or R / P (2.42 in summer ± 

2.89 in winter). However, although the biological indices of the 12 sites remained relatively 

stable over seasons, several significant differences occurred between sites. Globally, 

communities dominated by F. vesiculosus had a lower specific richness (ca. 10.72), lRZeU H¶ 

(ca. 1.49) and were less structured (ca. 0.97). On the contrary, A. nodosum dominated 
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communities developed a higher S (ca. 16.56) ZiWh a mRUe balanced H¶ (ca. 1.98) and a larger 

Ics (ca. 1.38). 

 

Figure 51 : PCA individual map describing the canopies of the sampling spots in 12 sites in Brittany. 

A clustering on PCA revealed the presence of two groups dominated either by Ascophyllum nodosum 

(black dots) or by Fucus vesiculosus (red dots). Ellipses of confidence delimit the sites. 

3.2 Characterization of hydrodynamics 

Values for hydrodynamics proxies are shown in Table 9. 

3.2.1 Single-value proxies  

Since slope, fetch and Baardseth index give single values per site, they could not be 

taken into account for a seasonal analysis. Moreover, the width of the surf zone could not be 

used for seasonal variations either, since sets of images lacked for two seasons (no spring image 

for sites 4 and 5, no autumn image for site 1).  
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Table 9: Average values of proxies obtained for the twelve sites considered (for localization of the sites, see Figure 1). In situ wave heights determined 

by Mini-Diver during a 7 days recording, Slope is attributed via GIS process, Baardseth index and surf zone width determined by image analyzing. Fetch 

determined by R software. 

Site 1 2 3 4 5 6 7 8 9 10 11 12 
Autumn 20,82 33,09 19,7 73,68 52,99 52,38 39,31 66,05 62,79 39,28 72,78 112,47 

Winter 44,8 45,95 30,17 94,2 67,08 68,35 48,23 95,53 81,75 48,17 106,86 162,97 
Spring 34,1 43,02 18,53 78,19 47,42 50,35 41,2 53,12 50,6 30,4 52,38 93,93 

Summer 9,29 6,41 4,53 16,49 12,52 11,19 9,68 21,23 17,44 8,31 14,05 46,07 
Autumn - 107,6 184,9 121,92 67,79 56,17 86,33 153,01 161,57 128,68 152,62 - 

Winter - 147,85 251,84 166,9 85,27 74,02 114,2 193,88 211,89 155,76 202,26 - 
Spring - 100,46 175,3 114,03 65,02 51,68 79,64 142,9 149,17 124,01 145,47 - 

Summer - 73,23 130,62 84,96 55,01 39,06 62,4 112,59 114,5 100,28 109,8 - 
Slope (°) 10,8 2,04 6,23 2,61 15,87 2,32 10,02 4,77 5,18 8,01 10,36 5,85 

Baardseth index 14 17 10 13 6 7 6 8 6 2 14 8 
Fetch (km) 52,3 54,6 58,3 64,1 4,2 4,1 3,4 66,8 40,8 48,6 78,9 54,8 

Surf zone width (m) 0 4 0 17 1,14 6,67 0,44 2,5 6,82 0,29 2,4 43,13 
Ballantine scale 6 5 7 4 5 5 6 6 6 7 6 4 
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Slope values (angles) ranged from 1.0° to 18.3°, with a significant difference only 

between sites 5 (15.9 ± 2.4°) and 2 (2.0 ± 0.2°). Steeper slopes (above 10°) tend to be associated 

to either narrower or uneven shores. On the contrary, larger intertidal zones correspond to gentle 

slopes, not exceeding 3°, particularly on rocky shores locally covered by pebble and even 

locally sand.  

To determine the surf zone width, a total of 101 satellite images were analyzed, 

corresponding to 6 ± 11 images per site. Among them the majority of images (37 %) were taken 

during summer. Seven sites showed an average surf zone width not exceeding 4 m. Only 2 sites 

(12 and 4), had a mean surf zone width larger than 10 m and were sand covered. The largest 

average width was 43.1 m in site 12, whereas sites 1 and 3 did not give any surf zone, despite 

15 available images. 

Fetch values gave large variations with a minimum of 3.4 km for site 7 while a highest 

fetch of 78.9 km was obtained for site 11. Two groups of sites were well differentiated: three 

sites (5 to 7) located in bays with low values (around 4 km) and all other sites open to the ocean 

with high values exceeding 40 km and comparable to the highest fetches measured on the outer 

coastline of northern Scotland (Burrows et al., 2008). 

Finally, the Baardseth index ranged from 2 to 17 open sectors. Five sites were 

considered as semi-exposed as they presented values comprised between 2 and 7. They were 

found in bays and / or were partially sheltered by offshore islets. Seven sites, showing values 

higher than 7, were considered as exposed sites. These sites were more or less widely open to 

the ocean. None of our sites were called protected since none scored zero. 

3.2.2 Seasonal variations of wave height proxies 

Seasonal variations of wave heights determined in situ or using the SWAN model (Hs) 

are presented: average in situ wave heights for all sites ranged from 10.5 to 112.8 cm in autumn, 

from 27.9 to 163.3 cm in winter, from 16.1 to 97.1 cm in spring and from 4.1 to 46.3 cm in 

summer. The site by site comparison, revealed that in situ wave heights were significantly 

higher in winter than in summer (KW < 0.05). Overall, intermediate values were obtained in 

spring and autumn. A similar trend was obtained for wave heights determined by the SWAN 

model, which were significantly higher in winter than in summer (KW < 0.001) with average 

values of 133.6 cm and of 73.5 cm respectively. 
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Large coefficients of determination were obtained for in situ wave height between 

seasons, with R² values comprised between 0.67 (spring ± summer) and 0.95 (autumn ± winter). 

In the same way, large coefficients of determination were also found for Hs between seasons, 

with R² always higher than 0.94. These results indicate that wave height vary in the same way 

over the year, i.e. sites with large wave heights at a given season will have large values all year-

long. 

3.2.3 Linking wave exposure proxies 

Figure 52: a PCA biplot describing the 

relations between wave exposure proxies for 

12 shores of Brittany. Slope = angle of slope 

determined by GIS treatment, Ballantine = 

Ballantine scale determined visually in each 

site, SWAN = significant wave height 

calculated by SWAN model between 2011 

and 2014, F = fetch calculated using R 

software, Baardseth = Baardseth index 

determined image processing, Surf zone = 

surf zone width determined by satellite 

images processing, in situ WH = in situ 

wave height measured by Mini-Diver® 

recorders attached in the intertidal zone of 

each site. b correlation matrix presenting 

PeaUVRn¶V r between the different wave 

exposure proxies. Colored parts indicate 

significant correlation, p-value < 0.05. 
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Hydrodynamics proxies were used as explanatory variables in the PCA analysis shown 

in Figure 52. Two groups of proxies were highlighted, one comprising in situ wave height and 

the surf zone width and the other one comprising the SWAN calculated Hs and the fetch. In situ 

wave height and average surf zone width appear on the positive part of axis 1, and a correlation 

was found between them, with R² comprised between 0.67 and 0.82, depending on the season 

considered for in situ wave heights. Moreover, these proxies correlate well with the Ballantine 

scale, but negatively (r = - 0.64 and - 0.71, respectively), as pointed out by their opposite vectors 

on Figure 52. The Ballantine scale also correlated positively with the SWAN calculated Hs 

(0.56). Fetch and Hs (SWAN) appear in the positive part of axis 2, with an orthogonal 

relationship between Hs on one side, in situ wave height and the surf zone width on the other 

side. They showed a correlation with R² ranging from 0.61 and 0.64 according to the season. 

In the PCA, slope and Baardseth had a lower statistical significance as showed by 

reduced vectors, and did not correlate with other proxies. Whereas slope appears alone on the 

negative part of both axes, Baardseth was closer to the Fetch vector on the positive part of both 

axes. 

3.3 Effect of wave exposure proxies on the community 

Significant correlations between exposure proxies and the macroalgal community were 

mostly found with the cover of dominating species. It was the case for the cover of Ascophyllum 

nodosum, which was negatively correlated with in situ wave height with r comprised between 

- 0.34 and - 0.48, depending on the season. More significant negative correlations were also 

found with the surf zone width, with r values ranging from - 0.47 to - 0.54. On the contrary, 

positive correlations were found with the SWAN calculated Hs with r ranging from 0.38 to 

0.43. Concerning the cover of Fucus vesiculosus, positive correlations were evidenced only 

with the surf zone width in summer and autumn, with r = 0.45 and 0.46 respectively and with 

in situ wave height in spring, with r = 0.39. Few significant correlations were found between 

exposure proxies and ecological estimators. The largest correlations were between the surf zone 

width and the Ics with r = - 0.51 and between the in situ wave height and the Ics with r = - 0.37, 

both during the winter period. 

Sites selected for this study presented values of Ballantine scale ranging from 4 (semi-

exposed) to 7 (very sheltered). The best correlation between the Ballantine scale and ecological 

descriptor of the vegetation was found with the Ics with r values comprised between 0.50 ± 
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0.66, depending on the season. Correlations with other descriptors (i.e. H¶, S, R / P) gaYe r 

lower than 0.43.  

The RDA gave a more precise description of the seasonal effects of hydrodynamics 

proxies at the community scale. When taking into account p-value < 0.01, i.e. very significant 

responses of the proxies on the cover of organisms from the community were obtained for in 

situ wave height and SWAN calculated Hs, while fetch and the width of the surf zone were less 

determining.  

In autumn, the total variance was explained by the SWAN calculated Hs (7.5 %), the 

fetch (10.0 %) and the in situ wave heights (11.9 %). During winter, 21.7 % of the total variance 

was explained by the surf zone width and the in situ wave height, while the SWAN calculated 

Hs explained 4.7%. In spring, 26.4 % of the variance was explained by both the surf zone width 

and the in situ wave height, while the SWAN calculated Hs explained 10.1%. In summer, 18.6% 

of the total variance was explained by the surf zone width plus the in situ wave height, while 

the SWAN calculated Hs accounted for 7.8%. The percentage of residuals was explained by 

the complementary proxies, such as the SWAN calculated Hs in autumn (p-value = 0.045), the 

fetch in winter, spring and summer (p-value = 0.015 ± 0.045) and the slope, which is little 

significant in each season (p-value = 0.020 ± 0.035). 

Thus, the association between the in situ wave height and the surf surf zone width 

explained between 11.9 and 26.4 % of the total variance along the year, whereas the pair SWAN 

calculated Hs ± fetch explained at most 17.5 % of variance. 

4. Discussion 

Our study pointed out the occurrence of two groups of sites depending on the dominance 

of mid-tide communities either by A. nodosum or by F. vesiculosus. Communities dominated 

by A. nodosum tended to be more diverse and better structured than those dominated by F. 

vesiculosus. Large covers of Fucales and a plentiful understorey associated fauna were 

characteristic of sheltered habitats structured by Ascophyllum, whereas numerous barnacles and 

mussels and extended bare bedrocks rather corresponded to more exposed shores dominated by 

Fucus (Raffaelli and Hawkins, 1999). Considering all sampled sites, no significant difference 

was evidenced between seasons. Such a result was obtained so far for the same intertidal 

community (Burel et al., 2019a). 
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Results revealed several significant correlations among the different hydrodynamics 

proxies, although weaker than in previous studies (Sundblad et al., 2014). Five proxies over six 

separated into two groups, one with the SWAN calculated Hs and the Fetch and the other one 

pooling the width of the surf zone and the in situ wave height. This lack of correspondence 

between wave heights obtained by the Swan model and by in situ pressure recording was 

unexpected. Hs values were always higher than those obtained directly on the shore. While they 

were relatively close in sites 5 and 6 in the Bay of Douarnenez, i.e. plus 7% for Hs in site 6 

(56.2 cm against 52.4 cm) and plus 28% in site 5 (67.8 cm against 53.0 cm), huge variations 

occurred in all other sites and particularly in site 3, with an increase of more than 800% (184.9 

cm versus 19.7 cm). These discrepancies could be explained by the distance between the SWAN 

grid and the intertidal zone, comprised between 800 and 2000 m. In addition, several sites are 

submitted to shoaling between the coastline and deep sea, which is known to heavily reduce the 

height of large waves (Jones and Demetropoulos, 1968). Sundblad et al. (2014) reported on the 

effect of friction on the bottom, still difficult to include in models. It would be therefore 

interesting to test models taking shoaling into account to estimate wave height, like STWAVE 

(Smith et al., 2001). Moreover, constantly emerged obstacles may constitute a barrier which 

stops the swell / wave pURSagaWiRn WRZaUdV VhallRZ ZaWeUV and Whe VhRUeV, like in PenmaUc¶h 

(site 3) or Porsal (site 10), explaining partially the lack of concordance between SWAN and in 

situ wave heights. At the opposite, a good correlation was found between fetch and Hs values. 

Not surprisingly either, the width of the surf zone and the in situ wave heights appeared to be 

closely related. This result is consistent with the fact that wider surf zones produce larger wave 

heights (Woodroffe, 2002) 

Two proxies of hydrodynamics did not correlate in any way with the characteristics of 

the macroalgal community. Developed in Norway, the Baardseth index was first designed to fit 

with particular coasts, deeply shaped by fjords and it appears so less adapted for mid-intertidal 

zones of Brittany. However, it has been derived since then as a BioEx model developed by 

Rinde et al. (2004), which could fit better with more linear coastal systems. The other proxy 

which did not impact significantly the ecological state of the seaweed community is the slope. 

In this study, only sites 4 and 12 seemed to be affected by that proxy, with rather gentle slopes 

and corresponding to sand-covered rocky shores. In the literature, the slope may be calculated 

using various techniques, the easiest being a visual qualitative evaluation of the inclination from 

horizontal to vertical (Benedetti-Cecchi et al., 2000; Vaselli et al., 2008). However, more 

accurate results may be obtained using a GIS approach by digital elevation / terrain model by 
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the calculation of a transect slope including the entire intertidal zone (Chappuis et al., 2014) or 

by a quadratic computing (Chust et al., 2008). Although the latter method revealed poor 

correlations with biological data in this study, it gave interesting results when studying small 

scale effects of slope (Burel et al. in preparation). At an area scale, the calculation of a transect 

slope by a GIS approach could give valuable information (Cefalì et al., 2016).  

As observed in Burel et al. (2019c), a negative correlation was found between A. 

nodosum covers and increasing wave heights evaluated in situ. On the contrary, correlations 

were not significant with covers of F. vesiculosus, suggesting a better ability to withstand large 

gradients of wave exposure (Jenkins et al., 1999a). The covers of the dominant species 

decreased with increasing surf zone width, as reported by Conser and Shanks (2019) for mid-

intertidal zones . Nevertheless, a significant decrease of the complexity of the communities (Ics) 

was observed with increasing surf zone width. 

Contrary to both in situ wave height and surf zone width, a positive correlation was 

found between SWAN determined Hs and the Ballantine scale with the cover of A. nodosum. 

This counter-intuitive result could be explained by the fact that hydrodynamics modulate the 

intensity of other abiotic factors such as temperature, light or nutrient (Cousens, 1982). Thus, a 

strong offshore hydrodynamics could have indirect beneficial effects in the intertidal zone. In 

that way, a high wave exposure may increase nutrient contents in seaweed thalli (Hepburn et 

al., 2007). Therefore, to develop well-structured communities, seaweeds could need the 

combination of 1) moderate direct exposure on the shore as well as 2) high nutrient 

concentrations increased by offshore hydrodynamics and 3) minor temperature variations in the 

water column due to a reduced stratification offshore. These statements must also integrate the 

gap between offshore and in situ measurements as underlined above. 

The in situ pressure monitoring used in this study was developed at a reduced spatial 

scale to study the effects of hydrodynamics on both the extension and the structure of 

macroalgal communities (Burel et al., 2019a; Burel et al., 2019c). Our results showed the 

relevance of that methodological approach at larger spatial scale, in the prospect of modeling 

the impact of wave exposure on habitats dominated by seaweeds. The values obtained using the 

in situ wave height proxy were compared to those obtained by other proxies of hydrodynamics. 

It appears that, in addition of providing a seasonal perspective to the study the effects of 

hydrodynamics on intertidal communities, combining the in situ wave height evaluation with 

the SWAN Hs calculation could be beneficial to analyze the structure of macroalgal 
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communities since they were both very significant factors explaining the largest part of the 

variance. Even though, the combination of these two proxies seems to provide the most accurate 

estimate of hydrodynamics, they request time expensive field work as well as access to a 

prediction model which has been adapted to the area of interest. Alternatively to these two 

proxies, our results suggest that the combination of surf zone width and fetch characterization 

could be a convenient solution yielding satisfying results, since they are both available without 

field work using free softwares such as R, QGIS or Google Earth.  

The access to predictive models is getting easier worldwide, e.g. WaveWatch III 

(National Oceanic and Atmospheric Administration / National Centers for Environmental 

Prediction, USA), and their accuracy is increasing with time (Roland and Ardhuin, 2014). 

However, it seems crucial to improve our understanding of hydrodynamic processes occurring 

in the last hundreds of meters between applicability boundaries of the offshore models and in 

situ monitoring. Climate change is expected to modify both the power (Reguero et al., 2019) 

and the orientation (Janjiü eW al., 2017) of swell and waves. Global predictive models generally 

encompass large spatial scales, hence downscaling their prediction at the shore scale is required 

to predict the evolution of intertidal assemblages (Jueterbock et al., 2013). 
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Conclusion du chapitre 3 

Ce chapitre a miV en pYidence eW WenWe d¶e[SliTXeU leV effeWV SaUfRiV cRnWUadicWRiUeV de deX[ 

gURXSeV d¶eVWimaWeXUV de l¶h\dURd\namiVme. Il VRXligne l¶inWpUrW d¶XWiliVeU SlXV d¶Xn eVWimaWeXU 

pour prendre en compte la complexité de ce facteur physique et son rôle dans la structuration 

d¶Xne cRmmXnaXWp macURalgale inWeUWidale. AinVi, leV UpVXlWaWV mRnWUenW la cRmSlpmenWaUiWp 

entre la hauteur de vague significative mesurée in situ et celle calculée à partir du modèle 

SWAN développé au large. 
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Discussion générale et perspectives 

1. Résumé 

CeWWe WhqVe a SeUmiV de SUpciVeU l¶effeW de l¶h\dURd\namiVme VXU leV biRcpnRVeV deV 

estrans rocheux de la pointe bretonne et plus particulièrement sur les communautés de 

macroalgues et la macrofaune associée.  
L¶pWXde V¶eVW WRXW d¶abRUd cRncentrée sur la description de la structure interne de six 

communautés macroalgales sur plusieurs sites de la côte bretonne. En parallèle, 

l¶h\dURd\namiVme enYiURnnanW a pWp caUacWpUiVp SaU le dpSlRiemenW in situ de sondes de 

pression. La hauteur de vagues est apparue comme étant le principal facteur abiotique horizontal 

qui conditionne la structure eW l¶e[WenViRn deV cRmmXnaXWpV macURalgaleV, en faYRUiVanW RX en 

limitant la croissance de certaines espèces, d¶Xne SaUW, eW, d¶aXWUe SaUW, en mRdXlanW le 

développement des canopées par un effet notable sur le développement des grandes algues 

brunes. 

DanV Xn deX[iqme WemSV, leV effeWV cRmbinpV de l¶alWiWXde eW de la haXWeXU de YagXe RnW 

été testés sur les communautés macroalgales étagées au sein des mêmes estrans. L¶alWiWXde eVW 

apparue comme le facteur principal expliquant la différenciation des communautés intertidales, 

aYec Xn imSacW ceSendanW amRindUi VXU leV cRmmXnaXWpV de baV d¶eVWUan, R� la haXWeXU de YagXe 

est un facteur de contrôle significatif de la structure de la macroflore. 

L¶effeW de l¶h\dURd\namiVme a enVXiWe pWp pWXdip VXU leV aVVemblageV macURflRUe - 

macrofaune, en y incluant la faune sessile et les gastéropodes brouteurs associés. La transition 

entre dominance macroalgale et dominance par la macrofaune VeVVile a pWp WeVWpe le lRng d¶Xn 

gUadienW d¶h\dURd\namiVme. La haXWeXU de YagXe eVW de nRXYeaX aSSaUXe cRmme le SUinciSal 

vecteur de cette transition, avec des réponses variables en fonction des organismes. La mise en 

pYidence d¶Xn VeXil de haXWeXU de vague pour la couverture des grandes algues brunes dans les 

SaUWieV mR\enne eW VXSpUieXUe de l¶eVWUan cRnVWiWXe Xn UpVXlWaW RUiginal SaUWicXliqUemenW 

intéressant. 

L¶inflXence cRnjRinWe de la haXWeXU de YagXe eW de la SenWe de l¶eVWUan VXU leV inWeUacWiRnV 

entre la faune et flore a alors été analysée au sein des assemblages à dominance macroalgale. 

AinVi, l¶abRndance deV SaWelleV a Xn effeW indiUecW VXU l¶e[WenViRn deV FXcaleV, SUinciSalemenW 

danV le haXW eW le milieX d¶eVWUan Yia l¶accenWXaWiRn deV effeWV négaWifV de l¶h\dURd\namiVme. 
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Enfin, l¶effeW de l¶h\dURd\namiVme VXU la cRmmXnaXWp macURalgale de milieX d¶eVWUan 

dominée par A. nodosum ± F. vesiculosus a été évalué par différents estimateurs (proxys). 

L¶pWXde a UpYplp l¶e[iVWence de deX[ gURXSeV d¶eVWimateuUV, l¶Xn SeUmeWWanW de caUacWpUiVeU la 

hRXle gpnpUpe aX laUge eW SpnpWUanW en ]Rne c{WiqUe eW l¶aXWUe de SUpciVeU la naWXUe de 

l¶h\dURd\namiVme aX Vein mrme deV eVWUanV. 

AX cRXUV de ce WUaYail de WhqVe, le VXiYi biRlRgiTXe a SeUmiV d¶idenWifieU Xn WRWal de 163 

espèces de macroalgues, 7 autres producteurs primaires et 39 taxa de faune dans les différents 

habitats échantillonnés sur les côtes bretonnes (Annexe C). Pour les macroalgues, ce chiffre 

représente un quart de la diversité macroalgale totale en Bretagne (environ 650 espèces), ce qui 

eVW imSRUWanW, cRmSWe WenX dX nRmbUe UpdXiW de ViWeV pWXdipV eW de l¶abVence de SUiVe en cRmSWe 

de l¶infUaliWWRUal eW deV cXYeWWeV. Pour la macrofaune, le chiffre apparait très inférieur à ce qui a 

pu être retrouvé lorV d¶autres études prenant place sur des estrans comparables (Golléty, 2008). 

Cet écart résulte en grande partie du fait que seuls les individus ayant une taille supérieure à 5 

mm RnW pWp SUiV en cRnVidpUaWiRn, eW l¶abVence d¶idenWificaWiRn j l¶eVSqce de la faXne VeVVile eVW 

à prendre en considération. Ce choix se justifie notamment par un souci de temps, 

l¶idenWificaWiRn deV Wa[a de SlXV SeWiWe Waille UallRngeanW VignificaWiYemenW le WemSV SaVVp VXU 

chaTXe SRinW, ce TXi aXUaiW fRUWemenW amSXWp l¶effRUW d¶pchanWillRnnage (1000 points soit 

environ 3000 quadrats). Il serait néanmoins intéressant d¶intégrer ces taxa à une étude 

cRmSlpmenWaiUe afin d¶pYalXeU leV effeWV de l¶h\dURd\namiVme VXU leV cRmmXnaXWpV 

d¶inYeUWpbUpV j l¶pchelle dX cenWimqWUe (Schaal et al., 2011). Néanmoins, les espèces prises en 

compte dans le cadre de cette thèse sont celles qui jouent potentiellement les rôles les plus 

importants dans la structuration des communautés associées aux macroalgues, en particulier via 

la cRnVRmmaWiRn diUecWe deV macURalgXeV VWUXcWXUanWeV, eW la cRmSpWiWiRn SRXU l¶eVSace (Jenkins 

et al., 2008). Si certains crustacés amphipodes peuvent également jouer un rôle non négligeable, 

nRWammenW en limiWanW l¶abRndance deV algXeV pSiSh\WeV, il Vemble WRXWefRiV TXe leXU effeW ne 

V¶pWende SaV de maniqUe VignificaWiYe j l¶enVemble de la canRSpe (Karez et al., 2000). 

2. De noXYeaX[ oXWilV poXr l¶pcologie inWerWidale 

Les travaux réalisés lors de cette thèse ont permis le développement et / ou la validation 

de SlXVieXUV RXWilV SeUmeWWanW d¶pWXdieU aYec SUpciViRn la VWUXcWXUe deV aVVemblageV macURflRUe 

± macrofaune en zone intertidale et plus particulièrement les habitats des estrans rocheux à 

dominance macroalgale. 

Échantillonnage et traitement des données physiques 
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Outils cartographiques et numériques 

L¶XWiliVaWiRn d¶RXWilV SIG a pWp V\VWpmaWiVpe SRXU meVXUeU diffpUenWV SaUamqWUeV. TRXW 

d¶abRUd, la dpWeUminaWiRn de la haXWeXU deV SRinWV d¶pchanWillRnnage VXU l¶eVWUan a permis de 

discriminer les effets dus j l¶alWiWXde d¶Xne SaUW eW j la haXWeXU de YagXe d¶aXWUe SaUW VXU la 

différentiation verticale des communautés macroalgales (chapitre 1.2). Un autre paramètre 

topographique, la pente, a également été évalué au niveaX de chaTXe SRinW d¶pchantillonnage 

SaU SIG (chaSiWUe 2.2). LeV jeX[ deV dRnnpeV XWiliVpV SRXU calcXleU diUecWemenW l¶alWiWXde eW 

indirectement la pente sont issus du modèle numérique de terrain Litto3D (SHOM, IGN). Ces 

données sont désormais disponibles en libre accès pour toute la Bretagne et une bonne partie 

de la façade Manche-Atlantique française, ce qui ouvre de nombreuses perspectives dans 

l¶anal\Ve deV cRmmXnaXWpV, danV la caUacWpUiVaWiRn deV habiWaWV, eW pgalemenW danV le VXiYi de 

la répartition des espèces. 

