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R™le de lÕesp•ce ingŽnieure Upogebia pusilla dans le fonctionnement biogŽochimique des 
Žcosyst•mes intertidaux ˆ herbier (Zostera noltei) du bassin dÕArcachon 
 
RŽsumŽ : Dans le bassin dÕArcachon, le crustacŽ thalassinidŽ Upogebia pusilla habite 
prŽfŽrentiellement les vasi•res intertidales colonisŽes par les zost•res naines (Zostera noltei) 
o• il trouve la stabilitŽ sŽdimentaire indispensable ˆ lÕŽtablissement durable de son terrier. Du 
fait de la profondeur de ce dernier (> 30 cm) et de sa grande mobilitŽ, cette esp•ce ingŽnieure 
a souvent ŽtŽ nŽgligŽe dans les Žtudes antŽrieures ayant pour objectif de mieux comprendre le 
r™le des communautŽs macro-benthiques dans le fonctionnement des herbiers de 
phanŽrogames et les consŽquences de leur rŽgression rapide. Ce manuscrit prŽsente une Žtude 
intŽgrŽe du r™le dÕU. pusilla dans le fonctionnement de son Žcosyst•me en sÕattachant 
particuli•rement ˆ caractŽriser et quantifier les relations entre (1) ses diffŽrentes activitŽs 
(fouissage, ventilation, locomotion, É), (2) les modes de bioturbation qui en rŽsultent et (3) 
leurs impacts respectifs sur la dynamique biogŽochimique sŽdimentaire. Ce travail montre 
quÕU. pusilla engendre un remaniement et une bioirrigation intenses de la matrice 
sŽdimentaire qui lÕentoure. Sa prŽsence stimule ainsi fortement la reminŽralisation de la 
mati•re organique sŽdimentŽe et les Žchanges de solutŽs ˆ travers lÕinterface eau-sŽdiment. 
Bien que lÕinfluencedÕU. pusilla sur ces processus Žcologiques et biogŽochimiques soit tr•s 
dŽpendante des conditions environnementales (e.g., saisonnalitŽ, prŽvalence parasitaire), 
lÕensemble de mes rŽsultats sugg•re que le dŽclin progressif de ses populations, consŽquence 
directe de la dŽgradation de son habitat, est susceptible de fortement altŽrer le fonctionnement 
global des Žcosyst•mes du bassin dÕArcachon. 
 
Mots clŽs :�� Bioturbation, Remaniement sŽdimentaire, Bioirrigation, Flux benthiques, 
Comportement, Parasitisme, SaisonnalitŽ, Analyse dÕimage��
 
 
 
 
Role of the engineer species Upogebia pusilla in the biogeochemical functioning of 
intertidal seagrass (Zostera noltei) ecosystems in Arcachon bay 
 
Abstract: In Arcachon bay, the endobenthic thalassinid crustacean Upogebia pusilla is tightly 
associated with the intertidal dwarf grass Zostera noltei providing the sediment stability 
required for the construction of (semi-)permanent burrows. Because of the depth and complex 
architecture of their burrow (> 30 cm), this high mobile engineer species have been largely 
ignored in previous studies aiming at better understanding the role of macrobenthic 
communities in the functioning of seagrass ecosystems and the consequences of their rapid 
decline. This manuscript presents an integrated study regarding the role played by U. pusilla 
in the functioning of its ecosystem, with particular emphasis on the characterisation and 
quantification of the relationships between (1) its different activities (burrowing, ventilating, 
walkingÉ), (2) both bioturbation modes and rates and (3) their respective impacts on the 
sedimentary biogeochemical dynamics. This work shows that mud shrimp activity leads to 
high mixing and bioirrigation of the surrounding sediment matrix, thus strongly enhancing 
organic matter mineralisation processes and solute exchanges across the sediment-water 
interface. Although the influence of U. pusilla on ecological and biogeochemical processes 
largely depends on environmental conditions (e.g., seasonality and parasitism), altogether my 
results suggest that the gradual decline of its population in Arcachon bay, as a direct 
consequence of benthic habitat degradation, may greatly alter the overall functioning of this 
vulnerable marine ecosystem. 
 
Keywords: Bioturbation, Sediment reworking, Bioirrigation, Benthic fluxes, Behaviour, 
Parasitism, Seasonality, Image analysis 
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PrŽambule 

Au sein du laboratoire Environnements et PalŽoenvironnements OcŽaniques et 

Continentaux (UMR 5805 EPOC), o• jÕai rŽalisŽ ma th•se de doctorat, une attention 

particuli•re est portŽe, depuis plusieurs annŽes, ˆ la rŽgression de lÕherbier de zost•res naines 

(Zostera noltei) du bassin dÕArcachon, considŽrŽ comme le plus vaste herbier intertidal de 

phanŽrogames marines dÕEurope (Auby et Labourg, 1996). En effet, depuis la publication de 

Plus et al., (2010) qui a rapportŽ une rŽgression drastique de 22,8 km2 (soit 33 %) en 20 ans, 

de nombreuses Žtudes ont ŽtŽ menŽes pour identifier les causes et les consŽquences de ce 

dŽclin rapide. Les derniers rapports IFREMER (Auby et al., 2016, 2011), dans lesquels le 

laboratoire EPOC a ŽtŽ largement impliquŽ, recensent les principales causes de cette 

rŽgression qui semblent essentiellement rŽsulter des effets conjuguŽs de vagues de chaleurs 

ayant touchŽes la rŽgion Aquitaine entre 2003 et 2006 et de la prŽsence de contaminants (e.g., 

herbicides) dans lÕeau. Actuellement, une th•se de doctorat adossŽe au projet ZODARSED 

(LabEx COTE) tente de mieux comprendre les causes physiques (i.e., hydrodynamiques) de 

la rŽgression des herbiers et de dŽm•ler les causes et les consŽquences physiques de cette 

rŽgression. 

Les consŽquences de la rŽduction de la surface occupŽe par lÕherbier ainsi que de sa 

densitŽ ont ŽtŽ ŽtudiŽes au cours de plusieurs travaux de th•ses qui ont portŽ sur 

lÕhydrodynamisme, la biogŽochimie sŽdimentaire et la diversitŽ biologique. Les rŽsultats 

obtenus ont permis de mettre en Žvidence de multiples effets de la rŽgression de lÕherbier de 

Z. noltei sur lÕenvironnement littoral du bassin dÕArcachon. Ainsi, le dŽclin de lÕherbier 

favorise les phŽnom•nes de resuspension sŽdimentaire. En diminuant la pŽnŽtration de la 

lumi•re dans la colonne dÕeau, ce processus impacte nŽgativement la production des 

phanŽrogames (Ganthy, 2011). Cette rŽgression provoque Žgalement de profonds 

changements sur la dynamique biogŽochimique sŽdimentaire. Elle favorise notamment le 

relargage par le sŽdiment de nutriments stockŽs dans les eaux interstitielles et en particulier 

dÕammonium et de phosphore (Delgard, 2013). La diversitŽ et lÕabondance de la macrofaune 

benthique sont Žgalement nŽgativement affectŽes par la rŽgression des herbiers (Do, 2012). 

De plus, le syst•me racinaire et rhizomial exer•ant un r™le structurant et stabilisateur de la 

matrice sŽdimentaire, sa rŽgression affecte lÕensemble des processus sŽdimentaires et 

notamment la bioturbation, ce qui se traduit par une augmentation de lÕamplitude et de la 

variabilitŽ spatiale de lÕintensitŽ du remaniement sŽdimentaire (Bernard, 2013). Ces Žtudes 
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ont largement participŽ ˆ lÕamŽlioration des connaissances du fonctionnement des 

Žcosyst•mes ˆ zost•res du bassin dÕArcachon et ont ainsi permis de mieux comprendre les 

consŽquences Žcologiques et biogŽochimiques potentielles de la rŽgression des herbiers 

marins. Cependant, au-delˆ de la disparition progressive de lÕherbier per se et de ses 

rŽpercussions directes sur les processus hydrodynamiques, biogŽochimiques et biologiques, 

les sŽdiments vŽgŽtalisŽs abritent Žgalement des esp•ces ingŽnieures qui leur sont Žtroitement 

voire exclusivement associŽes. La rŽgression de lÕherbier pourrait donc avoir des 

rŽpercussions plus larges que celles envisagŽes jusquÕˆ prŽsent et impacter de mani•re 

indirecte de nombreux processus rŽgulŽs par ces esp•ces ingŽnieures. 