D¶aXWUeV dRnnées ont été utilisées de manière ponctuelle au cours de cette thèse, comme 

les orthophotographies classiques (Annexe B) et infra-rouges (chapitre 2.1). Ces dernières 

permettent de révéler la présence de végétaux et peuvent être utilisées en combinaison avec 

l¶alWiWXde danV la ]Rne inWeUWidale SRXU dpWeUmineU la cRXYeUWXUe deV FXcaleV dRminanWeV. DeV 

pWXdeV XWiliVanW l¶imageUie h\SeUVSecWUale eW mXlWiVSecWUale acTXiVe SaU dURne RX SaU VaWelliWe Ve 

développent actuellement et pourraienW SeUmeWWUe j l¶aYeniU de distinguer les différents groupes 

d¶algXeV, YRiUe leV eVSqceV dRminanWeV eW / RX e[SlRiWpeV (Uhl et al., 2016; programme Biomasse 

Algues de Rive en Bretagne, Comité Régional des Pêches Maritimes et des Elevages Marins de 

Bretagne; Le Bris et al., 2019) 

MeVXUeU l¶h\dUod\namiVme, qXelleV peUVpecWiYeV ? 

Les sondes Mini-Diver 

Les mesures hydrodynamiques réalisées lors des différentes études ont permis de donner 

des gammes de hauteurs de vagues précises afin de caractériser de façon détaillée 

l¶enYiURnnemenW Sh\ViTXe cRmmXnaXWp SaU cRmmXnaXWp. PaU e[emSle, Rn n¶RbVeUYe TXe 

rarement des hauteurs de vagues supérieures à 50 cm pour les communautés dominées par P. 

canaliculata ou F. spiralis, ce qui suggère une adaptation de ces organismes à cette intensité 

d¶h\dURd\namiVme. CeV meVXUeV RnW pgalemenW SeUmiV de meWWUe en pYidence Xne hauteur de 

YagXe limiWe maUTXanW le SaVVage d¶Xne dominance de macroflore à de la macrofaune. 

L¶enVemble deV dRnnpeV SaUWiciSe j la dpfiniWiRn de VeXilV en pcRlRgie (Andersen et al., 2009) 

eW UaSSelle le beVRin d¶Xn pchanWillRnnage de WeUUain imSRUWanW. Cela SeUmeWWUa d¶XWiliVeU ceV 
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mesures comme matériau de baVe danV l¶plabRUaWiRn de mRdqle WhpRUiTXeV. Il serait intéressant 

de multiplier le déploiement de ces sondes en particulier lors des évènements extrêmes 

(tempêtes, coups de vent) pour préciser ces seuils. 

Les enregistrements obtenus par les sondes de pression Mini-Diver ont permis de 

caUacWpUiVeU l¶h\dURd\namiVme deV ViWeV j l¶pchelle de TXelTXeV mqWUeV. Un nouvel estimateur 

de l¶h\dURd\namiVme, i.e. la hauteur de vagues in situ, a été créé au cours de cette thèse. Basé 

sur la hauteur moyenne des vagues, il a pWp dpYelRSSp j SaUWiU d¶enUegiVWUemenWV de pression 

limités à une semaine en utilisant des calculs relativement simples. Le proxy, bien que basé sur 

Xne SpUiRde d¶enUegiVWUemenW VXSpUieXUe j la SpUiRde mR\enne deV YagXeV aWWeignanW leV eVWUanV 

(25 s contre 5-15 s), peut être considéré comme représentatif de la hauteur de vague significative 

calcXlpe j SlXV haXWe fUpTXence eW aYec d¶aXWUeV enUegiVWUeXUV dpSlR\pV SaU le CEREMA 

(Chapalain and Boucher, 2020). Par ailleurs, les sondes Mini-Diver ont depuis été testées de 

nouveau en parallèle avec un enregistreur haute fréquence (Wave Gauge OSSI-010-003C-03 

sensors), et un nouvel estimateur se rapprochant de la hauteur de vague significative à 95% est 

actuellement en développement (Figure 53). 

 

Figure 53 : Corrélation entre la hauteur de vagues estimée Hest et la hauteur de vagues significative H 

1/3. LeV dURiWeV en SRinWillp dpWeUminenW l¶inWeUYalle de cRnfiance j 95 % de l¶ajXVWemenW linpaiUe. 

Deux types de compoVanWeV de l¶h\dUod\namiVme idenWifipeV 
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Le chaSiWUe 3.1 a miV en pYidence l¶inWpUrW de l¶eVWimaWeXU haXWeXU de YagXe in situ par 

rapport j Vi[ aXWUeV eVWimaWeXUV de l¶h\dURd\namiVme, maiV aXVVi leV diffpUenceV de chamS 

d¶aSSlicaWiRn de ceV eVWimaWeXUV. Bien TX¶aXcXne cRUUplaWiRn n¶aiW SX rWUe mise en évidence 

entre la mesure de la hauteur de vague in situ et le calcul de la houle significative issu du modèle 

SWAN développé au large, la complémentarité entre ces deux estimateurs a été soulignée. On 

a ainsi pu remarquer deux types de composantes de l¶h\dURd\namiVme, Xne cRmSRVanWe dX 

large et une composante sur la zone intertidale proprement dite. Il UeVWe TXe l¶inWpgUaWiRn de 

données topographiques entre la zone intertidale et la limite bathymétrique du modèle SWAN 

est envisageable, ce qui pourrait SeUmeWWUe d¶ampliRUeU ceWWe cRmSlpmenWaUiWp eW de mieX[ 

agUpgeU leV deX[ W\SeV de dRnnpeV. A l¶inVWaU de ce TXi a pWp faiW danV d¶aXWUeV Sa\V eXURSpenV, 

il serait intéressant de modéliser les données du fetch (Burrows, 2012) ou celles de l¶RXYeUWXUe 

dX ViWe (BiRE[) SRXU l¶inWpgUaliWp dX liWWRUal, eW de les rendre accessible au plus grand nombre, 

suivant la philosophie de Litto3D. 

Il eVW imSRUWanW de nRWeU TXe l¶enVemble deV meVXUeV de l¶h\dURd\namiVme SUpVenWpeV 

dans le cadUe de ceWWe WhqVe SURYienW d¶enUegiVWUemenWV UpaliVpV VXU deV SpUiRdeV UelaWiYemenW 

courtes (1 à 2 semaines), et à ce titre ne peuvent en aucun cas prétendUe j l¶idenWificaWiRn de 

valeurs absolues de hauteur de vagues auxquelles les changements écologiques surviennent. En 

UeYanche, leV enUegiVWUemenWV pWanW UpaliVpV de maniqUe VimXlWanpe SRXU l¶enVemble deV 

cRmmXnaXWpV algaleV d¶Xn mrme ViWe, ceV dRnnpeV Rnt une valeur relative, et permettent la mise 

en pYidence deV diffpUenceV d¶h\dURd\namiVme aVVRcipeV j la haXWeXU VXU l¶eVWUan, TXe leV aXWUeV 

eVWimaWeXUV XWiliVpV danV ceWWe WhqVe eW d¶aXWUeV WUaYaX[ ne SeUmeWWenW SaV d¶abRUdeU. 

La courantologie 

D¶aXWUeV cRmSRVanWeV de l¶h\dURd\namiVme (eW dRnc d¶aXWUeV eVWimaWeXUV) n¶RnW SX rWUe 

intégrées dans cette pWXde. C¶eVW le caV SRXU la cRXUanWRlRgie enYiURnnanW leV SRinWV 

d¶pchanWillRnnage, TXi dpSend deV RndeV de maUpeV eW deV RVcillaWiRnV liées aux vagues. Des 

manipulations prospectives ont été réalisées entre le 06/12/2018 et le 20/03/2019 afin de 

caractéUiVeU la cRXUanWRlRgie de l¶eVWUan de PRUVSRdeU. DeX[ YplRcimqWUeV ADCP (mRdqle 

Aquadopp© Profiler de Nortek) ont été fixés en simultané VXU l¶eVWUan j SlXVieXUV UeSUiVeV, l¶Xn 

aX milieX, VeUYanW de UpfpUence, eW l¶aXWUe j Xn aXWUe niYeaX, aYec en SaUallqle plusieurs sondes 

de pression Mini-Diver (Figure 54). Cette étude préliminaire a permis de relier les vitesses et 

les directions des couUanWV j la haXWeXU de YagXe d¶Xne SaUW, j la VWUXcWXUe deV aVVemblageV 

pchanWillRnnpV j SUR[imiWp d¶aXWUe SaUW. Un WUaitement de la courantométrie générée dans la 
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cRlRnne d¶eaX aX-dessus des communautés est en cours par niveau bathymétrique (E. 

Duvieilbourg, LEMAR). 

 

Figure 54 : A : position des ADCP lRUV deV e[SpUimenWaWiRnV effecWXpeV VXU l¶eVWUan PRUVSRdeU. La 

position 1 eVW cRnVeUYpe en SeUmanence eW Xn enUegiVWUemenW VimXlWanp eVW effecWXp VXU l¶Xn deV VeSW 

points restant. B : ADCP (Aquadopp Profiler, Nortek AS ©) fixé sur la roche, en haut, avec une sonde 

Mini-Diver en bas. C : matériel utilisé et environnement autour du point 2. 

DéveloppemenW d¶un modèle prédictif de la structure des communautés macroalgales en 

foncWion de l¶h\dUod\namiVme j l¶pchelle eXUoppenne. 

L¶inWeUSRlaWiRn deV dRnnpeV obtenues à partir des sondes de pression a permis de 

modéliser les régimes de hauteur de vagues au sein des sites de référence (site de Porspoder 

présenté en Figure 55). CeV mRdpliVaWiRnV SeUmeWWenW de claUifieU l¶effeW deV RbVeUYaWiRnV faiWeV 

de façon ponctuelle sur le terrain. Par exemple, pour le site de Porspoder, on remarque 

l¶e[iVWence d¶Xn gUadienW d¶h\dURd\namiVme, aYec deV haXWeXUV de YagXe SlXV imSRUWanWeV YeUV 

le large et plus faibles vers la côte. Ce gradient se superpose à la zonation verticale, comme déjà 

exposé par ailleurs, pour expliquer le développement de communautés différentes, Ainsi, on a 

la SUpVence d¶Xn chamS d¶Ascophyllum nodosum dans la zone correspondant en moyenne à de 

faibles hauteurs de vague et, par ailleurs, un mélange entre des surfaces rocheuses dépourvues 

de végétation et des canopées à Himanthalia elongata ou à Laminaria digitata dans la zone 

correspondant en moyenne à des hauteurs de vague importantes. La transition entre ces deux 

B 

C 

A 
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zones est caractérisée sur le terrain par un champ de blocs bien développé avec des hauteurs de 

vague intermédiaires. Des représentations graphiques similaires ont été obtenues pour Segal et 

PRUVal eW SRXUUaienW rWUe UpaliVpeV SRXU d¶aXWUeV ViWeV en BUeWagne eW aX-delà. Dans la perspective 

de la DCE et de la DCSMM, on pourrait ainsi réaliser dans chacun des sites de suivi une 

campagne de déploiement de sondes sur une semaine permettant une représentation graphique 

du régime hydrodynamique du site. Grâce à cet outil, on pourrait ainsi faire la distinction entre 

l¶effeW d¶Xne SUeVViRn anWhURSiTXe eW l¶effeW de l¶h\dURd\namiVme en caV de dpgUadaWiRn del¶pWaW 

de VanWp pcRlRgiTXe d¶Xn ViWe. 

  

Figure 55 : parallèle entre le régime hydrodynamique (hauteurs de vagues) à gauche et structure des 

communautés macroalgales (Ics) à droite sur le site de Porspoder. 

Implémentation des méthodes développées au cours de la thèse 

A WeUme, leV UpVXlWaWV RbWenXV aX cRXUV de ce WUaYail de WhqVe SeUmeWWURnW de dpYelRSSeU 

Xn mRdqle SUpdicWif de l¶e[WenViRn eW de la VWUXcWXUe deV cRmmXnaXWpV de macURalgXeV VRXV 

l¶inflXence de l¶h\dURd\namiVme. L¶aSSlicabiliWp dX mRdqle deYUa rWUe WeVWpe aX-delj deV c{WeV 

bUeWRnneV, d¶R� la YRlRnWp de YalideU l¶aSSURche mpWhRdRlRgiTXe de la WhqVe le lRng d¶Xn 

gUadienW laWiWXdinal NRUd - SXd VXU le liWWRUal aWlanWiTXe de l¶EXURSe. DanV ce cRnWe[We, deV VXiYiV 

RnW pWp UpaliVpV VXU deV eVWUanV SURcheV de GalZa\ (IUlande) l¶pWp 2018, en Galice (EVSagne) eW 

en NRUYqge aX cRXUV de l¶pWp 2019 (FigXUe 56), aX niYeaX de WURiV cRmmXnaXWpV macURalgaleV 
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(FXcXV VeUUaWXV, AVcoph\llXm ± F. YeVicXloVXV eW F. VpiUaliV). LeV dRnnpeV de WeUUain RnW pWp 

WUaiWpeV, maiV leXU anal\Ve n¶a SaV pWp inWpgUpe danV ce manXVcUiW eW leV UpVXlWaWV finaliVpV de ceV 

WURiV miVViRnV feURnW l¶RbjeW d¶Xne SUpVenWaWiRn XlWpUieXUe. On SeXW V¶aWWendUe j UeWURXYeU deV 

VimiliWXdeV danV l¶effeW de l¶h\dURd\namiVme VXU leV cRmmXnaXWpV le lRng deV c{WeV 

eXURSpenneV. NpanmRinV, deV cRmmXnaXWpV mRinV pWendXeV eW mRinV bien 

VWUXcWXUpeVdpYelRSSpeV RnW pWp RbVeUYpe lRUV de ceV camSagneV, nRWammenW en Galice. LeV 

effeWV cRmbinpV d¶Xn fRUW h\dURd\namiVme eW d¶Xne haXVVe deV WemSpUaWXUeV de l¶eaX eW de l¶aiU 

SRXUUaienW e[SliTXeU ce ShpnRmqne (MaUWinV eW al., 2019) 

 

Figure 56 : Classification biologique le long des côtes européennes (biotype), basée sur les données 

physiques et sur la répartition des espèces de macroalgues d¶aSUqV Ramos et al. (2014). Les formes 

colorées agrandies sont situées aux lieux échantillonnés au cours de la thèse (La Galice en 2019, 

représentée par le biotype A2.A, la Bretagne en 2017, par le biotype B21.B2, l¶IUlande en 2018, SaU le 

biotype B21.B1, la Norvège en 2019, par le biotype B21.A) 
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Échantillonnage des données biologiques  

DeX[ W\SeV d¶pchanWillRnnage de la flRUe RnW pWp dpfiniV danV le chaSiWUe 1.1 eW ilV RnW pWp 

pWendXV j la faXne danV le chaSiWUe 2 (2.1 eW 2.2). Un SUemieU W\Se d¶pchanWillRnnage, utilisé 

depuis 2005 dans le cadre des suivis Rebent, puis DCE et DCSMM, a été validé (Ar Gall and 

Le Duff, 2014; Ar Gall et al., 2016) et utilisé ici sous le nom d¶« échantillonnage dressé » 

(upright profile). Cet échantillonnage permet une description fidèle des biocénoses, strate par 

VWUaWe, eW SUend en cRmSWe l¶inWpgUaliWp de la Uichesse spécifique visible, permettant ainsi le calcul 

d¶indiceV de diYeUViWp (UicheVVe VSpcifiTXe, H¶) RX de VWUXcWXUe deV cRmmXnaXWpV (IcV). Il dRnne 

Xne idpe de la VWUXcWXUe de la cRmmXnaXWp j l¶immeUViRn, aYec Va VWUaWificaWiRn eW VRn RccXSaWiRn 

volumétrique. Les résultats obtenXV VXU deV eVWUanV cRmSleWV SeUmeWWenW aXVVi d¶pWabliU deV 

diagrammes de distribution verticale des espèces végétales et animales (Figure 57). On peut 

également envisager des modèles de distribution des populations de macroalgues en combinant 

la hauteur suU l¶eVWUan j l¶h\dURd\namiVme SRXU ainVi idenWifieU leV SUpfpUenceV Sh\ViRlRgiTXeV 

pour des espèces particulières. 
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Figure 57 : recouvrement et répartition verticale des 33 taxa sessiles les plus fréquemment retrouvés entre 2017 et 2018 sur les estrans rocheux de trois sites 
de la pointe bretonne (i.e. Porsal, Porspoder et Segal). En abscisse : recouvrement moyen (en %) ; en ordonnée : la hauteXU VXU l¶eVWUan SaU UaSSRUW aX ]pUR 
hydrographique (en m). Gris : lichen. Bleu : cyanobactérie. Marron : algues brunes. Rouge : algues rouges. Violet : faune sessile. 
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Un VecRnd W\Se d¶pchanWillRnnage, dpYelRSSp en SaUallqle j l¶pchanWillRnnage dUeVVp, 

éWp Yalidp danV ce WUaYail eW SXblip VRXV le nRm d¶© échantillonnage à plat » (undisturbed 

sampling ; BXUel eW al., 2019a). CeW pchanWillRnnage eVW effecWXp aYanW l¶pchanWillRnnage dUeVVp 

et correspond à l¶pWaW de la cRmmXnaXWp j maUpe baVVe, lRUVTXe leV Whalles de grande taille sont 

prostrés. Il permet de décrire en termes de couverture les composantes principales de la 

canopée. 

CeV deX[ W\SeV d¶pchanWillRnnage VRnW cRmSlpmenWaiUeV danV la meVXUe R� ilV 

SeUmeWWenW d¶aSSUpcieU leV deX[ pWaWV deV cRmmXnaXWpV inWeUWidaleV VRXmiVeV j l¶alWeUnance deV 

SpUiRdeV d¶pmeUViRn eW d¶immeUViRn. IlV RffUenW pgalemenW la SRVVibiliWp d¶aSSUphender la 

double fonctionnalité de la canopée, en dehors de la production primaire : protection contre 

l¶h\dURd\namiVme j maUpe haXWe eW SURWecWiRn cRnWUe leV cRndiWiRnV d¶pmeUViRn j maUpe basse. 

Cette approche stationnelle novatrice a été validée au cours de la thèse et publiée (Burel et al., 

2019a; Burel et al., 2019c). Elle deYUaiW SeUmeWWUe d¶aVVXUeU SlXV facilemenW la WUanViWiRn aYec 

les suivis sectoriels des communautés de macroalgues, qui sont basés le plus souvent sur des 

échantillonnages à deux dimensions (mais voir Benedetti-Cecchi et al., 2000; Bulleri et al., 

2002). 

Les communautés macroalgales : Xne diYerViWp d¶organiVmeV eW d¶habiWats à mieux 

connaître 

Les résultats de cette thèse ont permis de mieux comprendre certains aspects de la 

structure et de la diversité des communautés de macroalgues intertidales en lien avec plusieurs 

facWeXUV enYiURnnemenWaX[, nRWammenW l¶h\dURd\namiVme. En ce qui concerne la richesse 

VSpcifiTXe de ceV habiWaWV emblpmaWiTXeV deV c{WeV URcheXVeV WemSpUpeV, la WhqVe n¶aYaiW SaV 

SRXU RbjecWif d¶pWabliU Xne liVWe e[haXVWiYe deV macURalgXeV SUpVenWeV danV leV diffpUenWV ViWeV 

pchanWillRnnpV. TRXWefRiV, l¶effRUW d¶idenWificaWiRn Wa[Rnomique fourni a été conséquent et a 

SeUmiV de Ve faiUe Xne idpe aVVe] SUpciVe deV cRUWqgeV d¶eVSqceV cRUUeVSRndanW aX[ diYeUVeV 

communautés. La démarche adoptée ici est en adéquation avec les approches méthodologiques 

et avec les objectifs de plusieurs diVSRViWifV eW UpVeaX[ d¶RbVeUYaWiRn, de VXiYi eW d¶pYalXaWiRn 

des macroalgues intertidales : Rebent Bretagne (structure et diversité des communautés), DCE 

(les communautés macroalgales comme bio-indicateurs de la qualité écologique des masses 

d¶eaX), DCSMM (état écologique des habitats à dominance macroalgale) et DHFF (diversité 

deV habiWaWV). L¶pWXde deV inWeUacWiRnV enWUe macURflRUe eW macURfaXne fi[pe eW Yagile abRUdpe 

en cRXUV de WhqVe a inVSiUp le dpYelRSSemenW d¶Xn nRXYel indicaWeur écologique pour la 
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DCSMM (habitats intertidaux rocheux à dominance macroalgale ; Ar Gall et al., en 

préparation).  

Par ailleurs, des travaux connexes à la thèse (données non présentées) ont été réalisés 

sur la diversité macroalgale et une liste des espèces présentes sur les côtes Manche Atlantique 

française a été actualisée (Burel et al., 2019c). CeV WUaYaX[ V¶inVcUiYenW danV Xn cRnWe[We gpnpUal 

de manque de connaissance sur la diversité et la structure des communautés macroalgales, que 

l¶Rn a SX cRnVWaWeU danV l¶pYalXaWiRn deV cRnVpTXenceV de SRllXWiRnV maVViYeV a\anW WRXchp le 

liWWRUal, nRWammenW en BUeWagne (AmRcR Cadi], EUika). D¶aXWUeV menaceV, lipeV aX[ acWivités 

anthropiques et au changement global, pèsent sur les écosystèmes côtiers et sur les habitats 

dominés par les algues : eXWURShiVaWiRn eW SURlifpUaWiRn d¶eVSqceV RSSRUWXniVWeV (maUpeV YeUWeV, 

bUXneV eW URXgeV), inWURdXcWiRn d¶eVSqceV allRchWRneV (dRnW Sargassum muticum et 

Caulacanthus okamurae), exploitation commerciale, montée du niveau de la mer, variations 

WheUmiTXeV eW, cRmme pYRTXp SUpcpdemmenW, leV changemenWV de l¶h\dURd\namiVme. 

DanV ce cRnWe[We eW j Xne pchelle mRndiale, il e[iVWe aXjRXUd¶hXi Xn certain désintérêt 

pour les études de biogéographie et de phylogéographie des macroalgues (De Clerck O., pers. 

comm.). Toutefois, outre les réseaux de surveillance cités plus haut, des dispositifs de suivi 

écologique et de protection ont été mis en place, surtout en Europe. Ils concernent des habitats 

dominés par des macrophytes en zone côtière, i.e. les herbiers de zostères, les bancs de maërl 

eW leV fRUrWV de laminaiUeV dpVRUmaiV liVWpeV en WanW TX¶habiWaWV menacpV (CRnYenWiRn OSPAR). 

Par ailleurs, des initiatives publiques et associatives développent le suivi des communautés 

macURalgaleV, j l¶pchelle UpgiRnale, cRmme l¶RbVeUYaWRiUe deV changemenWV de l¶eVWUan (OBCE 

± Bretagne Vivante SEPNB) créé fin 2017, ou nationale, comme le programme national de 

sciences participatives sur la biodiversité du littoral (BioLit - Inventaire National du Patrimoine 

Naturel). Malgré la présence de nombreuses espèces inféodées aux communautés macroalgales 

et les réductions de populations de Fucales observées tout autour de l¶EXURSe (Fernández, 2016; 

Martins et al., 2019; Mieszkowska et al., 2020), de tels dispositifs concernent cependant très 

peu les habitats rocheux intertidaux à dominance macroalgale. Ceux-ci fRnW malgUp WRXW l¶RbjeW 

de mesures protectrices partielles au sein des Aires Marines Protégées (ZNIEFF, zones Natura 

2000, Parcs Marins). 

4. Conclusion 

LeV UpVXlWaWV RbWenXV en cRXUV de WhqVe RnW SeUmiV de mieX[ ceUneU leV effeWV de 

l¶h\dURd\namiVme VXU leV cRmmXnaXWpV macURalgaleV inWeUWidaleV eW VXU la macURfaXne aVVRcipe 
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gUkce j Xne aSSURche mpWhRdRlRgiTXe inclXanW : 1) Xn dRXble pchanWillRnnage de la macURflRUe 

eW de la macURfaXne VeVVile eW le dpnRmbUemenW deV gaVWpURSRdeV bURXWeXUV, 2) le 

dpYelRSSemenW eW la YalidaWiRn d¶Xn SUR[\ haXWeXU de YagXe in ViWX baVp VXU l¶XWiliVaWiRn de 

VRndeV de SUeVViRn fi[peV aX niYeaX deV cRmmXnaXWpV, 3) l¶XWiliVaWiRn de gUadienWV hRUi]RnWaX[ 

eW YeUWicaX[ inWpgUanW l¶h\dURd\namiVme eW d¶aXWUeV facWeXUV enYiURnnemenWaX[. IlV RnW abRXWi 

j la miVe en pYidence, 1) dX U{le SUpSRndpUanW de la haXWeXU de YagXe danV la VWUXcWXUe j SeWiWe 

pchelle deV cRmmXnaXWpV macURalgaleV eW deV aVVemblageV macURflRUe ± macURfaXne 

cRUUeVSRndanWV, 2) dX U{le VecRndaiUe de la haXWeXU de YagXe SaU UaSSRUW j l¶alWiWXde danV la 

diffpUenWiaWiRn YeUWicale de cRmmXnaXWpV, 3) de l¶e[iVWence de VeXilV d¶h\dURd\namiVme danV 

la WUanViWiRn enWUe dRminance macURalgale eW dRminance SaU la macURfaXne fi[pe, 4) de la 

cRe[iVWence de 2 cRmSRVanWeV de l¶h\dURd\namiVme (Xne lipe j la hRXle en SURYenance dX laUge, 

Xne lipe j deV SURceVVXV SlXV lRcaX[ j SUR[imiWp immpdiaWe de l¶eVWUan) indpSendanWeV eW 

SeUWinenWeV SRXU e[SliTXeU la VWUXcWXUe deV pcRV\VWqmeV inWeUWidaX[ URcheX[.  