Dans ce contexte, lÕobjectif gŽnŽral de mon travail de doctorat consistait ˆ Žvaluer le 

r™le dÕune esp•ce ingŽnieure (Upogebia pusilla) dans le fonctionnement Žcologique et 

biogŽochimique des Žcosyst•mes intertidaux ˆ herbier du bassin dÕArcachon afin 

dÕapprŽhender dÕune mani•re plus fine les consŽquences potentielles de la rŽgression de 

lÕherbier
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1( La bioturbati on des sŽdiments marins c™tiers 

1.1.(La bioturbation : un processus clef dans le fonctionnement des Žcosyst•mes 

benthiques. 

1.1.1.( DŽfinition 

Le terme bioturbation fait rŽfŽrence ˆ Ç lÕensemble des processus de transports 

rŽsultant dÕune activitŽ biologique qui affecte directement ou indirectement la matrice 

sŽdimentaire. Ces processus de transports incluent ˆ la fois le remaniement sŽdimentaire et la 

bioirrigation È (Kristensen et al., 2012). Bien quÕil nÕutilise pas exactement ce terme dans sa 

monographie Ç The formation of Vegetable Mould Through the Action of Worms With 

Observation of Their Habits È, Charles Darwin est considŽrŽ comme le prŽcurseur de lÕŽtude 

de la bioturbation (Darwin, 1881). Il a en effet consacrŽ son dernier ouvrage scientifique ˆ 

lÕŽtude de la bioturbation du sol. Dans celui-ci, il dŽcrit avec un niveau de dŽtails sans 

prŽcŽdent la fa•on dont des vers de terre participent ˆ la formation des sols, ˆ leur fertilitŽ 

ainsi quÕaux processus dÕŽrosion et de sŽdimentation. LÕengouement pour lÕŽtude de la 

bioturbation nÕa cependant pas ŽtŽ immŽdiat. Il aura en effet fallu attendre environ un si•cle 

pour que les scientifiques se rendent compte que les organismes fouisseurs Ç bioturbent È une 

tr•s grande partie de la surface de la Terre, y compris le fond des ocŽans (Kristensen et al., 

2012; Meysman et al., 2006). Les connaissances sur les processus de bioturbation se sont 

donc considŽrablement amŽliorŽes lors des derni•res dŽcennies. Il est maintenant largement 

admis que la bioturbation joue un r™le central dans lÕŽcologie des sŽdiments meubles marins 

(Rhoads et Young, 1970; CadŽe, 2001; Reise, 2002; Lohrer et al., 2004).  

1.1.2.( Le remaniement sŽdimentaire 

Le remaniement sŽdimentaire correspond aux transports de particules. Il rŽsulte de 

lÕactivitŽ des organismes benthiques, ˆ savoir principalement de la construction et de la 

maintenance de structures biogŽniques (e.g., terriers, tubes, chambres de nutrition), de la 

locomotion et de la nutrition. A travers ces activitŽs, les organismes benthiques transforment 

la matrice sŽdimentaire aussi bien ˆ lÕinterface eau-sŽdiment quÕen profondeur. Sous lÕaction 

de ces organismes, le sŽdiment est dŽstabilisŽ et dŽcompactŽ, ce qui entra”ne en gŽnŽral une 

augmentation de sa porositŽ et de sa permŽabilitŽ (Aller, 1980; Aller, 1988; Huettel et Gust, 

1992; Volkenborn et al., 2007a; Volkenborn et al., 2009). Le remaniement sŽdimentaire induit 
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Žgalement des modifications de la topographie ainsi que de la texture de la surface du 

sŽdiment ce qui contribue ˆ augmenter sa rugositŽ (Grigg et al., 2007; Maire et al., 2007a; 

Rowden et al., 1998). La crŽation et lÕentretien de cette rugositŽ modifient les conditions 

hydrodynamiques et la cohŽsion entre les particules sŽdimentaires, param•tres qui contr™lent 

les processus dÕŽrosion et dÕaccrŽtion du sŽdiment (Orvain et al., 2012).  

Chaque esp•ce gŽn•re un mode de remaniement sŽdimentaire qui lui est propre et qui 

dŽpend notamment de ses caractŽristiques Žthologiques. La notion de groupe fonctionnel a ŽtŽ 

introduite de mani•re ˆ catŽgoriser les grands types de remaniement sŽdimentaire en fonction 

des modes de nutritions, de locomotions et dÕautres aspects du mode de vie tel que la 

construction de terrier. De cette mani•re, les organismes sont ainsi classiquement rŽpartis en 

quatre groupes fonctionnels (Figure I.1) (Fran•ois et al., 1997; Kristensen et al., 2012) : 

(1)! Les biodiffuseurs sont des organismes dont lÕactivitŽ entra”ne un transport particulaire 

continu, dans toutes les directions et sur des distances tr•s courtes, pouvant •tre assimilŽ ˆ de 

la diffusion molŽculaire. Ce mode de remaniement sŽdimentaire peut •tre divisŽ en trois sous-

groupes : (i) les biodiffuseurs ŽpigŽs qui vivent ˆ la surface du sŽdiment et dŽplacent 

uniquement les particules se situant ˆ lÕinterface eau-sŽdiment (e.g., les dŽcapodes Scopimera 

spp. ou Uca spp. qui, lorsquÕils se nourrissent ˆ la surface du sŽdiment peut remanier 13 g de 

sŽdiment sec par jour (Penha-Lopes et al., 2009)), (ii) les biodiffuseurs superficiels qui sont 

des organismes endogŽs vivant dans la partie supŽrieure de la colonne sŽdimentaire (~5 cm) 

(e.g., le bivalve Abra ovata qui remanie les 5 premiers centim•tres du sŽdiment ˆ un taux 

relativement important, pouvant atteindre 51,6 cm2 an-1 (Maire et al., 2007b)) et (iii) les 

biodiffuseurs ˆ galeries qui sont des organismes construisant un rŽseau de galeries, dans les 

10 ˆ 30 premiers centim•tres de la colonne sŽdimentaire, connectŽes ˆ la surface (e.g., le 

polych•te Hediste diversicolor qui remanie le sŽdiment autour de son terrier ˆ un taux 

pouvant atteindre 1,7 cm2 j-1 (Lindqvist et al., 2013)). 

(2)! Les convoyeurs vers le haut sont des organismes positionnŽs verticalement qui se 

nourrissent en profondeur dans le sŽdiment. Les particules ingŽrŽes sont ensuite transportŽes 

via le tube digestif de mani•re non-locale. Il en rŽsulte ˆ la fois (i) un transport actif de 

particules depuis la zone de nutrition vers une couche supŽrieure du sŽdiment et (ii) un 

transport passif dž ˆ un affaissement de la colonne sŽdimentaire au niveau de la cavitŽ crŽŽe 

lors de lÕingestion de particules par lÕorganisme. Lorsque ces organismes sont en contact avec 

la surface du sŽdiment, ils provoquent lÕŽjection de particule ˆ lÕinterface eau-sŽdiment (e.g., 
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la population dÕArenicola marina de la mer de Wadden qui dŽpose en moyenne 400 cm3 m-2 

an-1 de particule sur lÕinterface eau-sŽdiment (CadŽe, 1976)). 

(3)! Les convoyeurs vers le bas sont des organismes Žgalement positionnŽs verticalement 

mais qui se nourrissent ˆ la surface du sŽdiment. Ces organismes gŽn•rent un remaniement 

sŽdimentaire de lÕinterface benthique o• ils sŽlectionnent les particules ingŽrŽes qui sont 

ensuite transportŽes de mani•re non-locale et ŽjectŽes sous forme de f•ces dans des couches 

plus profondes du sŽdiment. Lors de la construction ou de la maintenance de leurs structures 

biologiques, les organismes appartenant ˆ ce groupe peuvent induire un dŽplacement non-

sŽlectif de particules vers la surface du sŽdiment (e.g., le polych•te Cirriformia grandis qui 

sŽlectionne prŽfŽrentiellement les particules comprises entre 32 et 63 $m et les transporte ˆ 

plus de 5 cm sous la surface (Shull et Yasuda, 2001)) 

(4)! Les rŽgŽnŽrateurs sont des organismes qui transportent des particules de la colonne 

sŽdimentaire vers la surface du sŽdiment lors de la construction ou de lÕentretien de leurs 

terriers temporaires. Un transport passif inverse intervient lorsque le courant fait tomber les 

particules de surface ˆ lÕintŽrieur du terrier ou lorsque celui-ci est dŽtruit (e.g., les dŽcapodes 

appartenant au genre Uca qui construisent des terriers de plus de 10 cm de profondeur et dont 

un seul individu peut excaver jusquÕˆ 20 g j-1 de sŽdiment sec (Penha-Lopes et al., 2009)). 

 

  
Figure I.1 : Les quatre types majeurs (i.e., groupes fonctionnels) de remaniement 

sŽdimentaire effectuŽs par la macrofaune benthique dans les Žcosyst•mes marins. (A) 
biodiffuseurs, (B) convoyeur vers le haut, (C) convoyeur vers le bas et (D) rŽgŽnŽrateur 

(D'apr•s Kristensen et al., 2012) 
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La diversitŽ fonctionnelle (i.e., le nombre de groupes fonctionnels diffŽrents prŽsents 

sur un site dÕintŽr•t) est maintenant reconnue comme un param•tre primordial dans le 

contr™le de lÕintensitŽ de la bioturbation (Mermillod-Blondin et al., 2005). Cependant, la 

classification dÕun organisme dans une de ces catŽgories nÕest pas toujours Žvidente. Un 

m•me organisme peut, en effet, prŽsenter simultanŽment ou successivement plusieurs 

activitŽs rŽsultant chacune en des modes de bioturbation diffŽrents. Par exemple, la 

construction de terrier par les crabes violonistes (Uca spp.) am•nerait ̂ les classer parmi les 

rŽgŽnŽrateurs alors que leur activitŽ de nutrition ˆ la surface du sŽdiment sugg•re plut™t de les 

classer parmi les biodiffuseurs ŽpigŽs. Dans ce type de cas, cÕest lÕactivitŽ dominante qui est 

considŽrŽe pour classer lÕesp•ce dans un groupe fonctionnel. Des esp•ces appartenant au 

m•me genre peuvent Žgalement avoir des modes de remaniement sŽdimentaire diffŽrents 

(Maire et al., 2006). La classification dÕun organisme au sein dÕun (ou plusieurs) groupe 

fonctionnel nŽcessite donc des connaissances prŽcises de lÕŽthologie de lÕesp•ce en question. 

LÕassimilation dÕune esp•ce ˆ un groupe fonctionnel par analogie morphologique ou 

spŽcifique nÕest pas satisfaisante et ce tout particuli•rement lorsque lÕobjectif est de 

dŽterminer le potentiel de bioturbation dÕune communautŽ (Solan et al., 2004a) qui somme les 

potentiels de bioturbation des esp•ces composant cette communautŽ, eux-m•mes dŽrivŽs de la 

classification de ces esp•ces dans les diffŽrents groupes fonctionnels (e.g., Queir—s et al., 

2013). Il est donc essentiel dÕŽtudier de mani•re prŽcise le comportement et le mode de 

transport des particules sŽdimentaires pour chaque esp•ce avant de les classer parmi un ou 

plusieurs groupes fonctionnels. CÕest pourquoi lÕŽtude comportementale dÕUpogebia pusilla a 

constituŽ un objectif central de mon travail de th•se. 

1.1.3.( La bioirrigation 

 Un des principaux dŽfis pour les organismes endogŽs est de survivre dans un habitat 

o• la disponibilitŽ en oxyg•ne est limitŽe. En effet, dans un sŽdiment cohŽsif riche en mati•re 

organique, lÕoxyg•ne pŽn•tre typiquement dans les premiers millim•tres de la colonne 

sŽdimentaire. Ainsi, pour pouvoir vivre dans des sŽdiments majoritairement anoxiques, les 

organismes fouisseurs doivent constamment maintenir une connexion avec lÕeau surnageante 

qui est plus riche en oxyg•ne. Dans ce but, certains organismes utilisent des structures 

morphologiques spŽcialisŽes (e.g., le siphon inhalant des mollusques bivalves) alors que 

dÕautres (e.g., polych•tes et crustacŽs) construisent et maintiennent des structures biogŽniques 

ˆ lÕintŽrieur de la colonne sŽdimentaire. Ces structures augmentent significativement la 

surface de lÕinterface eau-sŽdiment ce qui favorise lÕirrigation passive (i.e., par diffusion) du 

sŽdiment. Leur ventilation (i.e., la gŽnŽration dÕun flux dÕeau au sein de la structure) 
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augmente activement les Žchanges dÕeau entre lÕeau interstitielle et lÕeau surnageante (i.e., la 

bioirrigation). En ventilant leurs structures, les organismes endogŽs modifient, en effet, (1) les 

gradients de solutŽs entre lÕeau interstitielle et lÕeau du terrier, moteur des transports diffusifs 

(Aller, 2014) et (2) le niveau de pression hydraulique ˆ proximitŽ de lÕorganisme ce qui 

engendre un transport advectif dÕeau dans toutes les directions vers ou ˆ partir de lÕorganisme 

(Volkenborn et al., 2012; Wethey et al., 2008; Woodin et al., 2010). LÕintensitŽ de ces 

transports dŽpend Žgalement des propriŽtŽs physiques du sŽdiment (comme la porositŽ et la 

permŽabilitŽ) qui sont elles-m•mes affectŽes par le remaniement sŽdimentaire. Les 

augmentations de la porositŽ et de la permŽabilitŽ facilitent en effet les Žchanges entre la 

colonne sŽdimentaire et la colonne dÕeau (Huettel et Gust, 1992; Volkenborn et al., 2007a; 

Volkenborn et al., 2009). 

La modification de la topographie de la surface du sŽdiment par les organismes 

benthiques (cf. paragraphe 1.1.2. Le remaniement sŽdimentaire) affecte Žgalement les 

Žchanges entre lÕeau interstitielle et lÕeau surnageante. La prŽsence de monticules ou de c™nes 

de nutrition et les mouvements de lÕeau surnageante gŽn•rent en effet des variations de 

pression le long de lÕinterface eau-sŽdiment qui favorisent la pŽnŽtration dÕeau dans la 

colonne sŽdimentaire (i.e., bioirrigation passive (R¿y et al., 2005, 2002; Volkenborn et al., 

2007b)). 

1.1.4.( R™le de la bioturbation dans les processus de diagŽn•se prŽcoce 

Dans les sŽdiments marins c™tiers, la minŽralisation de la mati•re organique dŽpend 

largement des mŽtabolismes microbiens (Glud et al., 2003) lesquels sont tributaires de la 

disponibilitŽ en ressources (i.e., mati•re organique) et des conditions abiotiques (i.e., potentiel 

redox et tempŽrature). LÕabsence de bioturbation conduit ˆ la crŽation dÕun sŽdiment dit 

Ç laminŽ È prŽsentant des strates horizontales bien distinctes. LÕapport de mati•re organique 

depuis la colonne dÕeau est la principale ressource pour les microorganismes hŽtŽrotrophes du 

sŽdiment. Dans ces conditions, la voie de minŽralisation de la mati•re organique est contr™lŽe 

par des transports diffusifs rŽsultant en une stratification verticale des accepteurs finaux 

dÕŽlectrons (Figure I.2). Typiquement, cette sŽquence suit lÕordre suivant (de la surface vers 

le fond) qui est fonction du rendement dÕŽnergie libre de rŽaction redox : O2, NO3
-, MnO2, 

Fe2O3, SO4
2-, CO2 (Froelich et al., 1979). 
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Figure I.2 : Stratification thŽorique des accepteurs dÕŽlectrons dans les sŽdiments marins sans 

et avec bioturbation. ModifiŽ dÕapr•s Aller (1982) 

 

En mŽlangeant des particules de sŽdiment, les organismes bioturbateurs dŽplacent la 

mati•re organique qui leur est associŽe. De la mati•re organique labile se trouve ainsi 

transportŽe en profondeur dans la colonne sŽdimentaire et rŽciproquement, de la mati•re 

organique rŽfractaire est dŽposŽe ˆ la surface du sŽdiment. De cette mani•re, les organismes 

bioturbateurs modifient la disponibilitŽ des ressources pour les microorganismes. Le 

remaniement sŽdimentaire induit Žgalement la compaction du sŽdiment lors de la construction 

de structure, et sa dŽcompaction lorsquÕil est excavŽ. La modification de ces propriŽtŽs 

physiques du sŽdiment joue un r™le majeur dans le fonctionnement des Žcosyst•mes 

benthiques puisquÕelle facilite ou restreint le transport des solutŽs oxydants nŽcessaires au 

mŽtabolisme des microorganismes. DÕautre part, la ventilation des structures biogŽniques 

favorise lÕapprovisionnement en oxyg•ne de la colonne sŽdimentaire transformant ainsi la 

simple zonation verticale de la distribution spatiale des accepteurs finaux dÕŽlectrons en un 

rŽseau tridimensionnel bien plus complexe. Les organismes bioturbateurs introduisent ainsi 

un degrŽ important dÕhŽtŽrogŽnŽitŽ spatiale et augmentent le nombre de micro-niches 

Žcologiques (e.g., terriers oxydŽs dans un sŽdiment anoxique ou au contraire f•ces anoxiques 

dans un terrier oxique) (Figure I.2). 
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Parce que lÕoxyg•ne est lÕaccepteur final dÕŽlectron le plus favorable ŽnergŽtiquement 

(Glud, 2008), les augmentations associŽes des ressources disponibles et de la concentration en 

oxyg•ne stimulent lÕactivitŽ de minŽralisation aŽrobie de la mati•re organique par les 

microorganismes (Mermillod-Blondin et Rosenberg, 2006). De plus, lÕoxyg•ne sert dÕoxydant 

aux mŽtabolites rŽduits produits par des processus anaŽrobies de minŽralisation de la mati•re 

organique (e.g., NH4
+, H2S et CH4) ce qui (1) diminue la concentration de ces composŽs 

rŽduits et (2) augmente la concentration de leurs formes oxydŽes (NOX, SO4
2-, CO2, 

respectivement) et favorise ainsi les processus de minŽralisation anaŽrobies. Par consŽquent, 

la bioturbation a une forte influence sur les taux et les voies de minŽralisation de la mati•re 

organique et diminue ainsi le stockage de la mati•re organique dans les sŽdiments. 