LeV UpVXlWaWV de ceWWe WhqVe cRnVWiWXenW Xne SUemiqUe pWaSe danV le dpYelRSSemenW d¶Xn mRdqle 

SUpdicWif de l¶effeW de l¶h\dURd\namiVme VXU leV cRmmXnaXWpV macURalgaleV, ainVi TXe VXU leV 

biRcpnRVeV aVVRcipeV. Un Wel mRdqle SRXUUaiW rWUe Xn RXWil SUpcieX[ SRXU anal\VeU leV pYRlXWiRnV 

deV pcRV\VWqmeV inWeUWidaX[ face aX changemenW climaWiTXe glRbal eW aX[ SeUWXUbaWiRnV 

anWhURSiTXeV affecWanW leV pcRV\VWqmeV c{WieUV. 
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Annexe A Présentation des sondes Mini-Diver 
Caractéristiques des sondes Mini-Diver   

Les sondes Mini-DiYeU VRnW j l¶RUigine utilisées pour surveiller le niveau dans des réserves 
d¶eaX, SXiWV eW naSSeV VRXWeUUaineV. NRXV dpWRXUnRnV ici leXU XVage SRXU TX¶elleV nRXV dRnnenW 
la haXWeXU de YagXeV VXU la ]Rne inWeUWidale (SUR[\ de l¶h\dURd\namiVme). Ces sondes ont été 
choisies pour des études sur les estrans rocheux à dominance macroalgale car elles présentent 
de nombreuses qualités autorisant un déploiement dans ces milieux extrêmes. Elles montrent 
une bonne résistance aux chocs, tout en restant discrètes et faciles à attacher sur le substrat. La 
capacité de mesure est de 24000 mesures (24000 mesures de température et 24000 de pression). 
Deux types de sondes Mini-DiYeU VRnW XWiliVpV lRUV de l¶pchanWillRnnage Sh\ViTXe : les DI502 
et DI505. Leurs caractéristiques sont résumées dans le Tableau 1. 

LeV VRndeV meVXUenW l¶hRURdaWage, la SUeVViRn eW la WemSpUaWXUe. CeV VRndeV VRnW en acieU 
inoxydable et ont pour format 90 mm de long, 22 mm de large pour un poids de 55 g. 

 
Tableau 1 : Caractéristiques des deux modèles de Mini-Diver. Profondeur maximale, intervalle de 
température, précision et résolution de la pression (P) et de la température (T°) 

Model DI502 DI505 Unit 

P Range 20 50 meter 

P Accuracy ±1.0 ±2.5 cmH2O 

P Resolution 0.4 1.0 cmH2O 

T° Range -20 ĺ +80 °C 

T° Accuracy ±0.1 °C 

T° Resolution 0.01 °C 

 

  

Tête de la sonde (enregistrement 
effectué sous le capuchon de 
protection) 

Base de la sonde à dévisser pour 
connexion au lecteur USB 

90 mm 



 

Plusieurs informations sont gravées sur la sonde : 

 

Il est important de noter le numéro de série de la sonde lors du déploiement sur le terrain. 

Bien débuter 
1) Télécharger le logiciel Diver-Office sur https://diver-water-level-

logger.com/software/diver-office.html eW l¶inVWalleU. 
2) CRnnecWeU le lecWeXU USB SRXU l¶inVWallaWiRn des drivers. 
3) Démarrer le logiciel Diver-Office et créer un projet pour débuter. 
4) DpYiVVeU la baVe de la VRnde SRXU l¶inVpUeU VXU le lecWeXU. 

 

5) Cliquer sur Diver  pour ouvrir une fenêtre résumant les caractéristiques de la 
sonde connectée : 

x le statut (ARRÊTÉ, DÉMARRAGE DIFFÉRÉ, DÉMARRÉ), 
x le numéro de série,  
x leV daWeV de dpmaUUage eW d¶aUUrW de la VRnde,  
x le nombre de données prises, 
x la batterie restante. 

 

  

 

https://diver-water-level-logger.com/software/diver-office.html
https://diver-water-level-logger.com/software/diver-office.html


 

Programmation des sondes Mini-Diver 
1) Connecter la sonde au lecteur USB et lancer Diver-Office. 

2) Cliquer sur Diver  pour ouvrir une fenêtre résumant les caractéristiques de la 
sonde connectée. 

3) MRdifieU l¶inWeUYalle d¶enUegiVWUemenW : 25 s pour enregistrer pendant environ une 
semaine, 1 s pour enregistrer pendant une marée, etc.  

4) Cliquer sur Programmer  

  



 

Déploiement des sondes 
Matériel nécessaire : 

 

1) Deux trous distants de 5 ± 6 cm sont percés dans le substrat (de préférence camouflé 
parmi les algues). 

2) Deux chevilles plastiques y sont placées. 
3) Une embaVe SRXU cRllieU CRlVRn eVW YiVVpe VXU l¶Xne deV cheYilleV. 
4) La base de la sonde eVW YiVVpe VXU l¶aXWUe cheYille. 
5) La WrWe de la VRnde eVW aWWachpe j l¶embaVe aYec Xn cRllieU de VeUUage SlaVWiTXe 

(Colson), serré grâce à une pince Colson. 

NB : il est important de noter le numéro de série de la sonde et à quel endroit chaque sonde 
est placée (point GPS + photographies de repérage) pour faciliter la récupération et le 
traitement des données. 

 

 

  

Colson 9 × 80 mm Perceuse et  

foret ø 6 mm 

Embase plastique 

largeur 9 mm 

Vis 5 × 50 mm Chevilles plastique 

ø 6 × 30 mm 

Visseuse 

Marteau Pince Colson Tenaille (éventuellement) 



 

Récupération des sondes 
Matériel nécessaire : 

 

1) Glisser la lame de cutter entre la sonde et le collier pour sectionner ce dernier. 
2) Dévisser la vis à la base.  
3) DpYiVVeU SRXU UeWiUeU l¶embaVe eW e[WUaiUe la cheYille dX VXbVWUaW en WiUanW j l¶aide d¶Xne 

tenaille sur une vis légèrement vissée à la cheville. 

  

Visseuse Tenaille Cutter 



 

Récupération des données Mini-Diver 
1) Connecter la sonde au lecteur USB et lancer Diver-Office 

2) Cliquer sur Diver  pour ouvrir une fenêtre résumant les caractéristiques de la 
sonde connectée. 

3) Cliquer sur Données  pour commencer le téléchargement les données du Mini-
Diver qui peut durer quelques minutes.   

4) Une fois terminé le téléchargement, les données de pression et de température sont 
affichées avec possibilité de zoomer sur des périodes spécifiques en encadrant la 

zone :  
5) Pour récupérer les données en .DAT (données brutes) ou .CSV (données tableur), il 

faut cliquer sur données Diver qui a été utilisé dans l'arborescence du projet 
(explorateur sur la partie gauche du logiciel), cliquer droit sur la série temporelle 
correspondante, puis exporter.  

 
6) DpfiniU le dRVVieU d¶enUegiVWUemenW eW cliTXeU VXU modifier pour sélectionner les 

diffpUenWV fRUmaWV d¶exportation. Afficher les fichiers SeUmeW d¶accpdeU aX dRVVieU 
directement. 

  



 

Annexe B Présentation des sites 
Un total de 14 sites situés à la pointe de la Bretagne a été échantillonné au cours de la 

thèse, pour réaliser différentes études (Figure B1). 

 
Figure B1 : leV 14 ViWeV d¶pchanWillRnnage pWXdipV lRUV de la WhqVe. 

TURiV ViWeV, l¶vle Segal (site n°9), Porspoder (10) et Porsal (12), ont été considérés comme 

ViWeV de UpfpUence, eW RnW VeUYi j l¶inWpgUaliWp deV pWXdeV SUpVenWpeV danV ceWWe WhqVe. DeX[ Vites, 

Delleg (7) et Landunvez (11) ont été utilisés dans le chapitre 2.2. Des photographies de chaque 

communauté sont présentées ci-après pour ces cinq cites. 

Enfin, 9 ViWeV, TUpgXnc (1), LRcWXd\ (2), PenmaUc¶h (3), MeVSeUleXg (4), TUebRXll (5), 

Aber (6), Traezh Hir (8), Brignogan (13) et Mogerieg (14), ont été utilisés dans le chapitre 3. 

Ces 9 derniers sites seront présentés succinctement. 

  



 

1. Sites de référence 

Porsal (12) 

Orientation : Nord-Ouest 

 
Figure B2 : Image satellite du site de Porsal (Pointe de Penvir) 

 

Historiquement, le site de Beg Penn Vir en Porsal (Ploudalmézeau) a été étudié afin de suivre 

le UeSeXSlemenW de la ]Rne inWeUWidale aSUqV la maUpe nRiUe de l¶AmRcR Cadi] en 1978  (Floc'h 

and Diouris, 1980). Ce site également suivi depuis 2005 dans le cadre du Rebent et de la 

VXUYeillance DCE / DCSMM eVW Xn SlaWieU gUaniWiTXe SUpVenWanW Xn YaVWe chamS d¶Ascophyllum 

nodosum et une forêt de Laminaria ochroleuca en baV d¶eVWUan. Il eVW cRnsidéré comme un site 

de référence en Bretagne. 



 

 
Figure B3 : e[emSleV de SRinWV d¶pchanWillRnnage j PRUVal. A : Communauté à P. canaliculata. B : 

Communauté à F. spiralis. C : Communauté à A. nodosum ± F. vesiculosus. D : Communauté à F. 

serratus. E : Communauté à H. elongata ± B. bifurcata. F : Communauté à L. digitata. 

 

  



 

Porspoder (10) 

Orientation : Sud-Ouest 

 
Figure B4 : Image satellite du site de Porspoder 

Le ViWe de PRU]h MeXU en PRUVSRdeU eVW lRcaliVp aXWRXU d¶Xne cUiTXe abUiWpe cenWUale, aYec leV 

cRmmXnaXWpV de milieX eW de haXW d¶eVWUan abUiWpeV SaU la SUeVTX¶vle j l¶RXeVW eW UpSaUWieV VXU 

l¶eVW de la SUeVTX¶vle eW VXU la gUqYe URcheXVe j l¶eVW. La cRmmXnauté à Ascophyllum sur la partie 

eVW de la SUeVTX¶vle aX niYeaX d¶Xn SlaWieU URcheX[ diVSaUavW pour laisser place à un champ de 

blocs puis une zone de roche en place battue au bas de laquelle se développent les communautés 

à H. elongata ± B. bifurcata et à L. digitata.  



 

 
Figure B5 : e[emSleV de SRinWV d¶pchanWillRnnage j PRUVSRdeU. A : Communauté à P. canaliculata. B : 

Communauté à F. spiralis. C : Communauté à A. nodosum ± F. vesiculosus. D : Communauté à F. 

serratus. E : Communauté à H. elongata ± B. bifurcata. F : Communauté à L. digitata. 

 

  



 

Segal (9) 

Orientation : Ouest 

 
Figure B6 : Image satelliWe dX ViWe de l¶vle Segal en Plouarzel 

L¶Ile Segal eVW en UpaliWp Xne SUeVTX¶vle Uelipe aX cRnWinenW SaU Xn cRUdRn de blRcV de SeWiWe 

taille et de sable. LeV cRmmXnaXWpV dX haXW eW dX milieX d¶eVWUan jXVTX¶j F. serratus se 

UpSaUWiVVenW enWUe l¶eVW de l¶vlRW eW la gUqYe aWWenanWe eW le VXd-RXeVW de l¶vlRW. LeV cRmmXnaXWpV 

de baV niYeaX VRnW ViWXpeV j l¶e[WUpmiWp nRUd-RXeVW de l¶vlRW, e[SRVpe j maUpe haXWe. 



 

 
Figure B7 : e[emSleV de SRinWV d¶pchanWillRnnage j Segal. A : Communauté à P. canaliculata. B : 

Communauté à F. spiralis. C : Communauté à A. nodosum ± F. vesiculosus. D : Communauté à F. 

serratus. E : Communauté à H. elongata ± B. bifurcata. F : Communauté à L. digitata. 

 

  



 

Sites du chapitre 2.2 

Landunvez (11) 

orientation : ouest - sud-ouest 

 
Figure B8 : Image satellite du site de Beg an Ti Gard en Landunvez. 

Le site est situé sur une pointe rocheuse relativement exposée, mais partiellement protégé par 

Ene] TidiRg (Ile d¶YRck) aX SXd-Ouest. Le substrat granitique se présente essentiellement sous 

forme de roche-mqUe en Slace eW Xne ]Rne de blRcV aXWRXU d¶Xne gUande maUe aX SXd. 

  



 

 
Figure B9 : e[emSleV de SRinWV d¶pchanWillRnnage j LandXnYe]. A : Communauté à P. canaliculata. B : 

Communauté à F. spiralis. C : Communauté à A. nodosum ± F. vesiculosus. D : Communauté à F. 

serratus. E : Communauté à H. elongata ± B. bifurcata. F : Communauté à L. digitata. 

  



 

Delleg (7) 

Orientation : Sud-Est 

 
Figure B10 : Image satellite du site de Delleg Bras en Plouzané. 

Le site est suivi depuis 2005 dans le cadre du Rebent Bretagne, puis de la DCE et désormais de 

la DCSMM. A l¶enWUpe de la Rade de BUeVW (Goulet), il est relativement exposé, en particulier 

le milieX d¶eVWUan TXi SUpVenWe Xne cRXYeUWXUe UpdXiWe d¶Ascophyllum nodosum. 



 

 
Figure B11 : e[emSleV de SRinWV d¶pchantillonnage au Delleg. A : Communauté à P. canaliculata. B : 

Communauté à F. spiralis. C : Communauté à A. nodosum ± F. vesiculosus. D : Communauté à F. 

serratus. E : Communauté à H. elongata ± B. bifurcata. F : Communauté à L. digitata. 

  



 

Sites du chapitre 3 

Mogerieg (Moguériec) (14) 

Orientation : Nord-Ouest Fetch : 54.8 km Indice de Baardseth : 8 

Fucales dominante en milieX d¶eVWUan : F. vesiculosus 

Espèces de macroalgues dans la communauté : 28 spp. 

Substrat : Formation plutonique : Complexe monzogranitique de Briognognan-Plouescat : 

Monzogranite de Mogerieg 

 
Figure B12 : A : Image satellite du site de Mogerieg; B : Milieu de la zone intertidale avec cuvettes de 

faible profondeur C : e[emSle de SRinW d¶pchanWillRnnage dRminp SaU F. vesiculosus et R. floridula. 

 

Description : le site est situé sur la plage de la « mauvaise grève » à Mogerieg (Sibiril). Il 

présente de nRmbUeX[ blRcV en haXW d¶eVWUan aYec deV pcRXlemenWV. Le milieX d¶eVWUan eVW 

caractérisé par la présence de roches ensablées où se développent des tapis de Rhodothamniella 

floridula et des Fucus vesiculosus. De nombreuses mares sableuses de faible profondeur sont 

également à signaler. Lors de la période estivale, des algues annuelles se développent 

abondamment, en particulier Bangia fuscopurpurea, Porphyra linearis et P. dioica. Des 

mouvements de sable de plusieurs dizaines de centimètres de hauteur ont été observés après les 

périodes de tempête, phénomène remarquable sur ce site (Stagnol et al., 2013). Ce site est un 

spot de surf réputé suggérant un hydrodynamisme important, et de grandes hauteurs de vagues.  

 

  



 

Brignogan (13) 

Orientation : Nord-Est Fetch : 78.9 km Indice de Baardseth : 14 

Fucales dominante en milieX d¶eVWUan : A. nodosum 

Espèces de macroalgues identifiées dans la communauté : 40 spp. 

Substrat : Formations plutoniques. Complexe monzonitique de Brignogan. Monzogranite 

porphyroïde (faciès de Brignogan) 

 
Figure B13 : A : Image satellite du site de Brignogan ; B : Milieu de la zone intertidale avec des rochers 

massifs C : e[emSle de SRinW d¶pchanWillRnnage dRminp SaU A. nodosum. 

 

Description : le site est localisé au nord de la plage des crapauds (commune de Brignogan-

Plage). C¶eVW Xn eVWUan WUqV accidenté caractérisé par de nombreux blocs de roches mesurant 

plusieurs mètres de hauteur. La présence de ces roches combinée à de nombreuses 

anfractuosités et cuvettes sableuses façonne des habitats très variés distants de quelques mètres 

seulement. On observe également un étagement complet de FXcaleV de haXW en baV de l¶eVWUan. 

LeV canRSpeV d¶A. nodosum sont développées et protègent de nombreuses espèces de 

macURalgXeV (minimXm 27 VSS. SaU mð lRUV de l¶pchanWillRnnage d¶hiYeU). Le feWch de 78.9 km 

eW l¶indice de Baardseth de 14 sont forts et illXVWUenW l¶RXYeUWXUe imSRUWanWe de ce ViWe. 

  



 

Trez Hir (8) 

Orientation : Sud-Est   Fetch : 3.4 km  Indice de Baardseth : 6 

Fucales dominante en milieX d¶eVWUan : A. nodosum 

Espèces de macroalgues identifiées dans la communauté : 38 spp. 

Substrat : Granodiorite de Tregana 

 
Figure B14 : A : Image satellite du site de Trez Hir ; B : Milieu de la zone intertidale avec des 

Ulva spp. estivales C : e[emSle de SRinW d¶pchanWillRnnage dRminp SaU A. nodosum. 

 

Description : le site retenu est situé au sud de la Plage du Trez Hir (Plougonvelin) localisé au 

fRnd de l¶anVe de BeUWheaXme. DeV cXYeWWeV SURfRndeV VRnW UeWURXYpeV en haXW d¶eVWUan, le 

milieX d¶eVWUan SUpVenWe Xne alWeUnance de chenaX[ cRXYeUW de gUaYieU/galets et des roches 

aplaties où se développent les macroalgues. En été les Ulva spp. prolifèrent et recouvrent les 

roches et autres macroalgues (plus de 50% de recouvrement sur les points échantillonnés). Le 

fetch de ce site est le plus bas de ceux sélecWiRnnpV, la SUeVTX¶vle de Crozon étant juste en face 

dX TUe] HiU. C¶eVW Xn hRWVSRW de la biRdiYeUViWp deV macURalgXeV en BUeWagne YiViWp SaU 

d¶illXVWUeV Sh\cRlRgXeV WelV J. CabiRc¶h, Y. BeUgeW-Perrot, F. Magne ou les frères Crouan 

(Dizerbo and Herpe, 2007). 

 

  



 

Aber (6) 

Orientation : Sud-Est   Fetch : 4.1 km  Indice de Baardseth : 7 

Fucales dominante en milieX d¶eVWUan : F. vesiculosus 

Espèces de macroalgues identifiées dans la communauté : 45 spp. 

 
Figure B15 : A : Image satellite du ViWe de l¶AbeU; B : Milieu de la zone intertidale avec des F. 

vesiculosus et des cuvettes. C : e[emSle de SRinW d¶pchanWillRnnage dRminp SaU F. vesiculosus. 

 

Description : Le ViWe eVW j l¶EVW de l¶vle de l¶AbeU aX NRUd de la Baie de Douarnenez. La zone 

intertidale est étroite (100m) et est remarquable de par ses nombreuses anfractuosités et cuvettes 

de faible profondeur. Cet estran a été étudié en 2001 (Connan, 2004), puis dans le cadre du 

RebenW. Le ViWe a pWp dpSlacp de la SUeVTX¶vle (Ragene]) R� il pWaiW e[SRVp YeUV le UiYage eW il faiW 

désormais partie du suivi DCE macroalgues intertidales en Bretagne. 

 

  



 

Treboull (5) 

Orientation : Nord   Fetch : 4.2 km  Indice de Baardseth : 6 

Fucales dominante en milieX d¶eVWUan : F. vesiculosus 

Espèces de macroalgues identifiées dans la communauté : 37 spp. 

Substrat : Complexe trondhjémitique du Cap Sizun (Trondhjémite de Douarnenez et tonalites 

subordonnées) 

 
Figure B16 : A : Image satellite du site de Tréboul ; B : Milieu de la zone intertidale avec 

enrochement artificiel et des couverts de F. vesiculosus. C : e[emSle de SRinW d¶pchanWillRnnage 

dominé par F. vesiculosus. 

 

Description : Le site est un enrochement présentant des blocs imposants et est situé au Sud de 

la baie de Douarnenez. Le ViWe eVW enWRXUp de Vable, aYec la Slage deV SableV blancV j l¶OXeVW eW 

la plage Sant Yann (Saint-Jean) j l¶EVW. LeV F. vesiculosus sont dominants, même si quelques 

A. nodosum sont retrouvés. 

  



 

Mesperleuc (4) 

Orientation : Sud-Ouest  Fetch : 64.1km Indice de Baardseth : 13 

Fucales dominante en milieX d¶eVWUan : F. vesiculosus 

Espèces de macroalgues identifiées dans la communauté : 18 spp. 

Substrat : Zone broyée Sud Armoricaine (Leucogranite à muscovite et biotite de la Pointe du 

Raz-Quimper) 

 
Figure B17 : Image satellite du site de Tréboul ; B : Milieu de la zone intertidale avec 

enrochement artificiel et des couverts de F. vesiculosus. C : e[emSle de SRinW d¶pchanWillonnage 

dominé par F. vesiculosus. 

 

Description : Le site est danV la baie d¶AXdieUne. C¶eVW Xn eVWUan WUqV RXYeUW aYec deV URcheV 

ensablées qui a été recouvert par le sédiment de nombreuses fois pendant la période d¶pWXde 

(entre Automne 2017 et été 2018).  Les thalles de F. vesiculosus sont malgré tout bien 

développés. 

 

  



 

Penmarc¶h (3) 

Orientation : Ouest   Fetch : 58.3km Indice de Baardseth : 10 

Fucales dominante en milieX d¶eVWUan : A. nodosum 

Espèces de macroalgues identifiées dans la communauté : 22 spp. 

Substrat : Granite de Pont-l'Abbé, faciès fin leucocrate (Domaine Méridional) 

 
Figure B18 : Image VaWelliWe dX ViWe de PenmaUc¶h ; B : chamS d¶A. nodosum. C : exemple de 

SRinW d¶pchanWillRnnage dRminp SaU A. nodosum.  

 

Description : Le ViWe eVW j l¶e[WUpmiWp OXeVW de PenmaUc¶h en face dX ShaUe d¶Eckm�hl, RXYeUW 

VXU l¶Rcpan AWlanWiTXe eW il a pWp l¶RbjeW de TXelTXeV pWXdeV cRnceUnanW leV macURalgXeV (Golléty, 

2008; Jégou, 2011). Bien que sur une portion de côte exposée, le site proprement dit est abrité 

en aUUiqUe d¶Xne baUUe URcheXVe TXi caVVe la hRXle dX laUge. Il eVW SaU cRnVpTXent plutôt abrité et 

SeUmeW le dpYelRSSemenW d¶Xne imSRUWante canopée macroalgale, en particulier au niveau 

d¶Ascophyllum nodosum. 

 

 

  



 

Loctudy (2) 

Orientation : Sud-Est   Fetch : 54.6km Indice de Baardseth : 17 

Fucales dominante en milieX d¶eVWUan : F. vesiculosus 

Espèces de macroalgues identifiées dans la communauté :  24 spp. 

Substrat : Granite de Pont-l'Abbé, faciès fin leucocrate (Domaine Méridional)  

 
Figure B19 : Image satellite du site de Loctudy ; B : Milieu de la zone intertidale avec 

enrochement artificiel et des couverts de F. vesiculosus. C : exemple de SRinW d¶pchanWillRnnage 

dominé par F. vesiculosus. 

 

Description : Le site est à au Sud-Est du Pays Bigouden et est faiblement pentu. Il se présente 

comme un champ de blocs partiellement ensablés et relativement exposé   



 

Trégunc (1) 

Orientation : Sud-Ouest  Fetch : 52.3 km Indice de Baardseth : 14 

Fucales dominante en milieX d¶eVWUan : A. nodosum 

Espèces de macroalgues identifiées dans la communauté : 40 spp. 

Substrat : Unités granitiques varisques : Granite à grain grossier, à biotite (muscovite) de 

Trégunc 

 
Figure B20 : Image satellite du site de Trégunc ; B : Milieu de la zone intertidale. C : exemple 

de SRinW d¶pchanWillRnnage dRminp SaU A. nodosum. 

 

Description : Le site sélectionné est localisé à Beg ar Gazeg, pointe rocheuse battue mais qui 

présente une dépression relativement abritée d¶enYiURn Xne cenWaine de mqWUeV de lRng, danV 

laquelle se développent plusieurs communautés macroalgales intertidales. Les ceintures de haut 

d¶eVWUan (P. canaliculata et F. spiralis) sont réduites du fait de la présence de sable et du passage 

d¶Xne SaUWie de la houle au-dessus de la barrière rocheuse à marée haute. 

 

 

 

  



 

Annexe C Liste des espèces identifiées 
 

LeV algXeV RnW pWp claVVpeV SaU gURXSe VWUXcWXUel / fRncWiRnnel (SFG), VelRn l¶RUganiVaWiRn de 
leur appareil végétatif et leur stratégie de développement.  