2�� Les crustacŽs dŽcapodes thalassinidŽs 

�� Taxinomie 

Les esp•ces appartenant au groupe des Euarthropoda, Crustacea, Malacostraca, 

Decapoda, Thalassinidea sont des organismes endogŽs dont la morphologie gŽnŽrale se 

rapproche de celle du groupe des Malacostraca, Decapoda, Caridea qui englobe les 

organismes ordinairement dŽsignŽs par le terme Ç crevette È (Figure I.3). De ce fait, les 

thalassinidŽs sont communŽment appelŽs Ç crevettes de vase È, Ç crevettes fouisseuses È ou 

encore, et plus localement, Ç machottes È. Dans la littŽrature anglo-saxonne, ces organismes 

sont regroupŽs sous les termes Ç mud shrimp È, Ç mud prawn È, Ç ghost shrimp È, Ç sand 

prawn È ou, plus rarement et principalement en Australie, Ç marine yabby È. 
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Figure I.3 : Morphologie gŽnŽral dÕun crustacŽ thalassinidŽ. Le cŽphalothorax supportant 5 

paires de pŽrŽiopodes et lÕabdomen supportant une paire de plŽopodes par segment (5 paires), 
un telson et deux paires dÕuropodes et. (ModifiŽ dÕapr•s Liu, 2015)

 

Le groupe des Thalassinidea tel que dŽcrit par Felder (2001) est composŽ de 11 

familles, 96 genres et regroupe approximativement 550 esp•ces. Cependant, ce groupe est 

actuellement considŽrŽ comme paraphylŽtique et a dŽsormais ŽtŽ remplacŽ dans la 

classification phylogŽnŽtique rŽcente par deux clades distincts (i.e., Gebiidea et Axiidea) 

(Robles et al., 2009). Cette nouvelle classification est synthŽtisŽe dans le Tableau I.1. 
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Tableau I.1 : Classification phylogŽnŽtique actuelle tel que dŽcrite par Bracken et al., (2009) 
et Robles et al., (2009) des diffŽrents groupes classŽs parmi les clades des Gebiidea et des 
Axiidea 

Ç Thalassinidea È 
Gebiidea Axiidea 

Laomediidae Axiidae 
Jaxea, Laomdedia Calaxius, Calocarides, Calocaris, 

Calastacus, Eiconaxius 
Thalassinidae 

Thalassina Callianassidae 
Upogebiidae Biffarius, Callianassa, Callichirus, Calliax, 

Corallianassa, Corallichirus, Eucalliax, 
Glypturus, Lepidophtalmus, Neocallichirus, 

Neotrypaea, Nihonotrypaea, Pestarella, 
Sergio 

Acutigebia, Aethogebia, Austinogebia, 
Potamogebia, Upogebia 

Axianassidae 

Axianassa 

 Callianadeidae 
 Callianidea, Crosniera, Thomassina 
 Ctenochelidae 
 Ctenochelas 
 Micheleidae 
 Meticonaxius, Michelea 
 Strahlaxiidae 
 Neaxius, Strahlaxius 

 

Cependant, parce que (1) les Gebiidea et les Axiidea ont des traits fonctionnels tr•s 

similaires et que (2) le terme Ç Thalassinidea È est largement Žtabli dans la littŽrature, jÕai 

choisi dÕutiliser ce dernier (ou plus particuli•rement le terme fran•ais Ç thalassinidŽ È) dans 

mon manuscrit de th•se puisquÕil permet de faire rŽfŽrence ˆ lÕensemble des crevettes de vase, 

tout en reconnaissant que ce groupe est paraphylŽtique.

�� Distribution 

Les thalassinidŽs sont distribuŽs dans tous les Žcosyst•mes intertidaux et subtidaux ˆ 

sŽdiment meuble ˆ lÕexception des zones polaires. Leur diversitŽ spŽcifique augmente 

graduellement des p™les vers les tropiques et atteint son maximum dans la zone tropicale 

(Figure I.4). Ces esp•ces colonisent en gŽnŽral les environnements c™tiers dont la 

bathymŽtrie est comprise entre 0 et 200 m de profondeur. NŽanmoins, deux esp•ces du clade 

des Axiidae ont ŽtŽ retrouvŽes ˆ plus de 2000 m de profondeur (Dworschak, 2000). Les 

esp•ces appartenant aux clades des Callianassidae, Upogebiidae et Thalassinidae colonisent 

prŽfŽrentiellement des zones peu profondes, intertidales et subtidales ne dŽpassant pas les 20 
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m de profondeur (Dworschak, 2000). La plupart de ces esp•ces colonisent des sŽdiments nus 

mais certains thalassinidŽs, essentiellement suspensivores, semblent Žtroitement associŽs aux 

herbiers de phanŽrogames. 

Figure I.4 : Distribution mondiale des groupes majeurs de thalassinidŽs et rŽpartition du 
nombre dÕesp•ces de thalassinidŽs en fonction de la latitude. ModifiŽ dÕapr•s Dworschak, 

2000 et Pillay et Branch, 2011. 

 

Les herbiers de phanŽrogames sont constituŽs des seules plantes ˆ fleurs adaptŽes ˆ la 

vie marine en immersion. Les herbiers jouent un r™le structurant important pour les 

communautŽs benthiques mais Žgalement dans les transferts de mati•re organique et dÕŽnergie 

entre les Žcosyst•mes (Hemminga et Duarte, 2000). Alors que leurs racines et rhizomes 

stabilisent le sŽdiment, leurs feuilles qui constituent la canopŽe modifient lÕhydrodynamisme 

local en formant des zones ˆ faible Žnergie (Ganthy et al., 2015) permettant de piŽger la 

mati•re organique en suspension. Ils fournissent Žgalement un abri contre la prŽdation et une 

zone riche en nourriture ˆ une faune et une flore des plus diversifiŽes au monde (Hemminga et 

Duarte, 2000). Les herbiers servent en outre de zone de nurserie pour de nombreux 

organismes (Heck et al., 2003). La majoritŽ des Žtudes traitant des interactions entre 

organismes bioturbateurs et herbiers de phanŽrogames met en Žvidence des mŽcanismes 

dÕexclusion mutuellerŽpertoriŽs sous le terme de Çguerre biomŽcaniqueÈ (Ç biomechanical 

warefare È) (van Wesenbeeck et al., 2007). En effet, les herbiers contraignent lÕinstallation 

des grands organismes bioturbateurs en stabilisant et en compactant le sŽdiment. Ce 

mŽcanisme emp•che leur pŽnŽtration dans le sŽdiment et/ou limite leur mobilitŽ dans la 
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colonne sŽdimentaire (Brenchley, 1982; Philippart, 1994). A lÕinverse, les organismes 

bioturbateurs dŽstabilisent le sŽdiment et favorisent les phŽnom•nes de resuspension (cf. 

paragraphe 1.1.2. Le remaniement sŽdimentaire). Ce processus diminue la clartŽ de lÕeau et 

limite ainsi les apports radiatifs nŽcessaires ˆ la photosynth•se des plantes en : augmentant la 

turbiditŽ de lÕeau et en recouvrant les jeunes pousses de sŽdiment (Philippart, 1994; van 

Wesenbeeck et al., 2007). LÕactivitŽ de fouissage des organismes bioturbateurs est Žgalement 

susceptible dÕendommager le syst•me racinaire et rhizomial ainsi que dÕenfouir leurs graines 

ˆ des profondeurs non favorables ˆ leur germination (Brenchley, 1982; Dumbauld et Wyllie-

Echeverria, 2003; Valdemarsen et al., 2011; van Wesenbeeck et al., 2007). Ce dernier point 

est cependant ˆ nuancer puisque quÕil a ŽtŽ montrŽ que lÕenfouissement des graines dÕherbiers 

par Hediste diversicolor, Arenicola marina et Marenzelleria viridis pourrait Žgalement 

favoriser : (1) leur survie en rŽduisant la pression de prŽdation et (2) leur germination via les 

processus de digestion ou dÕusure contre les particules sŽdimentaires (Delefosse et Kristensen, 

2012). La prŽsence de petits individus bioturbateurs (adultes ou juvŽniles) est par ailleurs 

susceptible de favoriser la croissance des herbiers en diminuant la teneur en composŽs rŽduits 

toxiques sans causer de dommage aux racines (Suykerbuyk et al., 2012). 

Ces processus dÕexclusion mutuelle sont particuli•rement intenses entre les 

thalassinidŽs et les herbiers de phanŽrogames. Suchanek (1983) a par exemple montrŽ ˆ partir 

dÕobservations in-situ que le taux de recouvrement de lÕherbier de Thalassia testudinum Žtait 

nŽgativement corrŽlŽ avec la densitŽ de quatre esp•ces appartenant au clade des 

Callianassidae. La survie de cet herbier Žtait aussi rŽduite lorsquÕil Žtait transplantŽ dans une 

zone de fortes densitŽs de Callianassidae, suggŽrant que ces derniers Žtaient capables 

dÕexclure les herbiers de leur habitat naturel. Siebert et Branch (2006) ont rŽalisŽ la m•me 

expŽrience en transplantant lÕherbier de Zostera capensis dans une zone colonisŽe par 

Callianassa kraussi. Dans cette expŽrience, la transplantation de C. kraussi Žlimine lÕherbier 

et rŽciproquement, la transplantation dÕherbier induit une rŽduction du nombre de C. kraussi. 

LÕensemble des effets nŽgatifs des thalassinidŽs sur les herbiers de phanŽrogames est 

synthŽtisŽ dans la Figure I.5. 
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Figure I.5 : MŽcanismes potentiels des effets nŽgatifs des thalassinidŽs sur les herbiers de 

phanŽrogames (ModifiŽ d'apr•s Dewitt, 2009) 

 

Ainsi, il a longtemps ŽtŽ admis que les thalassinidŽs et les herbiers prŽsentent 

systŽmatiquement des relations dÕexclusion mutuelle. Il sÕav•re en rŽalitŽ que la nature de ces 

interactions dŽpend Žtroitement de la biologie de lÕesp•ce de thalassinidŽ impliquŽe et tout 

particuli•rement de son rŽgime trophique. Par exemple, Siebert et Branch (2006) ont montrŽ 

une forte interaction nŽgative entre Z. capensis et le thalassinidŽ dŽposivore C. kraussi mais ̂  

lÕinverse une corrŽlation positive entre ces zost•res et le suspensivore Upogebia africana. Les 

interactions diffŽrentes entre ces deux thalassinidŽs et lÕherbier sont dues au fait que C. 

kraussi modifie plus intensŽment la structure du sŽdiment quÕU. africana. Il nÕest toutefois 

pas impossible que C. kraussi exclue Žgalement U. africana qui trouve refuge au sein de 

lÕherbier. Cependant, ces auteurs observent lors de leurs expŽriences que lorsque U. africana 

est transplantŽe dans un herbier elle devient bien plus abondante que dans les sŽdiments 

vaseux quÕelle colonise habituellement. La corrŽlation positive entre lÕherbier et U. africana 

ne serait donc pas une consŽquence de lÕexclusion de C. kraussi dans les herbiers, mais plut™t 

due au fait que lÕherbier fournit ˆ U. africana un sŽdiment stable et probablement une plus 

grande quantitŽ de mati•re organique en suspension. Ces conditions sont en effet optimales 
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pour construire un terrier quasi-permanent et pour optimiser lÕacquisition de ressources 

trophiques par un organisme suspensivore.  

Morphologies des terriers

La plupart des thalassinidŽs sont des organismes endogŽs qui vivent dans des terriers 

plus ou moins complexes, considŽrŽs comme permanents (i.e., la structure du terrier varie peu 

au cours du temps) ou semi-permanents (i.e., des extensions au terrier sont frŽquemment 

construites et des anciennes galeries abandonnŽes). Leurs morphologies sont extr•mement 

diverses et dŽpendent notamment du rŽgime trophique de lÕoccupant. Les organismes 

considŽrŽs comme suspensivores, dont la plupart des esp•ces appartiennent au groupe des 

Upogebidae, construisent des terriers relativement simples, le plus souvent en forme de Ç U È 

(Atkinson et Taylor, 2005) (Figure I.6A). Cette morphologie facilite la crŽation dÕun courant 

unidirectionnel par lÕorganisme pour faire pŽnŽtrer dans son terrier la mati•re organique 

prŽsente ˆ lÕinterface benthique dont il se nourrit (Abed-Navandi et al., 2005; Dworschak, 

1987a; Dworschak et al., 2006). Chez certaines esp•ces, ces terriers prŽsentent une extension 

verticale partant de la base du Ç U È leur confŽrant une forme gŽnŽrale dite en Ç Y È (Figure 

I.6A). Cette seconde galerie peut servir ˆ stocker provisoirement du sŽdiment ou des dŽbris 

(e.g., coquilles, racines/rhizomes) excavŽs lors de la maintenance ou de lÕextension du terrier. 

Elle peut Žgalement avoir un r™le de refuge en cas de perturbation (e.g., dessiccation pour les 

esp•ces intertidales) ou de risque de prŽdation (Atkinson et Taylor, 2005). Certaines sections 

du tube ont un diam•tre supŽrieur ˆ la largeur du corps de lÕorganisme ce qui lui permet de se 

retourner plus facilement dans son terrier. Ces zones appelŽes Ç chambres de retournement È 

sont disposŽes le long du terrier, en particulier au niveau des zones dÕinflexion (i.e., partie 

coudŽe en bas des tubes verticaux formant le Ç U È) et de bifurcation (e.g., liaison entre la 

base du Ç U È et lÕextension verticale) (Dworschak 1983; Astall et al., 1997, L.P. observations 

personnelles). Quelle que soit lÕesp•ce considŽrŽe, le nombre de chambres de retournement 

dŽpend directement de la longueur et de la profondeur du terrier (Dworschak, 1983, L.P. 

observations personnelles).  
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Figure I.6 : Photographie de moulage de terrier d'Upogebia pusilla (A ; photo L. Pascal) et de 

Callianassa subterranea (B ; photo Nickell et Atkinson, 1995).  

 

Les terriers les plus complexes sont tr•s souvent caractŽristiques dÕun rŽgime 

trophique de type dŽposivore, particuli•rement rŽpandu chez les organismes du groupe des 

Callianassidae. Ces organismes construisent des terriers prŽsentant une premi•re section 

composŽe dÕune unique galerie ouverte ˆ la surface du sŽdiment et sÕenfon•ant verticalement 

ˆ plusieurs dizaines de centim•tres en profondeur, puis se divisant en plusieurs branches plus 

ou moins courtes et tortueuses (Nickell et Atkinson, 1995) (Figure I.6B). Cette seconde 

section tr•s ramifiŽe est le rŽsultat dÕune activitŽ de fouissage intense liŽe ˆ la recherche de 

nourriture (Atkinson et Taylor, 2005). Certaines de ces branches peuvent Žgalement servir de 

zone de Ç culture1 È au sein desquelles certaines esp•ces, telle que Neaxius acanthus (famille 

des Strahlaxiidae), stockent des dŽbris de phanŽrogames ou dÕalgues afin de stimuler la 

croissance de microorganismes (bactŽrie et/ou meiofaune) qui seront eux-m•mes consommŽs 

par la suite (Dworschak, 1987a; Coelho et al., 2000; Atkinson et Taylor, 2005; Kneer et al., 

2008). 