  
GURXSe VWUXcWXUel / fRncWiRnnel (SFG) 

1 : algXeV XnicellXlaiUeV, VSRUXlaWiRnV  

2 : filamenWV XniVpUipV eW endRSh\WeV 

2,5 : filamenWV SRl\VpUipV, macURalgXeV SUpVenWanW Xn cRUWe[ 
VimSle eW / RX Xne mpdXla lacXnaiUe 

3 : macURalgXeV en lame fine (mRnR- RX diVWURmaWiTXe) eW 
macURalgXeV en WXbe fin 

3,5 : lameV, WXbeV RX VShqUeV SUpVenWanW SlXV de deX[ cRXcheV 
de cellXleV RX deV neUYXUeV 

4 : mpdXla eW cRUWe[ bien dpYelRSSp oX macURalgXeV calcaiUeV 
oX macURalgXeV encUR�WanWeV 

5 : macURalgXeV cRmSle[eV haXWemenW diffpUencipeV 



 

Lichens (5) 
Caloplaca marina Weddell, H.-A. 
Glaucomaria sulphurea (HRffmann) S. Y. KRndUaW\Xk, L. LĘk|V & Farkas 
Hydropunctaria maura (Wahlenberg) C. Keller, Gueidan & Thüs 
Lichina pygmaea (Lightfoot) C. Agardh 
Wahlenbergiella mucosa (Wahlenberg) Gueidan & Thüs 

Cyanobacteria (2) 
Rivularia atra Roth ex Bornet & Flahault 
Rivularia bullata Berkeley ex Bornet & Flahault 
Cyanobacteria indeterminée 

Rhodophyta (110) 
Erythropeltales 
Erythrotrichia welwitschii (Ruprecht) Batters 
Bangiales 
Porphyra dioica J. Brodie & L. M. Irvine 
Porphyra linearis Greville 
Porphyra umbilicalis Kützing 
Pyropia leucosticta (Thuret) Neefus & J. Brodie 
Ahnfeltiales 
Ahnfeltia plicata (Hudson) E. M. Fries 
Acrochaetiales 
Acrochaetium sp. Nägeli 
Rhodochorton purpureum (Lightfoot) Rosenvinge 
Palmariales 
Palmaria palmata (Linnaeus) F. Weber & D. Mohr 
Rhodothamniella floridula (Dillwyn) Feldmann 
Nemaliales 
Nemalion elminthoides (Velley) Batters 
Gelidiales 
Gelidium corneum (Hudson) J. V. Lamouroux 
Gelidium pulchellum (Turner) Kützing 
Gelidium pusillum (Stackhouse) Le Jolis 
Gelidium spinosum (S. G. Gmelin) P. C. Silva 
Gracilariales 
Gracilaria gracilis (Stackhouse) Steentoft, L. M. Irvine & Farnham 
Gracilaria multipartita (Clemente) Harvey 
Bonnemaisoniales 
Asparagopsis armata Harvey 
Bonnemaisonia hamifera Hariot3  
Halymeniales 
Grateloupia turuturu Yamada 
Hildenbrandiales 
Hildenbrandia rubra (Sommerfelt) Meneghini 
Hildenbrandia sp. Nardo 
Hapalidiales 
Mesophyllum lichenoides (J. Ellis) Me.Lemoine 
Melobesia membranacea (Esper) J. V. Lamouroux 
Corallinales 
Corallina ferreyrae E. Y. Dawson, Acleto & Foldvik 
Ellisolandia elongata (J.Ellis & Solander) K.R.Hind & G.W.Saunders 
Jania squamata (Linnaeus) J. H. Kim, Guiry & H-G. Choi 
Lithophyllum incrutans Philippi 
Phymatolithon lenormandii (Areschoug) W. H. Adey 
Phymatolithon purpureum (P. Crouan & H. Crouan) Woelkerling & L. M. Irvine 
Peyssonneliales 
Peyssonelia atropurpurea P. Crouan & H. Crouan 
Gigartinales 
Catenella caespitosa (Withering) L. M. Irvine 
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Caulacanthus okamurae Yamada 
Calliblepharis jubata (Goodenough & Woodward) Kützing 
Cystoclonium purpureum (Hudson) Batters 
Dumontia contorta (S. G. Gmelin) Ruprecht 
Furcellaria lumbricalis (Hudson) J. V. Lamouroux 
Chondracanthus acicularis (Roth) Fredericq 
Chondrus crispus Stackhouse 
Gigartina pistillata (S. G. Gmelin) Stackhouse 
Meredithia microphylla (J. Agardh) J.Agardh 
Metacallophyllis laciniata (Hudson) A. Vergés & L. Le Gall 
Gymnogongrus crenulatus (Turner) J. Agardh 
Gymnogongrus griffithsiae (Turner) C. Martius 
Mastocarpus stellatus (Stackhouse) Guiry 
Phyllophora crispa (Hudson) P. S. Dixon 
Phyllophora pseudoceranoïdes (S. G. Gmelin) Newroth & A. R. A. Taylor ex P. S. Dixon & L. M. Irvine 
Polyides rotunda (Hudson) Gaillon 
Sphaerococcus coronopifolius Stackhouse 
Plocamiales 
Plocamium maggsiae G. W. Saunders & Lehmkuhl 
Plocamium sp. J. V. Lamouroux   
Rhodymeniales 
Champia parvula (C. Agardh) Harvey 
Chylocladia verticillata (Lightfoot) Bliding 
Gastroclonium ovatum (Hudson) Papenfuss 
Gastroclonium reflexum (Chauvin) Kützing 
Lomentaria articulata (Hudson) Lyngbye 
Lomentaria clavellosa (Lightfoot ex Turner) Gaillon 
Lomentaria hakodatensis Yendo 
Ceramiales 
Acrosorium ciliolatum (Harvey) Kylin 
Aglaothamnion byssoides (Arnott ex Harvey) C. F. Boudouresque & M. M. Perret-Boudouresque 
Aglaothamnion gallicum (Nägeli) Halos ex Ardré 
Aglaothamnion hookeri (Dillwyn) Maggs & Hommersand 
Aglaothamnion sepositum (Gunnerus) Maggs & Hommersand 
Antithamnionella ternifolia (J. D. Hooker & Harvey) Lyle 
Apoglossum ruscifolium (Turner) J. Agardh 
Bornetia secundiflora (J. Agardh) Thuret 
Callithamnion tetragonum (Withering) S. F. Gray 
Callithamnion tetricum (Dillwyn) S. F. Gray 
Ceramium ciliatum (J. Ellis) Ducluzeau 
Ceramium diaphanum (Lightfoot) Roth 
Ceramium echionotum J. Agardh 
Ceramium gaditanum (Clemente) Cremades 
Ceramium pallidum (Kützing) Maggs & Hommersand 
Ceramium secundatum Lyngbye 
Ceramium sp. Roth   
Ceramium virgatum Roth   
Chondria dasyphylla (Woodward) C. Agardh 
Cryptopleura ramosa (Hudson) L. Newton 
Dasya hutchinsiae Harvey 
Gayliella flaccida (Harvey ex Kützing) T. O. Cho & L. J. McIvor 
Griffithsia corallinoides (Linnaeus) Trevisan 
Griffithsia devoniensis Harvey 
Halurus equisetifolius (Lightfoot) Kützing 
Halurus flosculosus (J. Ellis) Maggs & Hommersand 
Heterosiphonia plumosa (J. Ellis) Batters 
Hypoglossum hypoglossoides (Stackhouse) Collins & Hervey 
Laurencia obtusa (Hudson) J. V. Lamouroux  
Melanothamnus harveyi (Bailey) Díaz-Tapia & Maggs 
Membranoptera alata (Hudson) Stackhouse 
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Monosporus pedicellatus (Smith) Solier 
Nitophyllum punctatum (Stackhouse) Greville 
Osmundea hybrida (A. P. de Candolle) K. W. Nam 
Osmundea osmunda (S. G. Gmelin) K. W. Nam & Maggs 
Osmundea pinnatifida (Hudson) Stackhouse 
Phycodrys rubens (Linnaeus) Batters 
Plumaria plumosa (Hudson) Kuntze 
Polyneura bonnemaisonii (C. Agardh) Maggs & Hommersand 
Polysiphonia fibrata (Dillwyn) Harvey 
Polysiphonia sp. Greville 
Polysiphonia stricta (Mertens ex Dillwyn) Greville 
Pterothamnion plumula (J. Ellis) Nägeli 
Rhodophyllis divaricata (Stackhouse) Papenfuss 
Spyridia griffithsiana (J. E. Smith) G. C. Zuccarello, Prud'homme & H. Stegenga 
Vertebrata fruticulosa (Wulfen) Kuntze 
Vertebrata fucoides (Hudson) Kuntze 
Vertebrata lanosa (Linnaeus) T. A. Christensen 
Vertebrata nigra (Hudson) Díaz-Tapia & Maggs 
Vertebrata reptabunda (Suhr) Díaz-Tapia & Maggs 
Vertebrata thuyoides (Harvey) Kuntze 
Xiphosiphonia pinnulata (Kützing) Savoie & G. W. Saunders 

Phaeophyceae (36) 
Sphacelariales 
Cladostephus spongiosum (Hudson) C. Agardh 
Halopteris filicina (Grateloup) Kützing 
Halopteris scoparia (Linnaeus) Sauvageau 
Sphacelaria fusca (Hudson) S. F. Gray 
Sphacelaria sp. Lyngbye   
Dictyotales 
Dictyopteris polypodioides (A. P. De Candolle) J. V. Lamouroux 
Dictyota dichotoma (Hudson) J. V. Lamouroux 
Ectocarpales 
Colpomenia peregrina Sauvageau  
Ectocarpus fasciculatus Harvey 
Ectocarpus siliculosus (Dillwyn) Lyngbye 
Ectocarpus sp. Lyngbye 
Elachista fucicola (Velley) Areschoug 
Elachista scutulata (Smith) Areschoug 
Herponema velutinum (Greville) J. Agardh 
Hincksia granulosa (Smith) P. C. Silva 
Hincksia hincksiae (Harvey) P. C. Silva 
Leathesia difformis Areschoug 
Petalonia fascia (O. F. Müller) Kuntze 
Pylaiella littoralis (Linnaeus) Kjellman 
Scytosiphon lomentaria (Lyngbye) Link 
Spongonema tomentosum (Hudson) Kützing 
Ralfsiales 
Ralfsia verrucosa (Areschoug) Areschoug 
Tilopteridales 
Saccorhiza polyschides (Lightfoot) Batters 
Laminariales 
Laminaria digitata (Hudson) J. V. Lamouroux 
Laminaria hyperborea (Gunnerus) Foslie 
Laminaria ochroleuca Bachelot Pylaie 
Saccharina latissima (Linnaeus) C. E. Lane, C. Mayes, Druehl & G. W. Saunders 
Fucales 
Ascophyllum nodosum (Linnaeus) Le Jolis 
Bifurcaria bifurcata R. Ross 
Fucus guiryi Zardi, Nicastro, E. S. Serrão & G. A. Pearson 
Fucus serratus Linnaeus 
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Fucus spiralis Linnaeus 
Fucus vesiculosus Linnaeus 
Himanthalia elongata (Linnaeus) S. F. Gray 
Pelvetia canaliculata (Linnaeus) Decaisne & Thuret 
Sargassum muticum (Yendo) Fensholt 

Chorophyta (17) 
Cladophorales 
Chaetomorpha aerea (Dillwyn) Kützing 
Cladophora albida (Nees) Kutzing 
Cladophora dalmatica Kützing 
Cladophora hutchinsiae (Dillwyn) Kützing 
Cladophora laetevirens (Dillwyn) Kützing 
Cladophora lemhanniana (Dillwyn) Kützing 
Cladophora rupestris (Linnaeus) Kützing 
Cladophora sp. Kützing 
Lychaete pellucida (Hudson) M. J. Wynne 
Bryopsidales 
Bryopsis plumosa (Hudson) C. Agardh 
Codium tomentosum Stackhouse 
Derbesia marina (Lyngbye) Solier 
Ulotrichales 
Acrosiphonia spinescens (Kützing) Kjellman 
Ulvales 
Ulva clathrata (Roth) C. Agardh 
Ulva compressa Linnaeus 
Ulva sp. Linnaeus   
Umbraulva dangeardii M. J. Wynne & G. Furnari 

Porifera (7) 
Grantia compressa Fabricius 
Dysidea fragilis Montagu 
Halichondria panicea Pallas 
Hymeniacidon perlevis Montagu 
Ophlitaspongia papilla Bowerbank 
Tethya citrina Sarà & Melone 
Porifera indéterminé 

 
Cnidaria (6) 

Actinia equina Linnaeus 
Actinia fragacea Tugwell 
Aulactinia verrucosa Pennant 
Hydrozoa sp.Owen 
Urticina felina Linnaeus 
Cnidaria indéterminé 

Annelida (3) 
Sabellaria alveolata Linnaeus 
Serpula sp. Linnaeus 
Spirorbis sp. Daudin 

Mollusca (14) 
Littorina compressa Jeffreys 
Littorina fabalis Turton 
Littorina littorea Linnaeus 
Littorina obtusata Linnaeus 
Littorina saxatilis Olivi 
Mytilus sp. Linnaeus 
Patella depressa Pennant 
Patella pellucida Linnaeus 
Patella ulyssiponensis Gmelin 
Patella vulgata Linnaeus 
Phorcus lineatus da Costa 
Steromphala cineraria Linnaeus 
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Steromphala pennanti Philippi 
Steromphala umbilicalis da Costa 

Arthropoda (5) 
Austrominius modestus Darwin 
Chthamalus montagui Southward 
Chthamalus stellatus Poli 
Perforatus perforatus Bruguière 
Semibalanus balanoides Linnaeus 

Bryozoa (2) 
Watersipora subatra Ortmann 
Bryozoaires indeterminés 

Chordata (2) 
Botryllus schlosseri Pallas 
Ascidies coloniales indeterminées 
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Abstract
The present study gives an updated list of macroalgal species from the Chan-

nel and Atlantic coasts of France. It includes a total of 707 macroalgal species
with their taxonomic treatment.

Keywords: biodiversity; check-list; French Channel-Atlantic coasts; macroal-
gae

Liste réactualisée des macroalgues marines des côtes françaises, de la Manche
et de l’océan Atlantique

Résumé
Cette étude est une mise à jour de la liste des espèces de macroalgues des

côtes françaises de la Manche et de l’océan Atlantique. Elle inclut 707 espèces
de macroalgues et leur traitement taxonomique.

Mots-clés : biodiversité ; côtes françaises Manche-Atlantique ; liste ; ma-
croalgues

Roll nevesaet makrobezhin mor aodoù Bro-Frañs, Mor-Breizh ha Meurvor
Atlantel
Diverrañ

Un nevesadur eus roll ar spesadoù bezhin war aodoù Bro-frañs ar Meur-
vor Atlantel ha Mor Breizh eo ar studiadenn-mañ. Enni e vo kavet 707 spesad
makrobezhin hag o zielfennadur taxonomek.
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Introduction
Numbers of phycologists have studied macroalgae from the coasts of France, leading to

the publication of several local check-lists: Bay of Biscay (Lancelot, 1961), Finistère (P. L.
Crouan & H. M. Crouan, 1867), Roscoff (Feldmann, 1954; Feldmann & Magne, 1964), Cher-
bourg harbour (Le Jolis, 1864), French North Sea and Belgium (Coppejans & Kling, 1995).
Published in 2007 (although based on a work achieved in 1994), the “Liste et répartition des
algues marines des côtes françaises de la Manche et de l’Atlantique, Îles Anglo-Normandes
incluses” (Check-list and repartition of seaweeds on the French coasts of the Channel and
of the Atlantic Ocean, including the British Channel Islands), results from field and biblio-
graphic work performed by A. H. Dizerbo, botany teacher at the University of Brest together
with E. Herpe, pharmacist and botanist. This was the first attempt to assess the considerable
diversity of macroalgal taxa occuring in the area.

Recent progress in molecular biology has led to redefine taxonomic nomenclatures, group-
ing different taxa into a single species, or conversely to the recognition of new species (i.e.
previously considered as cryptic species) to the list (Bárbara & Díaz Tapia, 2012). More-
over, the ongoing ecological globalisation leads to the introduction of non-native species to
the coasts of Europe (Le Roux, 2008; Verlaque et al., 2008; Mineur, De Clerck, et al., 2010;
Mineur, Le Roux, et al., 2012; Stiger-Pouvreau & Thouzeau, 2015). Despite recent updates of
the check-lists from European neighboring countries (United Kingdom (Brodie et al., 2015),
Spain (Gallardo et al., 2016) and Ireland (M. D. Guiry, 2012)) together with the need for a
macroalgal regional species richness database that would help to assess environmental qual-
ity (Ar Gall & Le Duff, 2014), no exhaustive inventory has been published using post-1994
data (Dizerbo & Herpe, 2007) for the Atlantic-Channel coastline of France. This inventory
aims at contributing to the understanding of the changes in macroalgal diversity under the
influence of climate change and/or the introduction of non native taxa. In addition, check-lists
may also help cataloging characteristic macroalgal species as metrics in the evaluation of the
ecological quality of either water bodies (Water Framework Directive) or coastal biocenoses
(Marine Strategy Framework Directive, Habitats Directive, Natura 2000). In this work, we
therefore try to fill up this need by giving an up to date check-list of the macroalgal species of
the Channel and Atlantic coasts of France.

Materials and methods
The check-list drawn up by Dizerbo & Herpe (2007) was used as the starting point for

this study. Species are listed and have been checked for their currently accepted name. The
previously used authories given in Dizerbo & Herpe (2007) have been added to the accepted
authority. However, subspecies, varieties or formae are here ignored because of their large
numbers and often poor description. Taxonomic classement is infered using treatment from
M. D. Guiry & G. M. Guiry (2018). Some species were excluded when recorded only once
or by a single author, when the up-to-date distribution area did not match to the bibliographic
data as well as when the taxon is invalid or doubtful (see Discussion). Records presented here
come from new taxa recently described as well as introduced species originate from various
accepted publications as well as from personal observations from the authors.

The studied area appears in Figure 1. It shows the same limits as in Dizerbo & Herpe
(2007), including the southern end of the North Sea, the Channel coasts and the Atlantic Ocean
coasts of France (covering approximately 4 200 km). It has to be noticed that it excludes the
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Channel Islands for which macroalgae records appear in Irish and British studies (see Hardy
& M. D. Guiry, 2003).

Figure 1: Map of studied area. Coastlines in black define the studied area. Coastlines in grey are not
studied.

Results
Results highlight a number of 333 Genera (186 for red, 102 for brown and 45 for green

seaweeds), 100 Families (57 for red, 23 for brown and 20 for green seaweeds) covering 41
Orders (25 for red, 10 for brown and 6 for green seaweeds).

This census amounts to 707 the number of macroalgal species recorded (i.e. 403 red sea-
weeds (Rhodophyta), 183 brown seaweeds (Phaeophyceae) and 121 green seaweeds (Chloro-
phyta)). In Dizerbo & Herpe (2007), the number of taxa was 423 for red, 226 for brown and
153 for green seaweeds.

Seaweed check-list:
* corresponds to an addition to the list of Dizerbo & Herpe (2007).
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RHODOPHYTA Wettstein, 1901

Class Porphyridiophyceae M. Shameel, 2001
Order Porphyridiales Kylin, 1937
Family Porphyridiaceae Kylin, 1937

Porphyridium Nägeli, 1849
Porphyridium purpureum (Bory de Saint-
Vincent) K. M. Drew & R. Ross

Class Rhodellophyceae Cavalier-Smith, 1998
Order Glaucosphaerales E. C. Yang, J. L. Scott,
H. S. Yoon & J. A. West, 2011
Family Glaucosphaeraceae Skuja, 1954

Rhodella L. V. Evans, 1970
Rhodella violacea (Kornmann) Wehrmeyer

[= Rhodella maculata L. V. Evans, 1970]

Class Stylonematophyceae H. S. Yoon,
K. M. Müller, R. G. Sheath, F. D. Ott &
D. Bhattacharya, 2006
Order Stylonematales K. M. Drew, 1956
Family Stylonemataceae K. M. Drew, 1956

Chroodactylon A. Hansgirg, 1885
Chroodactylon ornatum (C. Agardh) Basson

Colacodictyon Feldmann, 1955
Colacodictyon reticulatum (Batters) Feldmann

Neevea Batters, 1900
Neevea repens Batters

Stylonema Reinsch, 1875
Stylonema alsidii (Zanardini) K. M. Drew
Stylonema cornu-cervi Reinsch

Class Compsopogonophyceae G. W. Saunders &
Hommersand, 2004
Order Erythropeltales Garbary, G. I. Hansen &
Scagel, 1980
Family Erythrotrichiaceae G. M. Smith, 1933

Erythrocladia Rosenvinge, 1909
Erythrocladia polystromatica
P. J. L. Dangeard

Erythropeltis F. Schmitz, 1896
Erythropeltis discigera (Berthold) F. Schmitz

Erythrotrichia Areschoug, 1850
Erythrotrichia carnea (Dillwyn) J. Agardh
Erythrotrichia reflexa (P. Crouan & H. Crouan)

Thuret ex De Toni
Erythrotrichia welwitschii (Ruprecht) Batters

Porphyropsis Rosenvinge, 1909
Porphyropsis coccinea (J. Agardh ex
Areschoug) Rosenvinge

Porphyrostromium Trevisan, 1848
Porphyrostromium boryanum (Montagne)
P. C. Silva
Porphyrostromium ciliare (Carmichael)
M. J. Wynne

[= Erythrotrichia ciliaris (Carmichael)
Thuret, 1863,
Erythrotrichia nigrescens P. J. L. Dangeard,
Erythrotrichia obscura Berthold, 1882,
Erythrotrichia pseudopulvinata
P. J. L. Dangeard, 1968 and Erythrocladia
grisea P. J. L. Dangeard, 1968]

Sahlingia Trevisan, 1848
Sahlingia subintegra (Rosenvinge) Kornmann

[= Erythrotrichia subintegra Rosenvinge,
1909 and Erythrocladia gibbera
P. J. L. Dangeard, 1968]

Class Bangiophyceae Wettstein, 1901
Order Bangiales Nägeli, 1847
Family Bangiaceae Duby, 1830

Bangia Lyngbye, 1819
Bangia fuscopurpurea (Dillwyn) Lyngbye

Porphyra C. Agardh, 1824
* Porphyra dioica J. Brodie & L. M. Irvine

Porphyra linearis Greville
Porphyra purpurea (Roth) C. Agardh
Porphyra umbilicalis Kützing

Pyropia J. Agardh, 1899
Pyropia drachii (Feldmann) J. Brodie

[= Porphyra drachii Feldmann, 1981]
Pyropia leucosticta (Thuret) Neefus & J. Brodie

[= Porphyra leucosticta Thuret, 1863]

Wildemania De Toni, 1890
Wildemania miniata (C.Agardh) Foslie

[= Porphyra miniata (C. Agardh)
C. Agardh, 1824]

Class Florideophyceae Cronquist, 1960
Subclass Ahnfeltiophycidae G. W. Saunders &
Hommersand, 2004
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Order Ahnfeltiales Maggs & Pueschel, 1989
Family Ahnfeltiaceae Maggs & Pueschel, 1989

Ahnfeltia E. M. Fries, 1836
Ahnfeltia plicata (Hudson) Fries

Subclass Nemaliophycidae T. Christensen, 1978
Order Acrochaetiales Feldmann, 1953
Family Acrochaetiaceae Fritsch ex W. R. Taylor,
1957

Acrochaetium Nägeli, 1858
Acrochaetium alariae (Jónsson) Bornet

[= Audouinella alariae (Jónsson)
Woelkerling, 1973]

Acrochaetium endozoicum (Darbishire) Batters
[= Audouinella endozoica (Darbishire)
P. S. Dixon, 1976]

Acrochaetium lorrain-smithiae (Lyle)
L. Newton

[= Audouinella lorrain-smithiae (Lyle)
P. S. Dixon, 1976]

Acrochaetium maluinum Hamel
[= Audouinella maluina (Hamel)
G. R. South & Tittley, 1986]

Acrochaetium microscopicum (Nägeli ex
Kützing) Nägeli

[= Audouinella microscopica (Nägeli ex
Kützing) Woelkerling, 1971]

Acrochaetium moniliforme (Rosenvinge)
Børgesen

[= Audouinella moniliformis (Rosenvinge)
Garbary, 1979]

Acrochaetium parvulum (Kylin) Hoyt
[= Audouinella parvula (Kylin)
P. S. Dixon, 1976]

Acrochaetium secundatum (Lyngbye) Nägeli
[= Audouinella secundata (Lyngbye)
P. S. Dixon, 1976 and Audouinella
virgatula (Harvey) P. S. Dixon, 1976]

Acrochaetium sparsum (Harvey) Nägeli
[= Audouinella velutina (Hauck)
G. R. South & Tittley, 1986]

Acrochaetium subpinnatum Bornet ex Hamel
[= Audouinella subpinnata (Bornet ex
Hamel) Garbary, 1979]

Grania (Rosenvinge) Kylin, 1944
Grania pectinata (Kylin) Athanasiadis

[= Audouinella pectinata (Kylin)
Papenfuss, 1945]

Kylinia Rosenvinge, 1909

Kylinia endophytica (Batters) Athanasiadis
[= Audouinella endophytica (Batters)
P. S. Dixon, 1976]

Rhodochorton Nägeli, 1862
Rhodochorton purpureum (Lightfoot)
Rosenvinge

[= Audouinella purpurea (Lightfoot)
Woelkerling, 1973]

Order Palmariales Guiry & D. E. G. Irvine, 1978
Family Palmariaceae Guiry, 1974

Palmaria Stackhouse, 1802
Palmaria palmata (Linnaeus) F. Weber &
D. Mohr

Family Rhodophysemataceae G. W. Saunders &
J. L. McLachlan, 1990

Rhodophysema Batters, 1900
Rhodophysema elegans (P. Crouan &
H. Crouan ex J. Agardh) P. S. Dixon

[incl. Rhodophysema minus Hollenberg &
I. A. Abbott, 1965]

Rhodophysema feldmannii Cabioch
Rhodophysema georgei Batters
Rhodophysema kjellmanii G. W. Saunders &
Clayden

[= Halosacciocolax kjellmanii S. Lund,
1959]

Family Meiodiscaceae S. L. Clayden &
G. W. Saunders, 2010

Meiodiscus G. W. Saunders & McLachlan, 1991
Meiodiscus concrescens (K. M. Drew)
P. W. Gabrielson

[= Audouinella concrescens (K. M. Drew)
P. S. Dixon, 1976]

Rubrointrusa S. L. Clayden & G. W. Saunders,
2010

Rubrointrusa membranacea (Magnus)
S. L. Clayden & G. W. Saunders

[= Audouinella membranacea (Magnus)
Papenfuss, 1945]

Family Rhodothamniellaceae G. W. Saunders,
1995

Rhodothamniella Feldmann, 1978
Rhodothamniella floridula (Dillwyn) Feldmann
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[= Audouinella floridula (Dillwyn)
Woelkerling, 1971]

Order Colaconematales J. T. Harper &
G. W. Saunders, 2002
Family Colaconemataceae J. T. Harper &
G. W. Saunders, 2002

Colaconema Batters, 1896
Colaconema asparagopsidis Chemin

[= Audouinella asparagopsis (Chemin)
P. S. Dixon, 1976]

Colaconema bonnemaisoniae Batters
[= Audouinella bonnemaisoniae (Batters)
P. S. Dixon, 1976]

Colaconema caespitosum (J. Agardh)
Jackelman, Stegenga & J. J. Bolton

[= Audouinella caespitosa (J. Agardh)
P. S. Dixon, 1976]

Colaconema chylocladiae Batters
[= Audouinella chylocladiae (Batters)
P. S. Dixon, 1976 and Audouinella chemi-
nii Feldmann, 1954]

Colaconema codicola (Børgesen) Stegenga,
J. J. Bolton & R. J. Anderson

[= Audouinella codii (Hamel) G. Furnari,
2000]

Colaconema corymbiferum (Thuret) Alongi,
Cormaci & G. Furnari

[= Audouinella corymbifera (Thuret)
P. S. Dixon, 1976]

Colaconema daviesii (Dillwyn) Stegenga
[= Audouinella daviesii (Dillwyn)
Woelkerling, 1971]

Colaconema gynandrum (Rosenvinge)
R. Nielsen

[= Audouinella gynandra (Rosenvinge)
Garbary, 1979]

Colaconema hallandicum (Kylin) Afonso-
Carillo, Sanson, Sangil & Diaz-Villa

[= Audouinella polyblasta (Rosenvinge)
J. H. Price, Lawson & D. M. John, 1986]

Colaconema infestans (M. Howe & Hoyt)
Woelkerling

[= Audouinella infestans (M. Howe &
Hoyt) P. S. Dixon, 1976]

Colaconema leptonema (Rosenvinge) Alongi,
Cormaci & G. Furnari

[= Audouinella leptonema (Rosenvinge)
Garbary, 1979]

Colaconema nemalii (De Notaris ex L. Dufour)
Stegenga

[= Audouinella nemalionis (De Notaris ex

L. Dufour) P. S. Dixon, 1976]
Colaconema savianum (Meneghini) R. Nielsen

[= Audouinella saviana (Meneghini)
Woelkerling, 1973]

Colaconema subtilissimum (Kützing) Alongi,
Cormaci & G. Furnari

[= Audouinella subtilissima (Kützing)
Garbary, 1979]

Order Nemaliales F. Schmitz, 1892
Family Scinaiaceae Huisman, J. T. Harper &
G. W. Saunders, 2004

Scinaia Bivona-Bernardi, 1822
Scinaia furcellata (Turner) J. Agardh
Scinaia interrupta (A. P. De Candolle)
M. J. Wynne

[= Scinaia turgida Chemin, 1926]

Family Liagoraceae Kützing, 1843

Helminthocladia J. Agardh, 1851
Helminthocladia calvadosii (J. V. Lamouroux
ex Duby) Setchell

Helminthora J. Agardh, 1851
Helminthora divaricata (C. Agardh) J. Agardh

Liagora J. V. Lamouroux, 1812
Liagora viscida (Forsskål) C. Agardh

Nemalion Duby, 1830
Nemalion elminthoides (Velley) Batters

* Nemalion multifidum (Lyngbye) Chauvin

Subclass Rhodymeniophycidae G. W. Saunders
& Hommersand, 2004
Order Gelidiales Kylin, 1923
Family Gelidiaceae Kützing, 1843

Gelidium J. V. Lamouroux, 1813
* Gelidium attenuatum (Turner) Thuret

Gelidium corneum (Hudson) J. V. Lamouroux
[= Gelidium sesquipedale (Clemente)
Thuret, 1876]

* Gelidium crinale (Hare ex Turner) Gaillon
* Gelidium maggsiae Rico & Guiry
* Gelidium pulchellum (Turner) Kützing

Gelidium pusillum (Stackhouse) Le Jolis
* Gelidium spathulatum (Kützing) Bornet

Gelidium spinosum (S. G. Gmelin) P. C. Silva
[= Gelidium latifolium Bornet ex Hauck,
1883]
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Family Pterocladiaceae G. P. Felicini & Perrone,
2006

Pterocladiella B. Santelices & Hommersand, 1997
Pterocladiella capillacea (S. G. Gmelin)
Santelices & Hommersand

[= Pterocladia capillacea (S. G. Gmelin)
Bornet, 1876]

* Pterocladiella melanoidea (Schousboe ex
Bornet) Santelices & Hommersand

Family Gelidiellaceae K.-C. Fan, 2006

Millerella G. H. Boo & S. M. Boo, 2016
Millerella pannosa (Feldmann) G. H. Boo &
L. Le Gall

[= Gelidiella tenuissima Feldmann &
Hamel, 1936]

Gelidiella Feldmann & G. Hamel, 1934
Gelidiella calcicola Maggs & Guiry

Order Gracilariales Fredericq & Hommersand,
1989
Family Gracilariaceae Nägeli, 1847

Gracilaria Greville, 1830
Gracilaria bursa-pastoris (S. G. Gmelin)
P. C. Silva

[incl. Gracilaria conferta (Schousboe ex
Montagne)
Montagne, 1846]

* Gracilaria dura (C. Agardh) J. Agardh
* Gracilaria gracilis (Stackhouse) M. Steentoft,

L. M. Irvine & W. F. Farnham
Gracilaria multipartita (Clemente) Harvey

* Gracilaria vermiculophylla (Ohmi) Papenfuss

Gracilariopsis E. Y. Dawson, 1949
* Gracilariopsis chorda (Holmes) Ohmi

Gracilariopsis longissima (S. G. Gmelin)
Steentoft, L. M. Irvine & Farnham

[= Gracilaria verrucosa (Hudson)
Papenfuss, 1950]

Family Pterocladiophilaceae K.-C. Fan &
Papenfuss, 1959

Gelidiocolax N. L. Gardner, 1927
Gelidiocolax margaritoides (M. T. Martin &
M. A. Pocock) K.-C. Fan & Papenfuss

Holmsella Sturch, 1926

Holmsella pachyderma (Reinsch) Sturch

Order Atractophorales Maggs, L. Le Gall,
Filloramo & G. W. Saunders, 2016
Family Atractophoraceae Maggs, L. Le Gall &
G. W. Saunders, 2016

Atractophora P. Crouan & H. Crouan, 1848
Atractophora hypnoides P. Crouan & H. Crouan

[incl. sporophyte phase Rhododiscus
pulcherrimus P. Crouan & H. Crouan,
1859]

Order Bonnemaisoniales Feldmann &
G. Feldmann, 1952
Family Bonnemaisoniaceae F. Schmitz, 1892

Asparagopsis Montagne, 1841
Asparagopsis armata Harvey

[incl. sporophyte phase Falkenbergia
rufolanosa (Harvey) F. Schmitz, 1897]

Bonnemaisonia C. Agardh, 1822
Bonnemaisonia asparagoides (Woodward)
C. Agardh

[incl. sporophyte phase Hymenoclonium
serpens (P. Crouan & H. Crouan) Batters,
1895]

Bonnemaisonia clavata Hamel
Bonnemaisonia hamifera Hariot

[incl. sporophyte phase Trailliella intricata
Batters, 1896]

Family Naccariaceae Kylin, 1928

Naccaria Endlicher, 1836
Naccaria wiggii (Turner) Endlichter ex
J. Agardh

Order Acrosymphytales R. D. Withall &
G. W. Saunders, 2007
Family Schimmelmanniaceae G. W. Saunders &
Kraft, 2016

Schimmelmannia Schousboe ex Kützing, 1849
Schimmelmannia schousboei (J. Agardh)
J. Agardh

[= Schimmelmannia ornata Schousboe ex
Kützing, 1849]

Order Halymeniales G. W. Saunders & Kraft,
1996
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Family Halymeniaceae Bory de Saint-Vincent,
1828

Cryptonemia J. Agardh, 1842
Cryptonemia seminervis (C. Agardh) J. Agardh

Dermocorynus P. Crouan & H. Crouan, 1858
Dermocorynus dichotomus (J. Agardh)
Gargiulo, M. Morabito & Manghisi

[= Grateloupia dichotoma J. Agardh,
1842]

Dermocorynus montagnei P. Crouan &
H. Crouan

Grateloupia C. Agardh, 1822
Grateloupia filicina (J. V. Lamouroux)
C. Agardh

* Grateloupia minima P. Crouan & H. Crouan
* Grateloupia subpectinata Holmes
* Grateloupia turuturu Yamada

Halymenia C. Agardh, 1817
Halymenia latifolia P. Crouan & H. Crouan ex
Kützing

Pachymeniopsis Yamada ex Kawabata, 1954
* Pachymeniopsis lanceolata (K. Okamura)

Y. Yamada ex S. Kawabata

Polyopes J. Agardh, 1849
* Polyopes lancifolius (Harvey) Kawaguchi &

Wang

Subclass Hildenbrandiophycidae G. W. Saunders
& Hommersand, 2004
Order Hildenbrandiales Pueschel & K. M. Cole,
1982
Family Hildenbrandiaceae Rabenhorst, 1868

Hildenbrandia Nardo, 1834
Hildenbrandia crouaniorum J. Agardh

[previously ‘crouanii’ and incl.
Hildenbrandia canariensis Børgesen,
1929]

* Hildenbrandia occidentalis Setchell
Hildenbrandia rubra (Sommerfelt) Meneghini

Subclass Corallinophycidae Le Gall &
G. W. Saunders, 2007
Order Hapalidiales W. A. Nelson,
J. E. Sutherland, T. J. Farr & H. S. Yoon, 2015
Family Hapalidiaceae J. E. Gray, 1865
Subfamily Austrolithoideae A. S. Harvey &

Woelkerling, 1995

Boreolithon A. S. Harvey & Woelkerling, 1995
Boreolithon vanheurckii (Heydrich)
A. S. Harvey & Woelkerling

[= Melobesia vanheurckii (Heydrich)
De Toni, 1924]

Subfamily Choreonematoideae Woelkerling,
1987

Choreonema F. Schmitz, 1889
Choreonema thuretii (Bornet) F. Schmitz

Subfamily Melobesioideae Bizzozero, 1885

Melobesia J. V.Lamouroux, 1812
Melobesia membranacea (Esper) J. V. Lamouroux

Family Mesophyllaceae Athanasiadis, 2017

Leptophytum W. H. Adey, 1966
Leptophytum bisporum (Foslie) W. H. Adey

[= Phymatolithon bisporum (Foslie)
Afonso-Carrillo, 1984]

Leptophytum bornetii (Foslie) W. H. Adey

Mesophyllum Me. Lemoine, 1928
* Mesophyllum alternans (Foslie) Cabioch &

M. L. Mendoza
Mesophyllum lichenoides (J. Ellis)
Me. Lemoine

Order Corallinales P. C. Silva & H. W. Johansen,
1986
Family Corallinaceae J. V. Lamouroux, 1812
Subfamily Corallinoideae (Areschoug) Foslie,
1908
Tribe Corallineae Areschoug, 1852

Corallina Linnaeus, 1758
* Corallina caespitosa R. H. Walker, J. Brodie &

L. M. Irvine
Corallina officinalis Linnaeus

Ellisolandia K. R. Hind & G. W. Saunders, 2013
Ellisolandia elongata (J. Ellis & Solander)
K. R. Hind & G. W. Saunders

[= Corallina elongata J. Ellis & Solander,
1786]

Tribe Janieae H. W. Johansen & P. C. Silva, 1978
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Jania J. V. Lamouroux, 1812
Jania longifurca Zanardini
Jania rubens (Linnaeus) J. V. Lamouroux
Jania squamata (Linnaeus) J. H. Kim, Guiry &
H.-G. Choi

[= Haliptilon squamatum (Linnaeus)
H. W. Johansen, L. M. Irvine &
A. Webster, 1973]

Jania virgata (Zanardini) Montagne
[= Haliptilon virgatum (Zanardini)
Garbary & H. W. Johansen, 1982]

Subfamily Lithophylloideae Setchell, 1943
Tribe Dermatolitheae Cabioch, 1972

Titanoderma Nägeli, 1858
Titanoderma laminariae (P. Crouan &
H. Crouan) Y. M. Chamberlain
Titanoderma pustulatum (J. V. Lamouroux)
Nägeli

[= Titanoderma pustulatum var.
confine (P. Crouan & H. Crouan)
Y. M. Chamberlain, 1991]

Tribe Lithophylleae Zanardini, 1844

Lithophyllum Philippi, 1837
* Lithophyllum bathyporum Athanasiadis &

D. L. Ballantine
Lithophyllum byssoides (Lamarck) Foslie

[= Lithophyllum lichenoides Philippi,
1837]

Lithophyllum corallinae (P. Crouan &
H. Crouan) Heydrich
Lithophyllum crouaniorum Foslie

[= Lithophyllum crouanii Chamberlain,
Irvine & Walker]

Lithophyllum cystoseirae (Hauck) Heydrich
* Lithophyllum hibernicum Foslie

Lithophyllum incrustans Philippi
Lithophyllum nitorum W. H. Adey & P. J. Adey
Lithophyllum orbiculatum (Foslie) Foslie

[= Lithothamnion subtenellum (Foslie)
Me. Lemoine, 1915]

Lithophyllum vickersiae Me. Lemoine
[= Pseudolithophyllum vickersiae
(Me. Lemoine) Afonso-Carillo]

Subfamily Hydrolithoideae A. Kato & M. Baba,
2011

Hydrolithon (Foslie) Foslie, 1909
Hydrolithon boreale (Foslie) Y. M. Chamberlain

Hydrolithon cruciatum (Bressan)
Y. M. Chamberlain
Hydrolithon farinosum (J. V. Lamouroux)
Penrose & Y. M. Chamberlain
Hydrolithon sargassi (Foslie) Y. M. Chamberlain

Pneophyllum Kützing, 1843
Pneophyllum confervicola (Kützing)
Y. M. Chamberlain
Pneophyllum coronatum (Rosanoff) Penrose

[= Pneophyllum caulerpae (Foslie)
P. L. Jones & Woelkerling, 1984]

Pneophyllum fragile Kützing
[= Pneophyllum lejolisii (Rosanoff)
Y. M. Chamberlain, 1983]

Pneophyllum limitatum (Foslie)
Y. M. Chamberlain
Pneophyllum lobescens Y. M. Chamberlain
Pneophyllum myriocarpum (P. Crouan &
H. Crouan) Y. M. Chamberlain

* Pneophyllum zonale (P. Crouan & H. Crouan)
Y. M. Chamberlain

Subfamily Metagoniolithoideae H. W. Johansen,
1969

Harveylithon A. Rösler, Perfectti, V. Peña &
J. C. Braga, 2016

Harveylithon samoënse (Foslie) A. Rösler,
Perfectti, V. Peña & J. C. Braga

[= Hydrolithon samoënse (Foslie) Keats &
Y. M. Chamberlain, 1994]

Subfamily Neogoniolithoideae A. Kato &
M. Baba, 2011

Neogoniolithon Setchell & L. R. Mason, 1943
Neogoniolithon brassica-florida (Harvey)
Setchell & L. R. Mason

Subfamily Porolithoideae A. Kato & M. Baba,
2011

Spongites Kützing, 1841
Spongites absimilis (Foslie & M. Howe)
Afonso-Carrillo

[= Neogoniolithon absimile (Foslie &
M. Howe) Cabioch, 1972]

Family Lithothamniaceae H. J. Haas, 1886
Tribe Lithothamnieae Foslie, 1908

Lithothamnion Heydrich, 1897
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Lithothamnion corallioides (P. Crouan &
H. Crouan) P. Crouan & H. Crouan
Lithothamnion glaciale Kjellman
Lithothamnion sonderi Hauck

Tribe Phymatolitheae Adey & H. W. Johansen,
1972

Phymatolithon Foslie, 1898
Phymatolithon brunneum Y. M. Chamberlain
Phymatolithon calcareum (Pallas) W. H. Adey
& D. L. McKibbin ex Woelkering &
L. M. Irvine

[incl. Lithothamnion hamelii
Me. Lemoine, 1931]

Phymatolithon laevigatum (Foslie) Foslie
Phymatolithon lamii (Me. Lemoine)
Y. M. Chamberlain
Phymatolithon lenormandii (Areschoug) Adey

* Phymatolithon lusitanicum V. Peña
Phymatolithon purpureum (P. Crouan &
H. Crouan) Woelkerling & L. M. Irvine

Order Peyssonneliales Krayesky, Fredericq &
J. N. Norris, 2009
Family Peyssonneliaceae Denizot, 1968

Cruoriopsis Dufour, 1865
* Cruoriopsis hauckii Batters

Peyssonnelia Decaisne, 1841
Peyssonnelia armorica (P. Crouan &
H. Crouan) Weber-van Bosse
Peyssonnelia atropurpurea P. Crouan &
H. Crouan
Peyssonnelia coriacea Feldmann
Peyssonnelia dubyi P. Crouan & H. Crouan
Peyssonnelia harveyana P. Crouan &
H. Crouan ex J. Agardh
Peyssonnelia immersa Maggs & L. M. Irvine
Peyssonnelia squamaria (S. G. Gmelin)
Decaisne ex J. Agardh

Order Gigartinales F. Schmitz, 1892
Family Calosiphoniaceae Kylin, 1932

Calosiphonia P. Crouan & H. Crouan, 1852
Calosiphonia vermicularis (J. Agardh)
F. Schmitz

Schmitzia P. C. Silva, 1950
Schmitzia neapolitana (Berthold) P. C. Silva

Family Caulacanthaceae Kützing, 1843

Catenella Greville, 1839
Catenella caespitosa (Withering) L. M. Irvine

Caulacanthus Kützing, 1843
* Caulacanthus okamurae Yamada

Caulacanthus ustulatus (Mertens ex Turner)
Kützing

Family Cruoriaceae Kylin, 1928

Cruoria Fries, 1835
Cruoria cruoriiformis (P. Crouan & H. Crouan)
Denizot

[previously ‘cruoriaeformis’, incl. Cruoria
purpurea P. Crouan & H. Crouan, 1867]

Cruoria pellita (Lyngbye) Fries

Family Cystocloniaceae Kützing, 1843

Calliblepharis Kützing, 1843
Calliblepharis ciliata (Hudson) Kützing

* Calliblepharis hypneoides P. Díaz-Tapia,
I. Bárbara & M. H. Hommersand
Calliblepharis jubata (Goodenough &
Woodward) Kützing

Cystoclonium Kützing, 1843
Cystoclonium purpureum (Hudson) Batters

Hypnea J. V. Lamouroux, 1813
Hypnea musciformis (Wulfen) J. V. Lamouroux

* Hypnea valentiae (Turner) Montagne

Rhodophyllis Kützing, 1847
Rhodophyllis divaricata (Stackhouse)
Papenfuss

Family Dumontiaceae Bory de Saint-Vincent,
1828

Dilsea Stackhouse, 1809
Dilsea carnosa (Schmidel) Kuntze

Dudresnaya P. Crouan & H. Crouan, 1835
Dudresnaya verticillata (Withering) Le Jolis

Dumontia J. V. Lamouroux, 1813
Dumontia contorta (S. G. Gmelin) Ruprecht

Family Furcellariaceae Greville, 1830
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Furcellaria J. V. Lamouroux, 1813
Furcellaria lumbricalis (Hudson)
J. V. Lamouroux

Halarachnion Kützing, 1843
Halarachnion ligulatum (Woodward) Kützing

[incl. sporophyte phase Cruoria rosea
(P. Crouan & H. Crouan) P. Crouan &
H. Crouan, 1867]

Family Gigartinaceae Bory de Saint-Vincent,
1828

Chondracanthus Kützing, 1843
Chondracanthus acicularis (Roth) Fredericq

[= Gigartina acicularis (Roth)
J. V. Lamouroux, 1813, incl. Gigartina
falcata J. Agardh, 1851]

* Chondracanthus chamissoi (C. Agardh)
Kützing
Chondracanthus teedei (Mertens ex Roth)
Kützing

[= Gigartina teedei (Mertens ex Roth)
J. V. Lamouroux, 1813]

Chondrus Stackhouse, 1797
Chondrus crispus Stackhouse

Gigartina Stackhouse, 1809
Gigartina pistillata (S. G. Gmelin) Stackhouse

Family Gloiosiphoniaceae F. Schmitz, 1892

Gloiosiphonia Carmichael, 1833
Gloiosiphonia capillaris (Hudson) Carmichael

Thuretella F. Schmitz, 1889
Thuretella schousboei (Thuret) F. Schmitz

Family Kallymeniaceae Kylin, 1928

Callocolax F. Schmitz ex Batters, 1895
Callocolax neglectus F. Schmitz ex Batters

Kallymenia J. Agardh, 1842
Kallymenia reniformis (Turner) J. Agardh

Meredithia J. Agardh, 1892
Meredithia microphylla (J. Agardh) J. Agardh

Metacallophyllis A. Vergés & L. Le Gall, 2017
Metacallophyllis iniata (Hudson) A. Vergés &
L. Le Gall

[= Callophyllis laciniata (Hudson)
Kützing, 1843]

Nothokallymenia A. Vergés & L. Le Gall, 2017
* Nothokallymenia crouaniorum (Vergés &

Le Gall) Vergés & Le Gall

Family Schmitziellaceae Guiry, Garbary &
G. W. Saunders, 2012

Schmitziella Bornet & Batters, 1892
Schmitziella endophloea Bornet & Batters

Family Solieriaceae J. Agardh, 1876

Solieria J. Agardh, 1842
Solieria chordalis (C. Agardh) J. Agardh

Family Phyllophoraceae Willkomm, 1854

Ahnfeltiopsis P. C. Silva & DeCew, 1992
* Ahnfeltiopsis devoniensis (Greville) P. C. Silva

& DeCew
Ahnfeltiopsis pusilla (Montagne) P. C. Silva &
DeCew

[= Gymnogongrus pusillus (Montagne)
Feldmann & Mayozer, 1938]

Coccotylus Kützing, 1843
Coccotylus truncatus (Pallas) M. J. Wynne &
J. N. Heine

[= Phyllophora truncata (Pallas)
A. D. Zinova, 1970]

Erythrodermis Batters, 1900
Erythrodermis traillii (Holmes ex Batters)
Guiry & Garbary

[= Phyllophora traillii Holmes ex Batters,
1890]

Gymnogongrus C. Martius, 1833
Gymnogongrus crenulatus (Turner) J. Agardh
Gymnogongrus griffithsiae (Turner) C. Martius

Gymnothamnion J. Agardh, 1892
Gymnothamnion elegans (Schousboe ex
C. Agardh) J. Agardh

Mastocarpus Kützing, 1843
Mastocarpus stellatus (Stackhouse) Guiry

[incl. sporophyte phase Petrocelis cruenta
J. Agardh, 1851]
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Phyllophora Greville, 1830
Phyllophora crispa (Hudson) P. S. Dixon
Phyllophora herediae (Clemente) J. Agardh

[previously ‘heredia’]
Phyllophora pseudoceranoïdes (S. G. Gmelin)
Newroth & A. R. A. Taylor ex P. S. Dixon &
L. M. Irvine
Phyllophora sicula (Kützing) Guiry &
L. M. Irvine

Schottera Guiry & Hollenberg, 1975
Schottera nicaeensis (J. V. Lamouroux ex
Duby) Guiry & Hollenberg

Stenogramma Harvey, 1840
Stenogramma interruptum (C. Agardh)
Montagne

[previously ‘Stenogramme interrupta’]

Family Polyidaceae Kylin, 1956

Polyides C. Agardh, 1822
Polyides rotunda (Hudson) Gaillon

[previously ‘rotundus’]

Family Sphaerococcaceae Dumortier, 1822

Sphaerococcus Stackhouse, 1797
Sphaerococcus coronopifolius Stackhouse

[incl. the sporophyte phase Haematocelis
fissurata P. Crouan & H. Crouan, 1867]

Order Nemastomatales Kylin, 1925
Family Nemastomataceae Ardissone, 1869

Itonoa Masuda & Guiry, 1995
Itonoa marginifera (J. Agardh) Masuda &
Guiry

[= Platoma marginiferum (J. Agardh)
Batters, 1902]

Family Schizymeniaceae Masuda & Guiry, 1995

Schizymenia J. Agardh, 1851
Schizymenia dubyi (Chauvin ex Duby)
J. Agardh

[incl. the sporophyte phase Haematocelis
rubens J. Agardh, 1851]

Order Plocamiales G. W. Saunders & Kraft, 1994
Family Plocamiaceae Kützing, 1843

Plocamium J. V. Lamouroux, 1813

Plocamium cartilagineum (Linnaeus)
P. S. Dixon

* Plocamium lyngbyanum Kützing
* Plocamium maggsiae G. W. Saunders &

Lehmkuhl
* Plocamium nanum G. W. Saunders &

Lehmkuhl
Plocamium raphelisianum P. J. L. Dangeard

Order Rhodymeniales F. Schmitz, 1892
Family Champiaceae Kützing, 1843

Champia Desvaux, 1809
Champia parvula (C. Agardh) Harvey

Chylocladia Greville, 1833
Chylocladia verticillata (Lightfoot) Bliding

Gastroclonium Kützing, 1843
Gastroclonium ovatum (Hudson) Papenfuss
Gastroclonium reflexum (Chauvin) Kützing