Il est nŽanmoins important de noter que la plupart des thalassinidŽs, comme de 

nombreuses autres esp•ces dÕorganismes macrobenthiques (RiisgŒrd et Kamermans, 2001; 

Maire et al., 2006), nÕont pas un mode dÕalimentation strict et quÕils peuvent rapidement 

                                                

1 Ç culture È est une traduction explicite et imparfaite du terme anglais Ç gardening È 
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passer dÕun mode ˆ un autre (dŽposivore ! suspensivore, et vice-versa) en fonction de la 

quantitŽ et de la qualitŽ de la nourriture disponible (Nickell et Atkinson, 1995). U. pusilla qui 

est considŽrŽe comme une esp•ce principalement suspensivore peut par exemple, lorsque la 

quantitŽ de mati•re organique prŽsente dans lÕeau est faible, mettre en suspension du matŽriel 

dŽposŽ dans le terrier, ou se nourrir directement par ingestion de sŽdiment collectŽ sur la paroi 

de ce m•me terrier (Dworschak, 1987a). Le lien entre morphologie du terrier et rŽgime 

trophique peut •tre alors plus complexe ˆ Žtablir. Certaines esp•ces vont m•me jusquÕˆ 

construire des terriers avec des sections spŽcifiquement adaptŽes aux diffŽrents modes de 

prŽl•vement de la nourriture. Ainsi, le terrier de lÕesp•ce Jaxea nocturna (clades des 

Laomediidae) prŽsente systŽmatiquement une premi•re section superficielle en forme de 

Ç U È dŽdiŽe ˆ un mode de nutrition de type suspensivore, lorsque la quantitŽ de mati•re 

organique prŽsente dans lÕeau surnageante est suffisante. En profondeur, une seconde section 

composŽe de nombreuses branches rend compte au contraire dÕune activitŽ de type dŽposivore 

adoptŽe par lÕorganisme lorsque la quantitŽ de nourriture en suspension descend sous un seuil 

critique (Nickell et Atkinson, 1995). 

De la m•me mani•re que lÕarchitecture gŽnŽrale, les dimensions des terriers varient 

largement en fonction du rŽgime trophique. Ainsi, les esp•ces suspensivores du genre 

Upogebia (e.g., Upogebia omissa, U. pusilla et U. stellata) construisent en moyenne des 

terriers de 20 ˆ 30 cm de profondeur, correspondant ˆ une augmentation de 290 % la surface 

dÕŽchange entre lÕeau et le sŽdiment (Dworschak, 1983; Nickell et Atkinson, 1995; Coelho et 

al., 2000). Les terriers dÕU. major peuvent cependant •tre beaucoup plus profonds et atteindre 

plus de 200 cm de profondeur (Kinoshita, 2002). De mani•re gŽnŽrale, les terriers sont 

gŽnŽralement plus profonds chez les dŽposivores. Ils sÕŽtendent ainsi frŽquemment 

verticalement sur plus de 70 cm chez Callianassa subterranea (Nickell et Atkinson, 1995) et 

peuvent m•me atteindre 250 cm de profondeur chez C. truncata et C. louisianensis (Phillips, 

1971; Ziebis et al., 1996). LÕaugmentation de la surface dÕŽchange eau-sŽdiment peut alors 

•tre supŽrieure ˆ 400 % (Ziebis et al., 1996). Les dimensions des terriers de thalassinidŽs 

varient Žgalement en fonction de nombreux facteurs environnementaux. Les terriers sont, par 

exemple, gŽnŽralement plus profonds et plus Žtendus dans les sŽdiment vaseaux que sableux 

(Rowden et Jones, 1995). La compŽtition interspŽcifique pour les ressources favorise par 

ailleurs la construction de structures plus profondes (Peterson, 1977). 
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�� Les thalassinidŽs : Les plus grands bioturbateurs des Žcosyst•mes marins ? 

Lors de la construction et de la maintenance de leurs terriers, les thalassinidŽs 

dŽplacent de grands volumes de sŽdiment qui sont rapidement ŽjectŽs ˆ lÕinterface benthique, 

bien quÕune partie puisse •tre compactŽe le long des parois ou stockŽe provisoirement dans 

une galerie particuli•re. Le sŽdiment excavŽ Žtant systŽmatiquement dŽcompactŽ, mŽlangŽ et 

fluidifiŽ par les activitŽs de fouissage et de transport, une part plus ou moins importante du 

volume ŽjectŽ (qui dŽpend directement de la taille des particules, de leur cohŽsion ainsi que de 

lÕhydrodynamisme ˆ lÕinterface eau-sŽdiment), est mise en suspension et emportŽe ˆ distance 

par les courants. La partie restante sÕaccumule autour des ouvertures du terrier et forme 

progressivement des monticules qui peuvent atteindre plusieurs centim•tres de hauteur. De 

telles structures mesurent en moyenne 5 cm de haut chez C. subterranea (Rowden et al., 

1998) et jusquÕˆ 9 cm chez C. truncata (Ziebis et al., 1996, voir Figure I.7). La mesure du 

volume ou de la masse de sŽdiment ŽjectŽ ˆ lÕinterface (dŽnommŽ Ç sediment turnover È dans 

la littŽrature) est lÕunique mani•re utilisŽe, jusquÕˆ prŽsent, pour quantifiŽ le remaniement 

sŽdimentaire chez les thalassinidŽs. Plusieurs mŽthodes ont ŽtŽ dŽveloppŽes et mises en Ïuvre 

pour estimer ces taux. Swinbanks et Luternauer (1987) ont par exemple calculŽ, en utilisant 

une mŽthode de nivelage in situ, un taux de 18 mL ind-1 j-1 pour Neotrypaea californiensis 

alors que Suchanek (1983) en piŽgeant le sŽdiment ŽjectŽ hors du terrier dÕindividus du genre 

Callianassa spp. a estimŽ un taux de 0.004 kg (sec) m-2 j-1. La diversitŽ des mŽthodes utilisŽes 

rend cependant la comparaison entre Žtudes et esp•ces particuli•rement compliquŽe. Pour 

cette raison, Rowden et Jones (1993) ont proposŽ de standardiser la mŽthode de quantification 

en : (1) utilisant les mŽthodes de piŽgeage considŽrŽes comme plus pratiques ˆ mettre en 

Ïuvre et plus prŽcises, et (2) exprimant la quantitŽ de sŽdiment en poids sec plut™t quÕen 

volume. Par la suite, Stamhuis et al., (1997) puis Rowden et al. (1998) ont estimŽ des taux 

allant de 11 ˆ 20.6 kg (sec) m-2 an-1 pour Callianassa subteranea, et Berkenbusch et Rowden 

(1999) des taux allant jusquÕˆ 96 kg (sec) m-2 an-1 pour C. filholi. A ma connaissance, il 

nÕexiste aucun taux de Ç sediment turnover È estimŽ pour les thalassinidŽs suspensivores. Le 

paradigme actuel est que, du fait de leur rŽgime trophique, les thalassinidŽs suspensivores 

expulseraient moins de sŽdiment hors de leur terrier que les dŽposivores (voir la revue par 

Pillay et Branch (2011), paragraphe Ç Thalassinidean-macrofauna interactions È). 
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Figure I.7 : Topographie du sŽdiment de surface en prŽsence de Callianassa truncata (insert) 

dans la baie de Campese (Italie). D'apr•s Ziebis et al., (1996) 

 

Il est Žgalement important de noter que la mesure du Ç sediment turnover È consid•re 

uniquement les dŽplacements de sŽdiment verticaux depuis les couches profondes vers la 

surface sŽdimentaire. Elle nŽglige ainsi totalement lÕensemble des processus de transport 

particulaire limitŽs aux couches de subsurface. Pourtant, ces derniers sont susceptibles de 

reprŽsenter une proportion non-nŽgligeable (voire potentiellement dominante) du 

remaniement sŽdimentaire total engendrŽ par les thalassinidŽs puisque Dworschak (1983) a 

estimŽ chez U. pusilla, en comparant le volume du terrier ˆ celui du sŽdiment expulsŽ ˆ la 

surface, que seulement 50 % du volume du terrier Žtait finalement ŽjectŽ ˆ la surface. Afin de 

mieux comprendre le r™le des thalassinidŽs, via leur activitŽ de bioturbation, dans le 

fonctionnement des Žcosyst•mes marins, il semble particuli•rement important de caractŽriser 

et de quantifier la totalitŽ du remaniement sŽdimentaire incluant donc lÕensemble des 

processus de transport particulaires de subsurface. Ainsi, un des objectifs de ma th•se a ŽtŽ de 

caractŽriser et de quantifier le remaniement sŽdimentaire total engendrŽ par U. pusilla en 

portant une attention toute particuli•re au remaniement sŽdimentaire intervenant sous 

lÕinterface eau-sŽdiment. 