Family Lomentariaceae Willkomm, 1854

Lomentaria Lyngbye, 1854
Lomentaria articulata (Hudson) Lyngbye
Lomentaria clavellosa (Lightfoot ex Turner)
Gaillon
Lomentaria hakodatensis Yendo
Lomentaria orcadensis (Harvey) Collins

Family Rhodymeniaceae Harvey, 1846

Chrysymenia J. Agardh, 1842
Chrysymenia ventricosa (J. V. Lamouroux)
J. Agardh

* Chrysymenia wrightii (Harvey) Yamada

Cordylecladia J. Agardh, 1852
Cordylecladia erecta (Greville) J. Agardh

Rhodymenia Greville, 1830
Rhodymenia ardissonei (Kuntze) Feldmann
Rhodymenia coespitosella L’Hardy-Halos
Rhodymenia delicatula P. J. L. Dangeard
Rhodymenia holmesii Ardissone
Rhodymenia pseudopalmata (J. V. Lamouroux)
P. C. Silva

Order Ceramiales Nägeli, 1847
Family Callithamniaceae Kützing, 1843
Subfamily Callithamnioideae De Toni, 1903
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Tribe Callithamnieae F. Schmitz &
P. Hauptfleisch, 1897

Aglaothamnion Feldmann-Mazoyer, 1941
Aglaothamnion bipinnatum (P. Crouan &
H. Crouan) Feldmann & G. Feldmann
Aglaothamnion chadefaudii L’Hardy-Halos
Aglaothamnion cordatum (Børgesen)
Feldmann-Mazoyer
Aglaothamnion diaphanum L’Hardy-Halos &
Maggs
Aglaothamnion fasciculatum (Harvey) Maggs
& L’Hardy-Halos
Aglaothamnion feldmanniae Halos
Aglaothamnion gaillonii (P. Crouan &
H. Crouan) Halos
Aglaothamnion priceanum Maggs, Guiry &
Rueness
Aglaothamnion pseudobyssoides (P. Crouan &
H. Crouan) Halos
Aglaothamnion rabenhorstii (Kützing)
L’Hardy-Halos
Aglaothamnion tenuissimum (Bonnemaison)
Feldmann-Mazoyer

[= Aglaothamnion byssoides (Arnott
ex Harvey) C. F. Boudouresque &
M. M. Perret-Boudouresque, 1987]

Aglaothamnion tripinnatum (C. Agardh)
Feldmann-Mazoyer

Callithamnion Lyngbye, 1819
Callithamnion corymbosum (Smith) Lyngbye
Callithamnion granulatum (Ducluzeau)
C. Agardh
Callithamnion tetragonum (Withering)
S. F. Gray
Callithamnion tetricum (Dillwyn) S. F. Gray

Gaillona Bonnemaison, 1828
Gaillona gallica (Nägeli) Athanasiadis

[= Aglaothamnion gallicum (Nägeli) Halos
ex Ardré, 1970]

Gaillona hookeri (Dillwyn) Athanasiadis
[= Aglaothamnion hookeri (Dillwyn)
Maggs & Hommersand, 1993, incl.
Aglaothamnion brodiei (Harvey)
Feldmann-Mazoyer, 1941]

Gaillona rosea (Roth) Athanasiadis
[= Aglaothamnion roseum (Roth) Maggs &
L’Hardy-Halos, 1993]

Gaillona scopulorum (C. Agardh) Athanasiadis
[= Aglaothamnion scopulorum (C. Agardh)
Feldmann-Mazoyer, 1941]

Gaillona seposita (Gunnerus) Athanasiadis
[= Aglaothamnion sepositum (Gunnerus)
Maggs & Hommersand, 1993]

Seirospora Harvey, 1846
Seirospora interrupta (Smith) F. Schmitz

[= Seirospora griffithsiana Harvey, 1846]

Tribe Ptiloteae F. Schmitz & Hauptfleisch, 1897

Plumaria F. Schmitz, 1896
Plumaria plumosa (Hudson) Kuntze

Ptilota C. Agardh, 1817
* Ptilota gunneri P. C. Silva, Maggs &

L. M. Irvine

Subfamily Crouanioideae De Toni, 1903
Tribe Crouanieae F. Schmitz & Hauptfleisch,
1897

Crouania J. Agardh, 1842
Crouania attenuata (C. Agardh) J. Agardh

Family Wrangeliaceae J. Agardh, 1851
Tribe Griffithsieae Schmitz & Hauptfleisch, 1897

Anotrichium Nägeli, 1862
Anotrichium barbatum (C. Agardh) Nägeli
Anotrichium furcellatum (J. Agardh) Baldock

Bornetia Thuret, 1855
Bornetia secundiflora (J. Agardh) Thuret

Griffithsia C. Agardh, 1817
Griffithsia corallinoides (Linnaeus) Trevisan
Griffithsia devoniensis Harvey
Griffithsia schousboei Montagne

Halurus Kützing, 1843
Halurus equisetifolius (Lightfoot) Kützing
Halurus flosculosus (J. Ellis) Maggs &
Hommersand

[= Griffithsia flosculosa (J. Ellis) Batters,
1902]

Tribe Lejolisieae Feldmann-Mazoyer, 1941

Ptilothamnion Thuret, 1863
Ptilothamnion pluma (Dillwyn) Thuret

[incl. Spermothamnion barbatum
(C. Agardh) Nägeli, 1862 and
Spermothamnion mesocarpum (Carmichael)
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Chemin]
Ptilothamnion sphaericum (P. Crouan
& H. Crouan ex J. Agardh) Maggs &
Hommersand

Tribe Monosporeae F. Schmitz & Hauptfleisch,
1897

Monosporus Solier, 1845
Monosporus pedicellatus (Smith) Solier

Tribe Spermothamnieae F. Schmitz &
Hauptfleisch, 1897

Spermothamnion Areschoug, 1847
Spermothamnion repens (Dillwyn) Magnus
Spermothamnion strictum (C. Agardh)
Ardissone

Tribe Sphondylothamnieae Feldmann-Mazoyer,
1941

Sphondylothamnion Nägeli, 1862
Sphondylothamnion multifidum (Hudson)
Nägeli

Family Ceramiaceae Dumortier, 1822
Subfamily Ceramioideae De Toni, 1903
Tribe Antithamnieae Hommersand, 1963

Antithamnion Nägeli, 1847
Antithamnion cruciatum (C. Agardh) Nägeli
Antithamnion densum (Suhr) M. Howe

* Antithamnion hubbsii E. Y. Dawson
Antithamnion villosum (Kützing) Athanasiadis

Tribe Ceramieae C. Agardh ex Greville, 1828

Centroceras Kützing, 1842
* Centroceras clavulatum (C. Agardh) Montagne

Ceramium Roth, 1797
Ceramium bertholdii Funk
Ceramium botryocarpum A. W. Griffiths ex
Harvey
Ceramium callipterum Mazoyer
Ceramium ciliatum (J. Ellis) Ducluzeau
Ceramium cimbricum H. E. Petersen

[= Ceramium fastigiatum Harvey, 1834]
Ceramium circinatum (Kützing) J. Agardh
Ceramium codii (H. Richards) Mazoyer
Ceramium comptum Børgesen
Ceramium deslongchampsii Chauvin ex Duby

Ceramium diaphanum (Lightfoot) Roth
[incl. Ceramium tenuissimum (Roth)
J. Agardh, 1851]

Ceramium echionotum J. Agardh
Ceramium gaditanum (Clemente) Cremades

[= Ceramium flabelligerum J. Agardh,
1844]

Ceramium pallidum (Kützing) Maggs &
Hommersand

[= Ceramium armoricum P. S. Dixon &
H. M. Parkes, 1968]

* Ceramium secundatum Lyngbye
Ceramium shuttleworthianum (Kützing)
Rabenhorst
Ceramium siliquosum (Kützing) Maggs &
Hommersand
Ceramium tenuicorne (Kützing) Waern

[= Ceramium strictum Harvey, 1846]
Ceramium virgatum Roth

[= Ceramium rubrum C. Agardh, 1811]

Gayliella T. O. Cho, L. J. McIvor & S. M. Boo,
2008

Gayliella flaccida (Harvey ex Kützing)
T. O. Cho & L. J. McIvor

[= Ceramium flaccidum (Harvey ex
Kützing) Ardissone, 1871]

Microcladia Greville, 1830
Microcladia glandulosa (Solander ex Turner)
Greville

Tribe Dohrnielleae Feldmann-Mazoyer, 1941

Antithamnionella Lyle, 1922
Antithamnionella floccosa (O. F. Müller)
Whittick
Antithamnionella spirographidis (Schiffner)
E. M. Wollaston
Antithamnionella ternifolia (Hooker fil. &
Harvey) Lyle

[= Antithamnionella sarniensis Lyle, 1922]

Tribe Pterothamnieae Athanasiadis, 1996

Pterothamnion Nägeli, 1855
Pterothamnion crispum (Ducluzeau) Nägeli
Pterothamnion plumula (J. Ellis) Nägeli

Subfamily Compsothamnioideae De Toni, 1903
Tribe Compsothamnieae F. Schmitz &
Hauptfleisch, 1897
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Compsothamnion (Nägeli) F. Schmitz, 1889
Compsothamnion decompositum (J. Agardh)
Maggs & L’Hardy-Halos

[incl. Mesothamnion distichum Halos ex
G. R. South & Tittley, 1986]

Compsothamnion gracillimum De Toni
Compsothamnion thuioides (Smith) Nägeli

Subfamily Spongoclonioideae De Toni, 1903
Tribe Spongoclonieae F. Schmitz & Hauptfleisch,
1897

Pleonosporium Nägeli, 1862
Pleonosporium borreri (Smith) Nägeli
Pleonosporium flexuosum (C. Agardh) Bornet

Spongoclonium Sonder, 1853
Spongoclonium caribaeum (Børgesen)
M. J. Wynne

[= Pleonosporium caribaeum (Børgesen)
R. E. Norris, 1985]

Subfamily Spyridioideae De Toni, 1903
Tribe Spyridieae F. Schmitz & Hauptfleisch, 1897

Spyridia Harvey, 1833
Spyridia filamentosa (Wulfen) Harvey

* Spyridia griffithsiana (J. E. Smith)
G. C. Zuccarello, Prud’homme van Reine &
H. Stegenga

Family Choreocolacaceae Sturch, 1926
Tribe Choreocolaceae Svedelius, 1911

Choreocolax Reinsch, 1875
Choreocolax polysiphoniae Reinsch

Tribe Harveyelleae Svedelius, 1911

Harveyella F. Schmitz & Reinke, 1889
Harveyella mirabilis (Reinsch) F. Schmitz &
Reinke

Family Dasyaceae Kützing, 1843
Subfamily Dasyoideae De Toni, 1903

Dasya C. Agardh, 1824
Dasya corymbifera J. Agardh
Dasya hutchinsiae Harvey
Dasya ocellata (Grateloup) Harvey
Dasya punicea (Zanardini) Meneghini

* Dasya sessilis Yamada

Dasysiphonia I. K. Lee & J. A. West, 1980
* Dasysiphonia japonica (Yendo) H.-S. Kim

Subfamily Heterosiphonioideae H.-G. Choi,
Kraft, I. K. Lee & G. W. Saunders, 2002

Heterosiphonia Montagne, 1842
Heterosiphonia plumosa (J. Ellis) Batters

Family Delesseriaceae Bory de Saint-Vincent,
1828
Subfamily Delesserioideae Stizenberger, 1860
Tribe Apoglosseae Showe M. Lin, S. Fredericq &
M. H. Hommersand, 2012

Apoglossocolax Maggs & Hommersand, 1993
* Apoglossocolax pusillus Maggs &

Hommersand

Apoglossum (J.Agardh) J. Agardh, 1898
Apoglossum ruscifolium (Turner) J. Agardh

Tribe Delesserieae J. Agardh, 1841

Delesseria J. V. Lamouroux, 1813
Delesseria sanguinea (Hudson)
J. V. Lamouroux

Tribe Hypoglosseae M. J. Wynne, 2001

Hypoglossum Kützing, 1843
Hypoglossum hypoglossoides (Stackhouse)
Collins & Hervey

Tribe Membranoptereae M. J. Wynne, 2001

Membranoptera Stackhouse, 1809
Membranoptera alata (Hudson) Stackhouse

Subfamily Nitophylloideae Stizenberger, 1860
Tribe Cryptopleureae M. J. Wynne, 2001

Acrosorium Zanardini ex Kützing, 1869
* Acrosorium ciliolatum (Harvey) Kylin

Cryptopleura Kützing, 1843
Cryptopleura ramosa (Hudson) L. Newton

[incl. Acrosorium uncinatum (Turner)
Kylin, 1924]

Gonimophyllum Batters, 1892
Gonimophyllum buffhamii Batters
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Gonimocolax Kylin, 1924
Gonimocolax roscoffensis Feldmann &
G. Feldmann

Tribe Myriogrammeae M. S. Hommersand &
S. Fredericq, 1997

Haraldiophyllum A. D. Zinova, 1981
Haraldiophyllum bonnemaisonii (Kylin)
A. D. Zinova

[= Myriogramme bonnemaisonii Kylin,
1924]

Myriogramme Kylin, 1924
Myriogramme alliacea (P. Crouan &
H. Crouan) Athanasiadis

[previously ‘alliaceum’]
Myriogramme minuta Kylin

Tribe Nitophylleae Willkomm, 1854

Drachiella J. Ernst & Feldmann, 1957
Drachiella heterocarpa (Chauvin ex Duby)
Maggs & Hommersand

[= Myriogramme heterocarpa (Chauvin ex
Duby) P. S. Dixon & L. M. Irvine, 1976]

Drachiella spectabilis J. Ernst & Feldmann

Nitophyllum Greville, 1830
Nitophyllum punctatum (Stackhouse) Greville

Tribe Phycodryeae M. J. Wynne, 2001

Asterocolax Feldmann & G. Feldmann, 1951
Asterocolax erythroglossi Feldmann &
G. Feldmann

Erythroglossum J. Agardh, 1898
Erythroglossum laciniatum (Lightfoot) Maggs
& Hommersand

[= Polyneura laciniata (Lightfoot)
P. S. Dixon, 1983 and Porphyra
umbilicalis f. laciniata (Lightfoot) Thuret,
1863]

* Erythroglossum lusitanicum Ardré
Erythroglossum sandrianum (Kützing) Kylin

Haraldia Feldmann, 1939
Haraldia lenormandii (Derbès & Solier)
Feldmann

Phycodrys Kützing, 1843
Phycodrys rubens (Linnaeus) Batters

Polyneura (J. Agardh) Kylin, 1924
Polyneura bonnemaisonii (C. Agardh) Maggs
& Hommersand

[= Polyneura hilliae (Greville) Kylin,
1924]

Tribe Valeriemayaeae M. J. Wynne &
A. J. K. Millar, 2001

Radicilingua Papenfuss, 1956
Radicilingua thysanorhizans (Holmes)
Papenfuss

Family Rhodomelaceae Horaninow, 1847
Tribe Amansieae Schmitz & Hauptfleisch, 1897

Halopithys Kützing, 1843
Halopithys incurva (Hudson) Batters

[previously ‘incurvus’]

Rytiphlaea C. Agardh, 1817
Rytiphlaea tinctoria (Clemente) C. Agardh

Tribe Bostrychieae Falkenberg, 1901

Bostrychia Montagne, 1842
Bostrychia scorpioides (Hudson) Montagne

Tribe Chondrieae F. Schmitz & Falkenberg, 1897

Chondria C. Agardh, 1817
Chondria capillaris (Hudson) M. J. Wynne

[= Chondria tenuissima (Withering)
C. Agardh, 1817]

Chondria coerulescens (J. Agardh) Sauvageau
Chondria dasyphylla (Woodward) C. Agardh
Chondria scintillans G. Feldmann

Tribe Herposiphonieae F. Schmitz & Falkenberg,
1897

Herposiphonia Nägeli, 1846
* Herposiphonia parca Setchell

Herposiphonia secunda (C. Agardh) Ambronn

Tribe Laurencieae F. Schmitz, 1889

Laurencia J. V. Lamouroux, 1813
Laurencia obtusa (Hudson) J. V. Lamouroux
Laurencia pyramidalis Bory ex Kützing

Osmundea Stackhouse, 1809
Osmundea hybrida (A. P. De Candolle)
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K. W. Nam
[= Laurencia hybrida (A. P. De Candolle)
T. Lestiboudois, 1827]

Osmundea oederi (Gunnerus) G. Furnari
[= Laurencia platycephala Kützing, 1865]

Osmundea osmunda (S. G. Gmelin) K. W. Nam
& Maggs

[= Laurencia osmunda (S. G. Gmelin)
Maggs & Hommersand, 1993]

Osmundea pinnatifida (Hudson) Stackhouse
[= Laurencia pinnatifida (Hudson)
J. V. Lamouroux, 1813]

* Osmundea truncata (Kützing) K. W. Nam &
Maggs

Tribe Lophosiphonieae Kylin, 1956

Lophosiphonia Falkenberg, 1897
Lophosiphonia obscura (C. Agardh)
Falkenberg

[= Lophosiphonia subadunca (Kützing)
Falkenberg, 1901]

Tribe Ophidocladeae Díaz-Tapia & Maggs, 2017

Ophidocladus Falkenberg, 1897
Ophidocladus simpliciusculus (P. Crouan &
H.Crouan) Falkenberg

[= Polysiphonia simpliciuscula P. Crouan
& H. Crouan, 1852]

Tribe Polysiphonieae Ardissone, 1883

Polysiphonia Greville, 1823
Polysiphonia atlantica Kapraun & J. N. Norris

[incl. Polysiphonia macrocarpa Harvey,
1836]

Polysiphonia brodiei (Dillwyn) Sprengel
[previously ‘brodiaei’]

Polysiphonia ceramiiformis P. Crouan &
H. Crouan

[previously ‘ceramiaeformis’]
Polysiphonia denudata (Dillwyn) Greville ex
Harvey
Polysiphonia elongata (Hudson) Sprengel
Polysiphonia elongella Harvey
Polysiphonia fibrata (Dillwyn) Harvey
Polysiphonia fibrillosa (Dillwyn) Sprengel

* Polysiphonia morrowii Harvey
Polysiphonia opaca (C. Agardh) Moris &
De Notaris
Polysiphonia polyspora (C. Agardh) Montagne
Polysiphonia rhunensis Thuret

Polysiphonia stricta (Mertens ex Dillwyn)
Greville

[= Polysiphonia urceolata (Lightfoot ex
Dillwyn) Greville, 1824]

Tribe Pterosiphonieae Falkenberg, 1901

Pterosiphonia Falkenberg, 1897
Pterosiphonia complanata (Clemente)
Falkenberg

Symphyocladia Falkenberg, 1897
Symphyocladia parasitica (Hudson) Savoie &
G. W. Saunders

[= Pterosiphonia parasitica (Hudson)
Falkenberg, 1901]

* Symphyocladia tanakae (Uwai & Masuda)
Savoie & G. W. Saunders

Xiphosiphonia Savoie & G. W. Saunders, 2016
Xiphosiphonia ardreana (Maggs &
Hommersand) Savoie & G. W. Saunders

[= Pterosiphonia ardreana Maggs &
Hommersand, 1993]

Xiphosiphonia pennata (C. Agardh) Savoie &
G. W. Saunders

[= Pterosiphonia pennata (C. Agardh)
Sauvageau, 1897]

* Xiphosiphonia pinnulata (Kützing) Savoie &
G. W. Saunders

Tribe Rhodomeleae Schmitz & Falkenberg, 1897

Odonthalia Lyngbye, 1819
Odonthalia dentata (Linnaeus) Lyngbye

Rhodomela C. Agardh, 1822
Rhodomela confervoides (Hudson) P. C. Silva
Rhodomela lycopodioides (Linnaeus)
C. Agardh

Tribe Streblocladieae Díaz-Tapia & Maggs, 2017

Leptosiphonia Kylin, 1956
Leptosiphonia schousboei (Thuret) Kylin

Melanothamnus Bornet & Falkenberg, 1901
Melanothamnus collabens (C. Agardh) Díaz-
Tapia & Maggs

[= Streblocladia collabens (C. Agardh)
Falkenberg, 1901]

Melanothamnus ferulaceus (Suhr ex J. Agardh)
Díaz-Tapia & Maggs
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[= Polysiphonia ferulacea Suhr ex
J. Agardh, 1863]

Melanothamnus harveyi (Bailey) Díaz-Tapia &
Maggs

[= Polysiphonia insidiosa (J. Agardh)
P. Crouan & H. Crouan, 1867]

Vertebrata S. F. Gray, 1821
Vertebrata byssoides (Goodenough &
Woodward) Kuntze

[= Brongniartella byssoides (Goodenough
& Woodward) F. Schmitz, 1893]

Vertebrata foetidissima (Cocks ex Bornet)
Díaz-Tapia & Maggs

[= Polysiphonia foetidissima Cocks ex
Bornet, 1892]

Vertebrata fruticulosa (Wulfen) Kuntze
[= Polysiphonia fruticulosa (Wulfen)
Sprengel, 1827]

Vertebrata fucoides (Hudson) Kuntze
[= Polysiphonia nigrescens (Hudson)
Greville ex Harvey, 1833]

Vertebrata furcellata (C. Agardh) Kuntze
[= Polysiphonia furcellata (C. Agardh)
Harvey, 1833]

Vertebrata hypnoides (Welwitsch) Kuntze
[= Ctenosiphonia hypnoides (Welwitsch)
Falkenberg, 1897]

Vertebrata lanosa (Linnaeus) T. A. Christensen
[= Polysiphonia lanosa (Linnaeus) Tandy,
1931]

Vertebrata nigra (Hudson) Díaz-Tapia &
Maggs

[= Polysiphonia nigra (Hudson) Batters,
1902]

Vertebrata reptabunda (Suhr) Díaz-Tapia &
Maggs

[= Lophosiphonia reptabunda (Suhr)
Kylin, 1956]

Vertebrata simulans (Harvey) Kuntze
[= Polysiphonia simulans Harvey, 1849]

Vertebrata subulifera (C. Agardh) Kuntze
[= Polysiphonia subulifera (C. Agardh)
Harvey, 1834]

Vertebrata thuyoides (Harvey) Kuntze
[= Pterosiphonia thuyoides (Harvey)
Batters, 1902]

PHAEOPHYCEAE Kjellman, 1891

Order Sphacelariales Migula, 1908
Family Cladostephaceae Oltmanns, 1922

Cladostephus C. Agardh, 1817
Cladostephus spongiosum (Hudson) C. Agardh

[previously ‘spongiosus’]

Chaetopteris Kützing, 1843
Chaetopteris plumosa (Lyngbye) Kützing

[= Sphacelaria plumosa Lyngbye, 1819]

Herpodiscus G. R. South, 1974
Herpodiscus sympodiocarpus (Sauvageau)
S. G. A. Draisma, W. F. Prud’homme van Reine
& H. Kawai

[= Sphacelaria sympodiocarpa Sauvageau,
1900]

Sphacelaria Lyngbye, 1819
Sphacelaria cirrosa (Roth) C. Agardh
Sphacelaria fusca (Hudson) S. F. Gray
Sphacelaria plumula Zanardini
Sphacelaria rigidula Kützing
Sphacelaria tribuloides Meneghini

Sphacelorbus Draisma, Prud’homme & H. Kawai,
2010

Sphacelorbus nanus (Nägeli ex Kützing)
Draisma, Prud’homme & H. Kawai

[= Sphacelaria nana Nägeli ex Kützing,
1855, incl. Sphacelaria britannica
Sauvageau, 1901]

Family Sphacelodermaceae Draisma,
Prud’homme & H. Kawai, 2010

Sphaceloderma Kuckuck, 1894
Sphaceloderma caespitulum (Lyngbye)
Draisma, Prud’homme & H. Kawai

[= Sphacelaria caespitula Lyngbye, 1819]

Family Stypocaulaceae Oltmanns, 1922

Halopteris Kützing, 1843
Halopteris filicina (Grateloup) Kützing
Halopteris scoparia (Linnaeus) Sauvageau

Protohalopteris Draisma, Prud’homme &
H. Kawai, 2010

Protohalopteris radicans (Dillwyn) Draisma,
Prud’homme & H. Kawai

[= Sphacelaria radicans (Dillwyn)
C. Agardh, 1824]

Order Dictyotales Bory de Saint-Vincent, 1828
Family Dictyotaceae J. V. Lamouroux ex
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Dumortier, 1822
Tribe Dictyoteae Greville, 1833

Dictyota J. V. Lamouroux, 1809
Dictyota dichotoma (Hudson) J. V. Lamouroux
Dictyota fasciola (Roth) J. V. Lamouroux

[= Dilophus fasciola (Roth) M. Howe,
1914]

Dictyota spiralis Montagne
[= Dilophus spiralis (Montagne) Hamel,
1939]

Tribe Zonarieae O. C. Schmidt, 1938

Dictyopteris J. V. Lamouroux, 1809
Dictyopteris polypodioides (A. P. De Candolle)
J. V. Lamouroux

[= Dictyopteris membranacea Batters,
1902]

Padina Adanson, 1763
Padina pavonica (Linnaeus) Thivy

Spatoglossum Kützing, 1843
Spatoglossum solieri (Chauvin ex Montagne)
Kützing

Taonia J. Agardh, 1848
Taonia atomaria (Woodward) J. Agardh

Order Scytothamnales A. F. Peters &
M. N. Clayton, 1998
Family Bachelotiaceae T. Silberfeld,
M.-F. Racault, R. L. Fletcher, F. Rousseau &
B. de Reviers, 2011

Bachelotia (Bornet) Kuckuck ex Hamel, 1939
Bachelotia antillarum (Grunow) Gerloff

Order Ectocarpales Bessey, 1907
Family Acinetosporaceae G. Hamel ex Feldmann,
1937

Acinetospora Bornet, 1892
Acinetospora crinita (Carmichael) Sauvageau

Feldmannia Hamel, 1939
Feldmannia globifera (Kützing) Hamel
Feldmannia irregularis (Kützing) Hamel
Feldmannia lebelii (Areschoug ex P. Crouan &
H. Crouan) Hamel

[= Feldmannia caespitula (J. Agardh)
Knoepffler-Péguy, 1970]

Feldmannia mitchelliae (Harvey) H.-S. Kim
[= Hincksia mitchelliae (Harvey)
P. C. Silva, 1987]

Feldmannia padinae (Buffham) Hamel
Feldmannia paradoxa (Montagne) Hamel
Feldmannia simplex (P. Crouan & H. Crouan)
Hamel

Herponema J. Agardh, 1882
Herponema desmarestiae (H. Gran) Cardinal
Herponema solitarium (Sauvageau) Hamel
Herponema valiantei (Bornet) Hamel
Herponema velutinum (Greville) J. Agardh

Hincksia J. E. Gray, 1864
Hincksia fenestrata (Berkeley ex Harvey)
P. C. Silva
Hincksia granulosa (Smith) P. C. Silva

[incl. Hincksia recurvata (Cardinal)
Athanasiadis, 1996]

Hincksia hincksiae (Harvey) P. C. Silva
Hincksia ovata (Kjellman) P. C. Silva

[incl. Hincksia intermedia (Rosenvinge)
P. C. Silva, 1987]

Hincksia sandriana (Zanardini) P. C. Silva
Hincksia secunda (Kützing) P. C. Silva

Kuetzingiella Kornmann, 1956
Kuetzingiella battersii (Bornet ex Sauvageau)
Kornmann

Pogotrichum Reinke, 1892
Pogotrichum filiforme Reinke

Pylaiella Bory de Saint-Vincent, 1823
Pylaiella littoralis (Linnaeus) Kjellman

Family Petrospongiaceae Racault, Fletcher,
De Reviers, G. Y. Cho, S. M. Boo, Parente &
F. Rousseau, 2009

Petrospongium Nägeli ex Kützing, 1858
Petrospongium berkeleyi (Greville) Nägeli ex
Kützing

[= Cylindrocarpus berkeleyi (Greville)
P. Crouan & H. Crouan]

Family Chordariaceae Greville, 1830

Asperococcus J. V. Lamouroux, 1813
Asperococcus bullosus J. V. Lamouroux

[= Asperococcus turneri (Dillwyn ex
Smith) W. J. Hooker, 1833]
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Asperococcus ensiformis (Delle Chiaje)
M. J. Wynne

[= Asperococcus compressus
A. W. Griffiths ex W. J. Hooker, 1833]

Asperococcus fistulosus (Hudson) W. J. Hooker
[incl. phase Chilionema reptans (P. Crouan
& H. Crouan) Sauvageau, 1897]

* Asperococcus scaber Kuckuck

Chilionema Sauvageau, 1898
Chilionema hispanicum (Sauvageau)
R. L. Fletcher
Chilionema ocellatum (Kützing) Kornmann

Chordaria C. Agardh, 1817
Chordaria flagelliformis
(O. F. Müller) C. Agardh

Cladosiphon Kützing, 1843
Cladosiphon contortus (Thuret) Kylin
Cladosiphon zosterae (J. Agardh) Kylin

Clathrodiscus Hamel, 1935
Clathrodiscus mandoulii (Sauvageau) Hamel

[incl. Myrionema mandoulii Sauvageau,
1933]

Climacosorus Sauvageau, 1933
Climacosorus mediterraneus Sauvageau

Corynophlaea Kützing, 1843
Corynophlaea crispa (Harvey) Kuckuck

Cylindrocarpus P. Crouan & H. Crouan, 1851
Cylindrocarpus microscopicus P. Crouan &
H. Crouan

Dictyosiphon Greville, 1830
Dictyosiphon foeniculaceus (Hudson) Greville

[= Dictyosiphon foeniculaceus f.
hippuroides (Lyngbye) Levring, 1940]

Elachista Duby, 1830
Elachista flaccida (Dillwyn) Fries
Elachista fucicola (Velley) Areschoug
Elachista intermedia P. Crouan & H. Crouan
Elachista scutulata (Smith) Areschoug
Elachista stellaris Areschoug

Endodictyon Gran, 1897
Endodictyon infestans Gran

Eudesme J. Agardh, 1882

Eudesme virescens (Carmichael ex Berkeley)
J. Agardh

Giraudya Derbès & Solier, 1851
Giraudya sphacelarioides Derbès & Solier

Halothrix Reinke, 1888
Halothrix lumbricalis (Kützing) Reinke

Hecatonema Sauvageau, 1898
Hecatonema terminale (Kützing) Kylin

[= Hecatonema maculans (Collins)
Sauvageau, 1897], may refer to several
species

Isthmoplea Kjellman, 1877
Isthmoplea sphaerophora (Carmichael) Gobi

Laminariocolax Kylin, 1947
Laminariocolax aecidioides (Rosenvinge)
A. F. Peters

[= Gononema aecidioides (Rosenvinge)
P. M. Pedersen, 1981]

Laminariocolax tomentosoides (Farlow) Kylin

Leathesia S. F. Gray, 1821
Leathesia marina (Lyngbye) Decaisne

[= Leathesia difformis Areschoug, 1847]

Leblondiella Hamel, 1939
Leblondiella densa (Batters) Hamel

Leptonematella P. C. Silva, 1959
Leptonematella fasciculata (Reinke) P. C. Silva

Litosiphon Harvey, 1849
Litosiphon laminariae (Lyngbye) Harvey

[incl. Litosiphon pusillus (Carmichael)
Harvey, 1849 and phase Streblonema
thuretii Sauvageau, 1936

Mesogloia C. Agardh, 1817
Mesogloia lanosa P. Crouan & H. Crouan
Mesogloia leveillei (J. Agardh) Meneghini

[= Liebmannia leveillei J. Agardh, 1842]
Mesogloia vermiculata (Smith) S. F. Gray

Microspongium Reinke, 1888
Microspongium globosum Reinke
Microspongium stilophorae (P. Crouan &
H. Crouan) Cormaci & G. Furnari

[= Streblonema stilophorae (P. Crouan &
H. Crouan) De Toni, 1897]
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Mikrosyphar Kuckuck, 1895
Mikrosyphar polysiphoniae Kuckuck
Mikrosyphar porphyrae Kuckuck

Myriactula Kuntze, 1898
Myriactula areschougii (P. Crouan &
H. Crouan) Hamel
Myriactula chordae (Areschoug) Levring
Myriactula clandestina (P. Crouan &
H. Crouan) Feldmann
Myriactula rivulariae (Suhr ex Areschoug)
Feldmann
Myriactula stellulata (Harvey) Levring

Myriocladia J. Agardh, 1841
Myriocladia lovenii J. Agardh
Myriocladia tomentosa P. Crouan & H. Crouan

Myrionema Greville, 1827
Myrionema corunnae Sauvageau
Myrionema feldmannii Loiseaux
Myrionema foecundum (Strömfelt) Sauvageau

[= Chilionema foecundum (Strömfelt)
R. L. Fletcher, 1987]

Myrionema magnusii (Sauvageau) Loiseaux
Myrionema papillosum Sauvageau
Myrionema strangulans Greville

Myriotrichia Harvey, 1834
Myriotrichia claviformis Harvey

[previously ‘clavaeformis’, incl. phase
Streblonema sphaericum (Derbès & Solier)
Thuret, 1863]

Pilocladus Kornmann, 1954
Pilocladus volubilis (P. Crouan & H. Crouan)
Kornmann

[= Streblonema volubile (P. Crouan &
H. Crouan) Pringshein, 1862]

Protectocarpus Kornmann, 1955
Protectocarpus speciosus (Børgesen) Korn-
mann

Punctaria Greville, 1830
Punctaria crispata (Kützing) Trevisan
Punctaria latifolia Greville

[incl. Punctaria crouanii (Thuret) Bornet
and Punctaria hiemalis Kylin, 1907]

* Punctaria plantaginea (Roth) Greville
Punctaria tenuissima (C. Agardh) Greville

[incl. Desmotrichum undulatum
(J. Agardh) Reinke, 1889 and phase

Streblonema effusum Kylin, 1907]

Sauvageaugloia Hamel ex Kylin, 1940
Sauvageaugloia divaricata (Clemente)
Cremades

[= Sauvageaugloia chordariiformis
(P. Crouan & H. Crouan) Kylin, 1940
and Sauvageaugloia griffithsiana (Gre-
ville) Hamel ex Kylin, 1940]

Spermatochnus Kützing, 1843
Spermatochnus paradoxus (Roth) Kützing

Sphaerotrichia Kylin, 1940
Sphaerotrichia divaricata (C. Agardh) Kylin

Stictyosiphon Kützing, 1843
Stictyosiphon griffithsianus (Le Jolis) Holmes &
Batters
Stictyosiphon soriferus (Reinke) Rosenvinge
Stictyosiphon tortilis (Gobi) Reinke

Stilophora J. Agardh, 1841
Stilophora tenella (Esper) P. C. Silva

[= Stilophora rhizodes (C. Agardh)
J. Agardh, 1841]

Stilopsis Kuckuck, 1929
Stilopsis lejolisii (Thuret) Kuckuck & Nienburg
ex Hamel

Streblonema Derbès & Solier, 1851
Streblonema breve (Sauvageau) De Toni
Streblonema fasciculatum Thuret
Streblonema maculans G. R. South & Tittley
Streblonema parasiticum (Sauvageau) De Toni
Streblonema zanardinii (P. Crouan &
H. Crouan) De Toni

Strepsithalia Bornet ex Sauvageau, 1896
Strepsithalia curvata Sauvageau
Strepsithalia liagorae Sauvageau
Strepsithalia liebmanniae Miranda

Striaria Greville, 1828
Striaria attenuata (Greville) Greville

Ulonema Foslie, 1893
Ulonema rhizophorum Foslie

Family Ectocarpaceae C. Agardh, 1828

Ectocarpus Lyngbye, 1819
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Ectocarpus crouaniorum Thuret
[= Ectocarpus confervoides var. crouanii
A. Cardinal, 1964]

Ectocarpus fasciculatus Harvey
[= Ectocarpus fasciculatus var.
fasciculatus Harvey, 1841, Ectocarpus
draparnaldioides (P. Crouan & H. Crouan)
Kjellman and Ectocarpus fasciculatus var.
pycnocarpus Cardinal]

Ectocarpus siliculosus (Dillwyn) Lyngbye
[= Ectocarpus confervoides var.
siliculosus (Dillwyn) Farlow, 1881,
Ectocarpus confervoides var. arctus
(Kützing) L. Newton and Ectocarpus
confervoides var. confervoides (Roth)
Kjellmann]

Kuckuckia Hamel, 1939
Kuckuckia spinosa (Kützing) Kornmann

[incl. Kuckuckia kylinii Cardinal, 1964]

Phaeostroma Kuckuck, 1893
Phaeostroma pustulosum Kuckuck

[incl. Streblonema aequale Oltmanns,
1894]

Pilinia Kützing, 1843
Pilinia rimosa Kützing

[= Waerniella lucifuga (Kuckuck) Kylin,
1947]

Pleurocladia A. Braun, 1855
Pleurocladia lacustris A. Braun

[= Ectocarpus maritimus (Kjellman)
Rosenvinge, 1910]

Spongonema Kützing, 1849
Spongonema tomentosum (Hudson) Kützing

Family Scytosiphonaceae Farlow, 1881

Colpomenia (Endlicher) Derbès & Solier, 1851
Colpomenia peregrina Sauvageau
Colpomenia sinuosa (Mertens ex Roth) Derbès
& Solier

Petalonia Derbès & Solier, 1850
Petalonia fascia (O. F. Müller) Kuntze

Planosiphon McDevit & G. W. Saunders, 2017
Planosiphon zosterifolius (Reinke) McDevit &
G. W. Saunders

[= Petalonia zosterifolia (Reinke)

Kuntze, 1898]

Scytosiphon C. Agardh, 1820
Scytosiphon lomentaria (Lyngbye) Link

[incl. prostrate phase Microspongium
gelatinosum Reinke, 1888]

Sorapion Kuckuck, 1894
Sorapion simulans Kuckuck

Stragularia Strömfelt, 1886
Stragularia clavata (Harvey) Hamel

[= Ralfsia disciformis P. Crouan &
H. Crouan, 1867]

Stragularia spongiocarpa (Batters) Hamel

Symphyocarpus Rosenvinge, 1893
Symphyocarpus strangulans Rosenvinge

Order Ralfsiales Nakamura ex P.-E. Lim &
H. Kawai, 2007
Family Ralfsiaceae W. G. Farlow, 1881

Ralfsia M. J. Berkeley, 1843
Ralfsia verrucosa (Areschoug) Areschoug

Pseudolithoderma Svedelius, 1911
Pseudolithoderma extensum (P. Crouan &
H. Crouan) S. Lund
Pseudolithoderma roscoffense Loiseaux

[previously ‘roscoffensis’]

Order Sporochnales Nakamura ex P.-E. Lim &
H. Kawai, 2007
Family Sporochnaceae W. G. Farlow, 1881

Carpomitra Kützing, 1843
Carpomitra costata (Stackhouse) Batters

Sporochnus C. Agardh, 1817
Sporochnus pedunculatus (Hudson) C. Agardh

Order Tilopteridales Nakamura ex P.-E. Lim &
H. Kawai, 2007
Family Halosiphonaceae W. G. Farlow, 1881

Halosiphon Jaasund, 1957
Halosiphon tomentosus (Lyngbye) Jaasund

[= Chorda tomentosa Lyngbye, 1819]

Family Phyllariaceae Tilden, 1935

Phyllariopsis E. C. Henry & G. R. South, 1987
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Phyllariopsis brevipes (C. Agardh) E. C. Henry
& G. R. South

[previously ‘Phyllaria’]

Saccorhiza Bachelot de la Pylaie, 1830
Saccorhiza polyschides (Lightfoot) Batters

Haplospora Kjellman, 1872
Haplospora globosa Kjellman

Tilopteris Kützing, 1849
Tilopteris mertensii (Turner) Kützing

Family Cutleriaceae J. W. Griffith & A. Henfrey,
1856

Cutleria Greville, 1830
Cutleria adspersa (Mertens ex Roth) De Notaris

[incl. prostrate phase Aglaozonia
melanoidea Sauvageau, 1899]

Cutleria multifida (Turner) Greville
[incl. prostrate phase Aglaozonia parvula
(Greville) Zanardini, 1843]

Zanardinia Nardo ex Zanardini, 1841
Zanardinia typus (Nardo) P. C. Silva

[previously ‘prototypus’]

Order Desmarestiales Setchell & Gardner, 1925
Family Arthrocladiaceae Chauvin, 1842

Arthrocladia Duby, 1830
Arthrocladia villosa (Hudson) Duby

Family Desmarestiaceae (Thuret) Kjellman, 1880

Desmarestia J. V. Lamouroux, 1813
Desmarestia aculeata (Linnaeus)
J. V. Lamouroux
Desmarestia dudresnayi J. V. Lamouroux ex
Léman
Desmarestia ligulata (Stackhouse)
J. V. Lamouroux
Desmarestia viridis (O. F. Müller)
J. V. Lamouroux

Order Laminariales Migula, 1909
Family Alariaceae Setchell & N. L. Gardner, 1925

Alaria Greville, 1830
Alaria esculenta (Linnaeus) Greville

Undaria Suringar, 1873

Undaria pinnatifida (Harvey) Suringar

Family Chordaceae Dumortier, 1822

Chorda Stackhouse, 1797
Chorda filum (Linnaeus) Stackhouse

Family Laminariaceae Bory de Saint-Vincent,
1820

Laminaria J. V. Lamouroux, 1813
Laminaria digitata (Hudson) J. V. Lamouroux
Laminaria hyperborea (Gunnerus) Foslie
Laminaria ochroleuca Bachelot de la Pylaie

Saccharina Stackhouse, 1809
Saccharina latissima (Linnaeus) C. E. Lane,
C. Mayes, Druehl & G. W. Saunders

[= Laminaria saccharina (Linnaeus)
J. V. Lamouroux, 1813]

Order Fucales Migula, 1909
Family Sargassaceae Kützing, 1843

Bifurcaria Stackhouse, 1809
Bifurcaria bifurcata R. Ross

Cystoseira C. Agardh, 1820
Cystoseira baccata (S. G. Gmelin) P. C. Silva
Cystoseira foeniculacea (Linnaeus) Greville
Cystoseira humilis Schousboe ex Kützing
Cystoseira nodicaulis (Withering) M. Roberts
Cystoseira tamariscifolia (Hudson) Papenfuss
Cystoseira usneoides (Linnaeus) M. Roberts

Halidrys Lyngbye, 1819
Halidrys siliquosa (Linnaeus) Lyngbye

Sargassum C. Agardh, 1820
Sargassum flavifolium Kützing
Sargassum muticum (Yendo) Fensholt
Sargassum natans (Linnaeus) Gaillon
Sargassum vulgare C. Agardh

Family Fucaceae Adanson, 1763

Ascophyllum Stackhouse, 1809
Ascophyllum nodosum (Linnaeus) Le Jolis

Fucus Linnaeus, 1753
Fucus ceranoides Linnaeus
Fucus chalonii Feldmann
Fucus cottonii M. J. Wynne & Magne
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* Fucus guiryi Zardi, Nicastro, E. S. Serrão &
G. A. Pearson
Fucus serratus Linnaeus
Fucus spiralis Linnaeus
Fucus vesiculosus Linnaeus

[incl. Fucus balticus C. Agardh, 1814]

Pelvetia Decaisne & Thuret, 1845
Pelvetia canaliculata (Linnaeus) Decaisne &
Thuret

Family Himanthaliaceae (Kjellman) De Toni,
1891

Himanthalia Lyngbye, 1819
Himanthalia elongata (Linnaeus) S. F. Gray

CHLOROPHYTA Pascher, 1914

Class Trebouxiophyceae Friedl, 1995
Order Prasiolales J. H. Schaffner, 1922
Family Prasiolaceae F. F. Blackman &
A. G. Tansley, 1902

Prasiola (C. Agardh) Meneghini, 1938
* Prasiola calophylla (Carmichael ex Greville)

Kützing
* Prasiola furfuracea (Mertens ex Hornemann)

Trevisan
Prasiola stipitata Suhr ex Jessen

Rosenvingiella (C. Agardh) P. C. Silva, 1957
Rosenvingiella polyrhiza (Rosenvinge)
P. C. Silva

* Rosenvingiella radicans (Carmichael ex
Greville) (Kützing) Rindi, L. McIvor & Guiry

Class Ulvophyceae K. R. Mattox & K. D. Stewart,
1984
Order Cladophorales Haeckel, 1894
Family Cladophoraceae Wille, 1884

Chaetomorpha Kützing, 1845
Chaetomorpha aerea (Dillwyn) Kützing
Chaetomorpha ligustica (Kützing) Kützing

[= Chaetomorpha capillaris (Kützing)
Børgesen, 1925, incl. Rhizoclonium
arenosum (Carmichael) Kützing, 1849
and Rhizoclonium lubricum Setchell &
N. L. Gardner, 1919]

Chaetomorpha linum (O. F. Müller) Kützing
Chaetomorpha melagonium (F. Weber &
D. Mohr) Kützing

Cladophora Kützing, 1845
Cladophora albida (Nees) Kutzing
Cladophora coelothrix Kützing
Cladophora dalmatica Kützing

* Cladophora flexuosa (O. F. Müller) Kützing
Cladophora fracta (O. F. Müller ex Vahl)
Kützing

* Cladophora globulina (Kützing) Kützing
Cladophora glomerata (Linnaeus) Kützing
Cladophora hutchinsiae (Dillwyn) Kützing
Cladophora laetevirens (Dillwyn) Kützing
Cladophora lehmanniana (Lindenberg)
Kützing
Cladophora liniformis Kützing
Cladophora prolifera (Roth) Kützing
Cladophora retroflexa (Bonnemaison ex
P. Crouan & H. Crouan) Hamel

* Cladophora ruchingeri (C. Agardh) Kützing
Cladophora rupestris (Linnaeus) Kützing
Cladophora sericea (Hudson) Kützing
Cladophora vagabunda (Linnaeus) Hoek

Lychaete J. Agardh, 1846
Lychaete battersii (C. Hoek) M. J. Wynne

[= Cladophora battersii C. Hoek, 1963]
Lychaete pellucida (Hudson) M. J. Wynne

[= Cladophora pellucida (Hudson)
Kützing, 1843]

Lychaete pygmaea (Reinke) M. J. Wynne
[= Cladophora pygmaea Reinke, 1888]

* Lychaete rhodolithicola (Leliaert) M. J. Wynne

Rhizoclonium Kützing, 1843
Rhizoclonium riparium (Roth) Harvey

[incl. Rhizoclonium kerneri Stockmayer,
1890 and Pseudendoclonium riparium
(Roth) Harvey]

Rhizoclonium tortuosum (Dillwyn) Kützing

Family Okellyaceae Leliaert & Rueness, 2009

Okellya Leliaert & Rueness, 2009
Okellya curvata (Printz) Leliaert & Rueness

[= Uronema curvatum Printz, 1926]

Family Pithophoraceae Wittrock, 1877

Aegagropila Kützing, 1843
* Aegagropila linnaei Kützing

Wittrockiella Wille, 1909
Wittrockiella amphibia (Collins) C. Boedeker &
G. I. Hansen
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[= Wittrockiella paradoxa Wille, 1909]

Order Bryopsidales J. H. Schaffner, 1922
Family Chaetosiphonaceae F. F. Blackman &
Tansley, 1902

Blastophysa Reinke, 1889
Blastophysa rhizopus Reinke

Family Bryopsidaceae Bory de Saint-Vincent,
1829

Bryopsis J. V. Lamouroux, 1809
Bryopsis hypnoides J. V. Lamouroux
Bryopsis plumosa (Hudson) C. Agardh

Family Codiaceae Kützing, 1843

Codium Stackhouse, 1797
Codium adhaerens C. Agardh
Codium bursa (Olivi) C. Agardh
Codium decorticatum (Woodward) M. Howe
Codium fragile (Suringar) Hariot
Codium tomentosum Stackhouse
Codium vermilara (Olivi) Delle Chiaje

Family Derbesiaceae Hauck, 1884

Derbesia Solier, 1846
Derbesia marina (Lyngbye) Solier

[incl. the gametophyte phase Halicystis
ovalis (Lyngbye) Areschoug, 1850]

Derbesia tenuissima (Moris & De Notaris)
P. Crouan & H. Crouan

[incl. the gametophyte phase Halicystis
parvula F. Schmitz ex Murray, 1893]

Family Ostreobiaceae P. C. Silva ex Maggs &
J. Brodie, 2007

Ostreobium Bornet & Flahault, 1889
Ostreobium quekettii Bornet & Flahault

Pedobesia MacRaild & Womersley, 1974
Pedobesia simplex (Meneghini ex Kützing)
M. J. Wynne & F. Leliaert

[= Pedobesia lamourouxii (J. Agardh)
Feldmann, Loreau, Codomier & Couté,
1975]

Chlorochytrium Cohn, 1872
Chlorochytrium cohnii E. P. Wright

Sykidion E. P. Wright, 1881
* Sykidion droebakense Wille

Order Oltmannsiellopsidales T. Nakayama, Shin
Watanabe & I. Inouye, 1996
Family Oltmannsiellopsidaceae T. Nakayama,
Shin Watanabe & I. Inouye, 1996

Halochlorococcum P. J. L. Dangeard ex Guiry,
2017
* Halochlorococcum moorei (N. L. Gardner)

Kornmann & Sahling ex Guiry

Neodangemannia M. J. Wynne, G. Furnari,
A. Kryvenda & T. Friedl, 2014

Neodangemannia microcystis M. J. Wynne,
G. Furnari, Kryvenda & Friedl

[= Planophila microcystis
(P. J. L. Dangeard) Kornmann & Sahling,
1983]

Order Ulotrichales Borzì, 1895
Family Ulotrichaceae Kützing, 1843

Acrosiphonia J. Agardh, 1846
Acrosiphonia arcta (Dillwyn) Gain

[= Acrosiphonia arctiuscula (Kützing)
Jónsson and Acrosiphonia centralis
(Lyngbye) Kjellman, 1893]

Acrosiphonia spinescens (Kützing) Kjellman

Chlorothrix Y. Berger-Perrot, 1982
Chlorothrix gracilis (Berger-Perrot)
Berger-Perrot & Thomas
Chlorothrix intermedia (Berger-Perrot)
G. R. South & Tittley
Chlorothrix kornmannii (Berger-Perrot)
Berger-Perrot & Thomas

Spongomorpha Kützing, 1843
Spongomorpha aeruginosa (Linnaeus) Hoek

Ulothrix Kützing, 1833
Ulothrix flacca (Dillwyn) Thuret
Ulothrix implexa (Kützing) Kützing
Ulothrix palusalsa Lokhorst
Ulothrix speciosa (Carmichael) Kützing
Ulothrix subflaccida Wille

Urospora Areschoug, 1866
Urospora bangioides (Harvey) Holmes &
Batters
Urospora neglecta (Kornmann) Lokhorst &
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Trask
Urospora penicilliformis (Roth) Areschoug
Urospora wormskioldii (Mertens) Rosenvinge

Order Ulvales Blackman & Tansley, 1902
Family Bolbocoleonaceae C. J. O’Kelly &
B. Rinkel, 2007

Bolbocoleon Pringsheim, 1863
Bolbocoleon piliferum Pringsheim

Family Capsosiphonaceae V. J. Chapman, 1952

Capsosiphon Gobi, 1879
Capsosiphon fulvescens (C. Agardh) Setchell &
N. L. Gardner

Family Gayraliaceae K. L. Vinogradova, 1969

Gayralia K. L. Vinogradova, 1969
Gayralia oxysperma (Kützing)
K. L. Vinogradova ex Scagel et al.