Pour survivre dans un environnement particuli•rement pauvre en oxyg•ne, les 

thalassinidŽs, comme tous les organismes endogŽs, ventilent leurs terriers. Le temps consacrŽ 

ˆ la ventilation et la frŽquence de ces ŽvŽnements varient selon le rŽgime trophique de 

lÕorganisme. En effet, les organismes dŽposivores ventilent leur terrier pour maintenir un 

niveau dÕoxyg•ne adŽquat pour la respiration et Žvacuer les dŽchets mŽtaboliques qui 

sÕaccumulent progressivement alors que les suspensivores utilisent Žgalement ce 
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comportement pour sÕalimenter en filtrant la mati•re en suspension. De ce fait, les 

thalassinidŽs suspensivores ventilent plus frŽquemment leur terrier et y consacrent plus de 

temps que les dŽposivores (Stamhuis et al., 1996). U. pusilla (suspensivore) ventile par 

exemple son terrier en moyenne toutes les 10 min et y consacre 50 % de son temps 

(Dworschak, 1981) alors que C. subterranea (dŽposivore) ventile son terrier toutes les 40 min 

(Forster et Graf, 1995) et y consacre seulement 8 % de son temps (Stamhuis et al., 1996). De 

telles diffŽrences se traduisent par des taux de ventilation bien plus ŽlevŽs chez les 

thalassinidŽs suspensivores (atteignant 900 mL h-1 chez U. pusilla, Dworschak, 1981) que les 

dŽposivores (compris entre 29 et 63 mL h-1 chez C. japonica, Koike et Mukai, 1983). 

LÕactivitŽ de ventilation stimule la bioirrigation du sŽdiment en favorisant les Žchanges entre 

lÕeau interstitielle et lÕeau surnageante (cf. paragraphe 1.1.3. La bioirrigation). Bien que la 

littŽrature soit relativement riche en ce qui concerne des taux de ventilation des terriers (e.g., 

Dworschak, 1981; Aller et al., 1983; Koike et Mukai, 1983; Forster et Graf, 1995; Astall et 

al., 1997), il nÕexiste, ˆ ma connaissance, aucun vŽritable taux de bioirrigation mesurŽ en 

milieu contr™lŽ chez les thalassinidŽs. Toutefois, Webb et Eyre (2004) ont mesurŽ in situ un 

taux de bioirrigation de 367 L m-2 d-1 en prŽsence de Trypaea australiensis. Cette valeur fait 

partie des plus ŽlevŽes jamais mesurŽes pour des organismes reconnus comme de grands 

bioirrigateurs tel quÕArenicola marina et Hediste (Nereis) spp. (Kristensen, 2001; Rao et al., 

2014). Compte tenu du fait que T. australiensis est un organisme dŽposivore, le taux de 

bioirrigation du sŽdiment en prŽsence dÕun thalassinidŽ suspensivore devrait a priori •tre 

encore supŽrieur. Il est toutefois important de noter que lÕintensitŽ de bioirrigation est 

tributaire des propriŽtŽs physiques du sŽdiment (cf. paragraphe 1.1.3 Bioirrigation). Un des 

objectifs de ma th•se a ŽtŽ dÕŽvaluer lÕinfluence dÕU. pusilla sur la bioirrigation dÕun 

sŽdiment faiblement permŽable. Au vu de lÕensemble de ces donnŽes, il appara”t de fa•on 

claire que les thalassinidŽs ont, ˆ lÕŽchelle de lÕindividu, un fort potentiel de bioturbation. 

Cependant, lÕimpact ˆ lÕŽchelle dÕun Žcosyst•me dŽpend Žgalement des densitŽs auxquelles 

ces organismes sont retrouvŽs. Un autre objectif de ma th•se a donc consistŽ ˆ dŽterminer la 

distribution spatiale et les densitŽs dÕU. pusilla ̂  lÕŽchelle du bassin dÕArcachon. Ce point 

sÕav•re indispensable pour extrapoler les rŽsultats obtenus (en laboratoire) ˆ lÕŽchelle de 

lÕŽcosyst•me. 

Les thalassinidŽs font partie des organismes les plus communs parmi la macrofaune 

des Žcosyst•mes c™tiers et estuariens (Dworschak, 2000) dans lesquels ils sont souvent 

retrouvŽs en (tr•s) forte densitŽ. Par exemple, la densitŽ de Callianassa truncata estimŽe dans 

la baie de Campese en Italie (Figure I.7) est de 120 individus m-2 (Ziebis et al., 1996). En 
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moyenne, 75 individus de T. australiensis ont ŽtŽ recensŽs au m•tre carrŽ par Contessa et Bird 

(2004) sur la c™te Sud de lÕAustralie, 161 ind. m-2 dÕU. pugettensis dans la baie de Yaquina 

(Oregon, USA) par DÕAndrea et DeWitt (2009) et plus de 650 ind. m-2 de Lepidophthalmus 

sinuensis sur la c™te caribŽenne colombienne (Nates et Felder, 1998). Dworschak (1987b) a 

mis en Žvidence un lien entre la densitŽ dÕU. pusilla et la taille des individus avec des densitŽs 

atteignant un maximum de 2420 ind. m-2 pour des organismes de petite taille (longueur totale 

allant de 12 mm ˆ 37 mm) contre 92 ind. m-2 pour de plus gros organismes dont la longueur 

totale variait entre 46 et 52 mm. De telles densitŽs, associŽes ˆ une activitŽ de bioturbation 

intense ont conduit CadŽe (2001) ˆ considŽrer les thalassinidŽs comme faisant partie des 

organismes bioturbateurs les plus importants des sŽdiments meubles marins.  

Via leur activitŽ de bioturbation, les thalassinidŽs influencent en effet fortement les 

caractŽristiques de leur habitat sŽdimentaire. Une telle modification affecte aussi bien les 

communautŽs benthiques qui lui sont associŽes que les processus biogŽochimiques 

sŽdimentaires entra”nant des boucles de rŽtroactions complexes. LÕinfluence des thalassinidŽs 

sur le fonctionnement des Žcosyst•mes est schŽmatisŽe dans la Figure I.8 et est dŽtaillŽe 

point par point dans les paragraphes suivants. 
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Figure I.8 : Influence des thalassinidŽs sur le fonctionnement des Žcosyst•mes benthiques 

(ModifiŽ d'apr•s Pillay et Branch, 2011 et Volkenborn, 2012) 

 

2.4.1�� Modification des propriŽtŽs physiques de lÕhabitat sŽdimentaire par lÕactivitŽ de 

bioturbation des thalassinidŽs 

La bioturbation des thalassinidŽs a dÕimportantes rŽpercussions sur les propriŽtŽs 

physiques du sŽdiment, aussi bien ˆ proximitŽ immŽdiate de lÕinterface eau-sŽdiment quÕen 

profondeur (Ziebis et al., 1996; Rowden et al., 1998; Siebert et Branch, 2005a; Waldbusser et 
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Marinelli, 2006; Pillay et al., 2007a; DÕAndrea et DeWitt, 2009). A la surface du sŽdiment, 

les monticules qui se forment lors des activitŽs de fouissage et de nutrition des organismes 

augmentent la rugositŽ du sŽdiment (Zo exprimŽ en cm). En mer du Nord, Rowden et al. 

(1998) ont ainsi estimŽ une multiplication par un facteur 1000 de la rugositŽ sŽdimentaire qui 

passait de 0.0007 cm en hiver ˆ 0.79 cm en ŽtŽ lorsque Callianassa subterranea est active. 

Cette forte rugositŽ, associŽe ˆ la fluiditŽ du sŽdiment expulsŽ hors du terrier (cf. paragraphe 

1.1.2. Le remaniement sŽdimentaire), favorise la mise en suspension du sŽdiment qui peut 

entra”ner un export de 7 kg (poids sec) de sŽdiment m-2 mois-1 en prŽsence de C. subterranea 

en ŽtŽ (Rowden et al., 1998). Puisque les particules fines sont plus sujettes ˆ la resuspension, 

lÕŽrosion de la surface du sŽdiment favorise lÕaccumulation des particules les plus grossi•res 

et denses (Rowden et al., 1998) et peut ainsi augmenter significativement la permŽabilitŽ et la 

porositŽ des premiers centim•tres de la colonne sŽdimentaire (Ziebis et al., 1996). 