[= Monostroma oxyspermum (Kützing)
Doty, 1947]

Family Gomontiaceae De Toni, 1889

Eugomontia Kornmann, 1960
Eugomontia sacculata Kornmann

Gomontia Bornet & Flahault, 1888
Gomontia polyrhiza (Lagerheim) Bornet &
Flahault

[incl. Gomontia manxiana Chodat, 1897]

Monostroma Thuret, 1854
Monostroma grevillei (Thuret) Wittrock

Family Kornmanniaceae L. Golden &
K. M. Cole, 1986

Blidingia Kylin, 1947
Blidingia chadefaudii (Feldmann) Bliding
Blidingia marginata (J. Agardh)
P. J. L. Dangeard ex Bliding
Blidingia minima (Nägeli ex Kützing) Kylin

Kornmannia Bliding, 1969
* Kornmannia leptoderma (Kjellman) Bliding

Pseudendoclonium Wille, 1901
Pseudendoclonium dynamenae R. Nielsen
Pseudendoclonium submarinum Wille

Tellamia Batters, 1895
Tellamia contorta Batters

Neostromatella M. J. Wynne, G. Furnari &
R. Nielsen, 2014

Neostromatella monostromatica M. J. Wynne,
G. Furnari & R. Nielsen

[= Stromatella monostromatica
(P. J. L. Dangeard) Kornmann & Sahling,
1985]

Family Phaeophilaceae D. F. Chappell,
C. J. O’Kelly, L. W. Wilcox, & G. L. Floyd, 1990

Phaeophila Hauck, 1876
Phaeophila dendroides (P. Crouan &
H. Crouan) Batters

[incl. Phaeophila engleri Reinke, 1889]

Family Ulvaceae J. V. Lamouroux ex Dumortier,
1822

Ochlochaete Thwaites, 1849
Ochlochaete hystrix Thwaites

[= Ochlochaete ferox Huber, 1893]

Percursaria Bory de Saint-Vincent, 1823
Percursaria percursa (C. Agardh) Rosenvinge

Ulva Linnaeus, 1753
* Ulva ardreana M. Cormaci, G. Furnari &

G. Alongi
* Ulva australis Areschoug

Ulva clathrata (Roth) C. Agardh
[= Enteromorpha clathrata (Roth)
Greville, 1830, incl. Enteromorpha
musciformis P. J. L. Dangeard, 1962
and Enteromorpha ramulosa (Smith)
Carmichael, 1833]

Ulva compressa Linnaeus
[= Enteromorpha compressa (Linnaeus)
Nees, 1820, incl. Enteromorpha usneoides
Bonnemaison ex J. Agardh, 1883]

Ulva curvata (Kützing) De Toni
Ulva fasciata Delile
Ulva flexuosa Wulfen

[= Enteromorpha flexuosa (Wulfen)
J. Agardh, 1883, incl. Enteromorpha
tubulosa (Kützing) Kützing, 1856]

Ulva gigantea (Kützing) Bliding
Ulva intestinalis Linnaeus

[= Enteromorpha intestinalis (Linné) Link,
1820]
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Ulva kylinii (Bliding) H. S. Hayden, Blomster,
Maggs, P. C. Silva, M. J. Stanhope &
J. R. Waaland

[= Enteromorpha kylinii Bliding, 1948]
Ulva lactuca Linnaeus
Ulva linza Linnaeus

[= Enteromorpha linza (Linnaeus)
J. Agardh, 1883, incl. Enteromorpha
ahlneriana Bliding, 1944 and Ulva
bertolonii C. Agardh, 1823]

Ulva pilifera (Kützing) Škaloud & Leliaert
[= Enteromorpha pilifera Kützing, 1856]

Ulva prolifera O. F. Müller
[= Enteromorpha prolifera (O. F. Müller)
J. Agardh, 1883]

Ulva pseudocurvata Koeman & Hoek
Ulva pseudorotundata Cormaci, G. Furnari &
Alongi

[= Ulva rotundata Bliding, 1969]
Ulva radiata (J. Agardh) H. S. Hayden,
Blomster, Maggs, P. C. Silva, M. J. Stanhope
& J. R. Waaland

[= Enteromorpha radiata J. Agardh, 1883]
Ulva ralfsii (Harvey) Le Jolis

[= Enteromorpha ralfsii Harvey, 1851]
Ulva simplex (K. L. Vinogradova)
H. S. Hayden, Blomster, Maggs, P. C. Silva,
M. J. Stanhope & J. R. Waaland

[= Enteromorpha simplex
(K. L. Vinogradova) R. P. T. Koeman &
Hoek, 1982]

Ulva rigida C. Agardh
[incl. Ulva scandinavica Bliding, 1969]

Ulva torta (Mertens) Trevisan
[= Enteromorpha torta (Mertens)
Reinbold, 1893]

Ulvaria Ruprecht, 1850
Ulvaria obscura (Kützing) Gayral ex Bliding

[= Monostroma obscurum (Kützing)
J. Agardh, 1883]

Ulvaria splendens (Ruprecht) K. L. Vinogradova
[= Monostroma fuscum (Postels &
Ruprecht) Wittrock, 1866]

Umbraulva E. H. Bae & I. K. Lee, 2002
Umbraulva dangeardii M. J. Wynne &
G. Furnari

[= Ulva olivascens P. J. L. Dangeard, 1961]

Family Ulvellaceae Schmidle, 1899

Epicladia Reinke, 1889
Epicladia flustrae Reinke

[= Entocladia flustrae (Reinke)
W. R. Taylor, 1937]

Epicladia perforans (Huber) R. Nielsen
[= Entocladia perforans (Huber) Levring,
1937]

Pseudopringsheimia Wille, 1909
Pseudopringsheimia confluens (Rosenvinge)
Wille

Ulvella P. Crouan & H. Crouan, 1859
Ulvella geniculata (N. L. Gardner) R. Nielsen,
C. J. O’Kelly & B. Wysor

[= Pseudodictyon geniculatum
N. L. Gardner, 1909]

* Ulvella inflata (Ercegovic) R. Nielsen,
C. J. O’Kelly & B. Wysor
Ulvella lens P. Crouan & H. Crouan
Ulvella leptochaete (Huber) R. Nielsen,
C. J. O’Kelly & B. Wysor

[= Entocladia leptochaete (Huber)
Burrows, 1991]

Ulvella repens (Pringsheim) R. Nielsen,
C. J. O’Kelly & B. Wysor

[= Acrochaete repens Pringsheim, 1862]
Ulvella scutata (Reinke) R. Nielsen,
C. J. O’Kelly & B. Wysor

[= Pringsheimiella scutata (Reinke)
Hoenel ex Marchewianka]

Ulvella setchellii P. J. L. Dangeard
Ulvella viridis (Reinke) R. Nielsen,
C. J. O’Kelly & B. Wysor

[= Entocladia viridis Reinke, 1879]
Ulvella wittrockii (Wille) R. Nielsen,
C. J. O’Kelly & B. Wysor

[= Entocladia wittrockii Wille, 1880 and
Chlorofilum ephemerum P. J. L. Dangeard,
1965]

Family Microsporaceae Bohlin, 1901

Microspora Thuret, 1850
Microspora ficulinae P. J. L. Dangeard
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Discussion
The specific richness remains comparable to what has been reported from neighboring

countries (Table 1). With a total of 707 species, this area represents 6.5 % of the world
macroalgal species number (ranging between 10 000 and 11 000 species). Such diversity may
be explained by the fact that the studied area crosses a transition from the warm to the cold
temperate biogeographic region (Dinter, 2001), which particularly affects the distribution of
macroalgae (Ramos et al., 2014).

Table 1: Total number of macroalgal species per group for France (Channel and Atlantic Ocean) and for
two neighboring countries.

Britain (Brodie
et al., 2015)

Spain, North
Atlantic (Gallardo

et al., 2016)

France, Channel
and Atlantic Ocean

(this study)

Red macroalgae 347 365 403
Brown macroalgae 183 155 183
Green macroalgae 109 94 121
Total 639 614 707

The bibliographic and database analysis performed here reveals a global decrease of the
total macroalgal specific richness when compared to the list by Dizerbo & Herpe (2007): the
number of red macroalgal species falls from 423 to 403, from 226 to 183 for brown macroal-
gae and that for green macroalgae from 153 to 121. The reasons for such decrease both come
from the exclusion of 92 species (following the rules given in Materials and methods): 41 red
(Table 2), 21 brown (Table 3) and 30 green macroalgae (Table 4) but also by a high proportion
of former recognized species pooled under a single name (e.g. Ectocarpus spp. or Porphy-
rostromium ciliare).

Sixty eight new macroalgal species have been added to the list (51 red, 3 brown and
14 green macroalgae). Among these, 17 are non native species, pointing out the continuous
spread of alien species and the potential competitive threats for the native ones (Goulletquer,
2016). Studying the pattern of colonization of these alien species has been strongly recom-
mended (Katsanevakis et al., 2014, a work still needed for France). Several species deserve
a special interest: although there is no evidence of their presence in the studied area, their
occurence is highly suspected. It is the case for species difficult to identify, recently recorded
in the United Kingdom (Brodie et al., 2015) such as Ulva californica Wille, or that have been
recorded both from United Kingdom and northern Spain (Gallardo et al., 2016). These are:

— Ruthnielsenia tenuis (Kylin) C. J. O’Kelly, B. Wynsor & W. K. Bellows.
— Dictyota cyanoloma Tronholm, De Clerck, A. Gómez-Garreta & Rull Lluch.
— Cryptonemia lomation (Bertoloni) J. Agardh.
— Polysiphonia devoniensis Maggs & Hommersand.

Targetted sampling session may help to address these uncertainties.

Finally, doubtful taxa remain for which status need clarification (i.e. Grateloupia and
Solieria (Le Roux, 2018), Pylaiella (Geoffroy, 2012), Ectocarpus (Montecinos et al., 2017)
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or the Caulacanthus species). This work is a mere first step for assessing macroalgal diversity
at regional scale. Going further would imply creating an atlas based on the maps provided
by Dizerbo & Herpe (2007) together with the improvement of identification keys including
updated taxa. Genetic characterization of taxa might also be suitable in an attempt to clarify
the taxonomic position of several macroalgal species (Mineur, Le Roux, et al., 2012).
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Table 2: Red macroalgal species (Rhodophyta) excluded from check-list since Dizerbo & Herpe (2007).

Red macroalgae species (Rhodophyta) Notes

Acrochaetium stilophorae Previously as Audouinella stilophorae Levring. Recorded once in the studied area.
Acrochaetium unifilum Previously as Audouinella unifila (Jao) Woelkerling. Recorded once in the studied area.
Acrochaetium immersum (Rosenvinge) Hamel Previously as Audouinella immersa (Rosenvinge) G. R. South & Tittley. Recorded once in

the studied area.
Acrochaetium irregulare (Reinsch) Previously as Audouinella irregularis (Reinsch) G. R. South & Tittley. Doubtful taxon.

Recorded once in the studied area.
Acrochaetium mahumetanum Hamel Previously as Audouinella mahumetana (Hamel) Dizerbo. Doubtful taxon. Recorded once

in the studied area.
Acrochaetium reductum (Rosenvinge) Hamel Previously as Audouinella kylinioides (Feldmann) Dizerbo. Recorded once in the studied

area. Needs further investigations.
Amphiroa cryptarthrodia Zanardini See Amphiroa rigida.
Amphiroa rigida J. V. Lamouroux Both Amphiroa cryptarthrodia Zanardini and Amphiroa rigida J. V. Lamouroux are absent

from the studied zone (see Lugilde et al., 2016)
Antithamnionella elegans (Berthold) J. H. Price & D. M. John Only one record in the studied area. In Europe, this species seems restricted to the

Mediterranean sea.
Asparagopsis taxiformis (Delile) Trevisan In Europe, the northern limit is in Spain.
Audouinella pusillum Dizerbo Doubtful taxon. Recorded once in the studied area.
Audouinella spermatochni Dizerbo Doubtful taxon. Recorded once in the studied area.
Audouinella armoricanum Dizerbo Doubtful taxon.
Audouinella boryana Abdel-Rahman & Magne Only obtained in culture.
Audouinella laminariae Dizerbo Doubtful taxon. May be related to Acrochaetium sparsum (Harvey) Nägeli.
Botryocladia chiajeana (Meneghini) Kylin No recent record.
Ceramium boergesenii H. E. Petersen Only cited in the Channel islands.
Ceramium crouanianum J. Agardh Represents several species (C. pallidum and C. virgatum) (Maggs & Hommersand, 1993).
Ceramium derbesii Solier ex Kützing Represents several species (C. virgatum and C. ciliatum) (Maggs & Hommersand, 1993).
Ceramium tenerrimum (G. Martens) Okamura No recent record. In Europe, this species seems restricted to the Mediterranean sea.

. . . continued on the next page
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Table 2: (Continued)

Red macroalgae species (Rhodophyta) Notes

Ceramium tenue (J. Agardh) J. Agardh Represent several species (C. pallidum, C. virgatum and C. gaditanum) (Maggs &
Hommersand, 1993).

Chylocladia torulosa (Kützing) Dizerbo Doubtful taxon.
Colaconema conchicola Lami Previously as Audouinella conchicola Lami. Doubtful taxon. Recorded once in the studied

area.
Colaconema emergens (Rosenvinge) R. Nielsen Previously as Audouinella emergens (Rosenvinge) P. S. Dixon. Only one unsure record in

the studied area.
Erythrotrichia elongata Lami Only one record in the studied area. Needs further investigations.
Gloiocladia furcata (C. Agardh) J. Agardh Northern limit in the Iberian Peninsula.
Goniotrichopsis sublittoralis G. M. Smith Only one record in the studied area. Needs further investigations.
Gracilaria armata (C. Agardh) Greville Only one record in the studied area. In Europe, this species seems to be restricted to the

Mediterranean sea.
Gymnogongrus patens (Goodenough & Woodward) J. Agardh Needs further investigations.
Herposiphonia plumosa (Agardh) Nägeli Doubtful taxon.
Hildenbrandia rivularis (Liebmann) J. Agardh Freshwater macroalgae.
Laurencia brongniartii J. Agardh Recorded once in the studied area. Since then, recorded in Ireland (Stokes et al., 2004).
Lithophyllum dentatum (Kützing) Foslie See Lithophyllum fasciculatum.
Lithophyllum fasciculatum (Lamarck) Foslie Specimens of both species L. fasciculatum and L. dentatum in the studied area may belong

to L. incrustans Philippi. See Hernandez-Kantun et al. (2015).
Peyssonnelia rubra (Greville) J. Agardh No recent record. In Europe, this species seems restricted to the Mediterranean sea.
Polysiphonia isogona Harvey No recent record.
Polysiphonia scopulorum Harvey Needs further investigations.
Polysiphonia subulata (Dillwyn) J. Agardh Only one record in the studied area. Needs further investigations.
Rhodymenia phylloides L’Hardy-Halos Needs further investigations. May be included in the species R. delicatula.
Spermothamnion irregulare (J. Agardh) Ardissone No recent record. In Europe, this species seems restricted to the Mediterranean sea.

. . . continued on the next page
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Table 2: (Continued)

Red macroalgae species (Rhodophyta) Notes

Titanoderma mediterraneum (Foslie) Woelkerling Doubtful taxon, only one record in the study area. Absent from the studied zone (see
Lugilde et al., 2016)
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Table 3: Brown macroalgal species (Phaeophyceae) excluded from check-list since Dizerbo & Herpe (2007).

Brown macroalgae species (Phaeophyceae) Notes

Actinema scutellum Reinsch Doubtful taxon.
Battersia plumigera (Holmes ex Hauck) Draisma,
Prud’homme & H. Kawai

Previously as Sphacelaria plumigera Holmes ex Hauck. Only listed in the Channel islands.

Cutleria chilosa (Falkenberg) P. C. Silva. Previously as Cutleria monoica Ollivier. Northern limit by the Portugal coasts.
Cystoseira compressa (Esper) Gerloff & Nizamuddin Only one occurrence in the studied area. No recent record. In Europe, this species seems

very related to the Mediterranean sea.
Cystoseira platyclada Sauvageau Doubtful taxon.
Dictyosiphon ekmanii Areschoug Needs further investigations.
Elachista globulosa (C. Agardh) J. Agardh Seems restricted to the Canary Islands.
Fucus dichotomus Sauvageau Probably a variety of the complex Fucus spiralis/guiryi.
Hecatonema aggregratum (P. J. L. Dangeard) P.-M. Pedersen Only obtained in culture.
Myriactula arabica (Kützing) Feldmann No recent record in the studied area. Probably a more southern species.
Omphalophyllum ulvaceum Rosenvinge Recorded once in the studied area. Southern limit in Norway.
Phaeostromatella elegans P. J. L. Dangeard Treated as an invalid taxon in Wynne & Furnari (2014).
Pseudolithoderma adriaticum (Hauck) Verlaque Previously Lithoderma adriaticum Hauck. No recent records, this species seems very

related to the Mediterranean sea.
Pylaiella seriata Kuckuck in Dizerbo & Herpe Doubtful taxon.
Ralfsia pusilla (Strömfelt) Foslie No recent records in the studied area. Needs further investigations.
Sargassum natans (Linnaeus) Gaillon Pelagic species. No recent record.
Sargassum acinarium (Linnaeus) Setchell Previously Sargassum linifolium C. Agardh. Only one occurrence in the studied area. In

Europe this species seems very related to the Mediterranean sea.
Stictyosiphon adriaticus Kützing No recent record in the studied area. Needs further investigations.
Streblonema ambivalens P. J. L. Dangeard Only obtained in culture.
Streblonema integratum P. J. L. Dangeard Only obtained in culture.
Streblonema myriocladiae (P. Crouan & H. Crouan) De Toni No recent record in the studied area.
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Table 4: Green macroalgal species (Chlorophyta) excluded from check-list since Dizerbo & Herpe (2007).

Green macroalgae species (Chlorophyta) Notes

Bryopsis balbisiana J. V. Lamouroux Actually B. duplex De Notaris, with northern limit on the coasts of Portugal, unlikely to be
present in the studied area.

Bryopsis corymbosa J. Agardh Recorded once in the studied area. In Europe, B. corymbosa seems restricted to the
Mediterranean sea.

Bryopsis cupressoides Feldmann Recorded once in the studied area. Actually as B. feldmannii Gallardo & G. Furnari, which
is resctricted to the Mediterranean sea.

Bryopsis pennata J. V. Lamouroux Recorded once in the studied area. Northern limit in Portugal.
Chaetomorpha crassa (C. Agardh) Kützing Probably a variety of C. linum.
Chlorhormidium catenatum (P. J. L. Dangeard) G. R. South &
Tittley

Only obtained in cultures. Treated as invalid taxon in Wynne & Furnari (2014). (as
Hormidium catenatum P. J. L. Dangeard).

Cladophora nigrescens Zanardini ex Frauenfeld Recorded once in the studied area. In Europe, the species seems only found in the
Mediterranean sea.

Cladophora parriaudii C. Hoek Doubtful taxon. Recorded once in the studied area.
Codium effusum (Rafinesque) Delle Chiaje Cited in N.-E. Atlantic by Cabioc’h et al. (2014) from the Channel to the Canaries but

probably much more related to the Mediterranean sea.
Elaterodiscus appendiculatus P. J. L. Dangeard Treated as invalid taxon in Wynne & Furnari (2014).
Enteromorpha bayonnensis P. J. L. Dangeard Treated as invalid taxon in Wynne & Furnari (2014).
Enteromorpha coziana P. J. L. Dangeard Treated as invalid taxon in Wynne & Furnari (2014).
Enteromorpha dangeardii H. Parriaud Doubtful taxon. Recorded twice by a single author in the studied area.
Enteromorpha hendayensis P. J. L. Dangeard & H. Parriaud Treated as invalid taxon in Wynne & Furnari (2014).
Enteromorpha limosa A. Parriaud Doubtful taxon. Recorded once in the studied area.
Enteromorpha robertii-lamii H. Parriaud Doubtful taxon. Needs further investigations.
Enteromorpha sancti-joannis P. J. L. Dangeard Treated as invalid taxon in Wynne & Furnari (2014).
Geminella marina Hamel in Dizerbo & Herpe Doubtful taxon.
Gongrosira malardii (Wille) Printz Doubtful taxon. Recorded once in the studied area.
Gongrosirella vermiformis P. J. L. Dangeard Treated as invalid taxon in Wynne & Furnari (2014).

. . . continued on the next page
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Table 4: (Continued)

Green macroalgae species (Chlorophyta) Notes

Halimeda tuna (J. Ellis & Solander) J. V. Lamouroux Recorded once in the studied area. In Europe, the species seems only found in the
mediterranean sea.

Pirula salina (Dangeard) Printz Unicellular to colonial taxon. Currently Halofilum salinum (P. A. Dangeard) Darienko &
Pröschold (Xanthophyceae).

Stromatella papillosa (P. J. L. Dangeard) Kornmann &
Sahling

Treated as invalid taxon in Wynne & Furnari (2014) (as Ulvella papillosa
P. J. L. Dangeard).

Thamniochloris atroviridis P. J. L. Dangeard Only obtained in culture. Treated as invalid taxon in Wynne & Furnari (2014).
Thamniochloris ochlochaetoides P. J. L. Dangeard Only obtained in culture. Treated as invalid taxon in Wynne & Furnari (2014).
Thamniochloris variabilis P. J. L. Dangeard Only obtained in culture. Treated as invalid taxon in Wynne & Furnari (2014).
Ulva schousboei Bornet Doubtful taxon. Recorded once in the studied area.
Ulvella protuberans P. J. L. Dangeard Treated as invalid taxon in Wynne & Furnari (2014).
Ulvella stellata P. J. L. Dangeard Treated as invalid taxon in Wynne & Furnari (2014).
Zygomitus reticulatus Bornet & Flahault Doubtful taxon. Recorded once in the studied area.
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Titre : Effet de l¶hydrodynamisme sur la structure des communautés macroalgales et sur les interactions 
macroflore / macrofaune en zone intertidale 

Mots clés :  Macroalgues, Communautés, Estrans rocheux, Assemblages faune-flore, Hydrodynamisme 

Résumé :    Cette thèse vise à quantifier et à expliciter 
les effets de l¶hydrodynamisme sur les biocénoses des 
estrans rocheux du Nord-Est Atlantique. Dans cette 
optique, plusieurs études ont été menées sur 14 sites 
de la pointe bretonne, à différentes échelles spatiales, 
de quelques mètres à une centaine de kilomètres. Pour 
étudier les variations de la structure des communautés 
de macroalgues et des assemblages à dominance 
macroalgale, deux méthodes d¶échantillonnage 
biologique ont été utilisées pour la macroflore et la 
macrofaune. Un nouveau proxy de l¶hydrodynamisme 
à petite échelle a été développé, la hauteur de vague 
in situ. 
  La hauteur de vague in situ apparaît comme le facteur 
physique le plus important dans la structure interne des 
communautés macroalgales. En étudiant la 
différentiation de six communautés de macroalgues 
étagées sur l¶estran, le rôle de l¶hydrodynamisme 
semble mineur par rapport à l¶élévation et à la durée 
moyenne d¶émersion. 
 

  Le passage des assemblages intertidaux d¶une 
dominance macroflore à une dominance macrofaune 
est essentiellement expliqué par la hauteur de vague 
in situ. Les organismes sessiles répondent de façon 
différente à l¶hydrodynamisme. De plus, l¶existence de 
seuils de tolérance à l¶hydrodynamisme a été mis en 
évidence. Au sein des assemblages dominés par les 
macroalgues, la hauteur de vague in situ module de 
façon significative les interactions faune-flore, fortes 
en haut et au milieu d¶estran, et flore-flore, plus 
importantes en bas de la zone intertidale. 
  L¶étude de l¶effet de l¶hydrodynamisme sur une 
communauté macroalgale de milieu d¶estran à l¶aide 
de sept estimateurs (proxys) a révélé des réponses 
de la communauté différant selon l¶estimateur. Les 
hauteurs de vague mesurées in situ et calculées selon 
le modèle SWAN semblent complémentaires pour 
évaluer le rôle de l¶hydrodynamisme dans la structure 
des écosystèmes intertidaux rocheux à dominance 
macroalgale. 
 

 

Title :  Effect of hydrodynamics on the structure of macroalgal communities and on the interactions between 
macroflora / macrofauna in the intertidal zone 

Keywords :  Macroalgae, Communities, Rocky shores, Fauna-Flora Assemblages, Hydrodynamics 

Abstract :  This thesis aims at quantifying and 
explaining the effects of hydrodynamics on the 
communities of the North-East Atlantic rocky shores. In 
that prospect, several studies were carried out in 14 
sites at the western head of Brittany, at different spatial 
scales, from a few metres to a hundred kilometres. Two 
biological sampling methods were used for macroflora 
and macrofauna to study variations in the structure of 
macroalgal communities and seaweed dominated 
assemblages. A new proxy for small-scale 
hydrodynamics has been developed, in situ wave 
height. 
In situ wave height appears to be the most important 

physical factor in the internal structuring of macroalgal 
communities. By studying the differentiation of six 
macroalgal communities vertically distributed on the 
shore, the role of hydrodynamics seems to be minor 
compared to the elevation and the average duration of 
emersion. 

  The shift in intertidal dominance from macroflora to 
macrofauna is mainly explained by in situ wave 
height. Sessile organisms respond differently to 
hydrodynamics. Interestingly, the existence of 
tolerance thresholds for hydrodynamics was 
highlighted. Within the communities dominated by 
macroalgae, the in situ wave height significantly 
modulates both the fauna-flora interactions, strong at 
the top and middle of the shore, and the flora-flora 
interactions, more important at the bottom of the 
intertidal zone. 
  Studying the effect of hydrodynamics on a mid-
intertidal macroalgal community using seven proxies 
revealed different community responses. The wave 
heights measured in situ and calculated using the 
SWAN model appear to be complementary in 
assessing the role of hydrodynamics in the structuring 
of macroalgal-dominated rocky intertidal ecosystems.   
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