De nombreuses esp•ces de thalassinidŽs effectuent un tri des particules sŽdimentaires 

en sŽlectionnant prŽfŽrentiellement les plus fines pour se nourrir. Par exemple, Trypaea 

australiensis sŽlectionne les particules de sŽdiment < 63 $m (Stapleton et al., 2001) alors que 

lÕestomac de C. subterranea contient majoritairement des particules < 30 $m (Stamhuis et 

Videler, 1998). Ces particules sont ensuite expulsŽes hors du terrier sous forme de f•ces. En 

consŽquence, les terriers de nombreuses esp•ces de thalassinidŽs dŽposivores, appartenant 

notamment au genre des Callianassa, sont appauvris en particules fines par rapport au reste 

de la matrice sŽdimentaire (Suchanek, 1983). Les parois des terriers des esp•ces 

suspensivores, appartenant notamment au groupe des Upogebidae, sont au contraire enrichies 

en particules fines (Swinbanks et Murray, 1981). Dans ce dernier cas, il est toutefois souvent 

difficile de dŽterminer si cette sŽlection rŽsulte dÕavantage dÕun tri actif de lÕorganisme que du 

piŽgeage des particules fines par le mucus recouvrant la paroi du terrier (Posey et al., 1991; 

DÕAndrea et DeWitt, 2009). NŽanmoins, quelle quÕen soit la cause, la prŽsence de ces 

crevettes fouisseuses modifie profondŽment les caractŽristiques granulomŽtriques des zones 

sŽdimentaires colonisŽes par lÕorganisme. La porositŽ et la permŽabilitŽ de la colonne 

sŽdimentaire sont, de fait, aussi largement influencŽes par les activitŽs de ces crustacŽs. Dans 

un sŽdiment classique, lÕaugmentation de la pression avec la profondeur dans la colonne 

sŽdimentaire tend ˆ augmenter la compaction et ˆ diminuer la porositŽ et la permŽabilitŽ du 

sŽdiment. En prŽsence dÕorganismes bioturbateurs, et particuli•rement des thalassinidŽs, ce 

gradient peut •tre fortement altŽrŽ via la dŽcompaction du sŽdiment lors de son excavation et 

la diminution de la proportion en particules fines contenues dans le sŽdiment. De telles 

modifications alt•rent la structure cohŽsive de la matrice sŽdimentaire en augmentant lÕespace 
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libre entre les particules et donc le volume dÕeau interstitielle. Katrak et Bird (2003) ont ainsi 

dŽmontrŽ expŽrimentalement une augmentation significative dÕenviron 15 % de la porositŽ du 

sŽdiment lorsque celui-ci est colonisŽ par Trypaea australiensis. De leur c™tŽ, Ziebis et al. 

(1996) ont estimŽ que la sŽlection de particules de sŽdiment dÕune certaine taille est 

responsable de lÕaugmentation de la permŽabilitŽ de la colonne sŽdimentaire colonisŽe par 

Callianassa truncata. Au contraire, la sŽlection de particules fines observŽe majoritairement 

chez les esp•ces suspensivores contribue ̂  diminuer la permŽabilitŽ des substrats meubles 

(Waldbusser et Marinelli, 2006). Les modifications des propriŽtŽs physiques du sŽdiment ne 

se limitent pas toujours aux zones situŽes ̂ proximitŽ immŽdiate des terriers. Elles peuvent 

sÕŽtendre ˆ lÕensemble de lÕhabitat sŽdimentaire lorsque les densitŽs sont relativement ŽlevŽes. 

Dans une Žtude ˆ long terme effectuŽe au Japon, Flach et Tamaki (2001) ont ainsi observŽ que 

lÕaccroissement de la population de Nihonotrypaea harmandi a provoquŽ une rŽduction de la 

teneur en particules fines du sŽdiment ˆ lÕŽchelle de la baie de Tomioka (Japon).  

De telles modifications des propriŽtŽs physiques du sŽdiment influencent la facilitŽ 

avec laquelle sÕeffectue le transport de lÕeau interstitielle et de ses solutŽs ainsi que lÕintensitŽ 

des Žchanges ˆ lÕinterface eau-sŽdiment, ce qui impacte considŽrablement la dynamique 

biogŽochimique du compartiment benthique (Ziebis et al., 1996). Ces diffŽrents aspects sont 

dŽtaillŽs dans le paragraphe suivant. 

2.4.2( Modification de la biogŽochimie sŽdimentaire par lÕactivitŽ des thalassinidŽs 

Une des premi•res consŽquences de la modification de la taille des particules 

sŽdimentaires est un changement de la teneur du sŽdiment en mati•re organique. Cet effet 

peut correspondre ˆ un enrichissement, ou bien au contraire ˆ un appauvrissement, selon 

lÕŽthologie des esp•ces considŽrŽes. Les sŽdiments fins prŽsentent une teneur en mati•re 

organique plus importante que les sŽdiments plus grossiers (Dale, 1974; Hargrad, 1972; 

Longbottom, 1970; Mayer, 1994a, 1994b). Ainsi, les sŽdiments (sous la surface) colonisŽs par 

Trypaea australiensis, qui Žjecte hors de son terrier les particules les plus fines sans le 

consolider ̂ lÕaide de mucus et/ou de dŽbris vŽgŽtaux, sont 13 % plus pauvres en mati•re 

organique que les sŽdiments non colonisŽs par cette esp•ce (Webb et Eyre, 2004). La 

prŽsence dÕautres thalassinidŽs tend, au contraire, ̂  augmenter la quantitŽ de mati•re 

organique contenue en profondeur dans le sŽdiment. Ceci est notamment le cas de 

nombreuses esp•ces telles que Corallianassa longiventris et Pestarella tyrrhena, qui 

incorporent des phyto-dŽbris dans la paroi de leurs terriers ou dans des chambres spŽcifiques 
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o• elles Ç cultivent2 È les micro-organismes dont elles se nourrissent, doublant ainsi la teneur 

en carbone de la paroi du terrier par rapport au sŽdiment de surface (Abed-Navandi et al., 

2005). Neaxius acanthus se nourrit quant ̂  elle directement de ces phyto-dŽbris incorporŽs ̂ 

la paroi de son terrier et induit une augmentation par un facteur 5 de la teneur en mati•re 

organique de cette paroi par rapport au sŽdiment avoisinant (Vonk et al., 2008). Certaines 

esp•ces dŽposent enfin du mucus sur la paroi de leur terrier pour le stabiliser. CÕest par 

exemple le cas dÕU. pugettensis qui, via ce comportement, double la teneur en mati•re 

organique du sŽdiment (DÕAndrea et DeWitt, 2009). 

Deux des implications biogŽochimiques les plus importantes de la bioirrigation sont : 

(1) lÕapport dÕoxyg•ne dans un sŽdiment majoritairement anoxique, et (2) la diminution des 

concentrations des solutŽs nocifs (e.g., mŽtabolites rŽduits). Cependant, la vision 

traditionnelle qui dŽfinit les terriers ventilŽs comme une simple extension de la surface du 

sŽdiment, au travers de laquelle des Žchanges diffusifs et advectifs ont lieu, est fortement 

rŽductrice. En effet, du fait de lÕintermittence des activitŽs de ventilation des thalassinidŽs 

(Forster et Graf, 1995) et du volume dÕeau restreint contenu ̂  lÕintŽrieur du terrier, le 

sŽdiment ˆ proximitŽ de celui-ci fait face ˆ des alternances de conditions oxiques et anoxique 

sur des Žchelles de temps relativement courtes (10 ˆ 90 min selon Volkenborn et al., 2012). A 

proximitŽ du terrier, le sŽdiment est par consŽquent soumis ˆ des conditions gŽochimiques 

bien plus dynamiques que le sŽdiment de surface (Volkenborn et al., 2012). Le volume de 

sŽdiment subissant ces oscillations gŽochimiques dŽpend de sa permŽabilitŽ (Mermillod-

Blondin et Rosenberg, 2006; Volkenborn et al., 2012). Dans les syst•mes peu permŽables 

(i.e., vases) le volume de sŽdiment impactŽ est relativement faible et se limite ˆ quelques 

millim•tres autour de la paroi du terrier. Au contraire, dans les sŽdiments permŽables (i.e., 

sables) les transports de solutŽs sont facilitŽs et peuvent sÕexercer sur de plus grandes 

distances, si bien quÕun volume plus important de sŽdiment subit ces oscillations. 

LÕhŽtŽrogŽnŽitŽ spatiale et temporelle des propriŽtŽs sŽdimentaires entourant les 

terriers de thalassinidŽs a des effets significatifs sur lÕabondance et la diversitŽ des 

microorganismes associŽs. Les fortes teneurs en mati•re organique au niveau des parois du 

terrier favorisent leur colonisation par des microorganismes (Kinoshita et al., 2008, 2003) qui 

y sont 4 ˆ 10 fois plus abondants quÕˆ la surface du sŽdiment (Dobbs et Guckert, 1988; 

Dworschak, 2001; Papaspyrou et al., 2005). La composition des communautŽs microbiennes 

                                                

2 Ç cultivent È est une traduction explicite et imparfaite du terme anglais Ç gardening È 
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varie quant ̂  elle en fonction de la disponibilitŽ en mati•re organique (Papaspyrou et al., 

2005) et de la stabilitŽ des conditions gŽochimiques (Bertics et Ziebis, 2009; Volkenborn et 

al., 2012). De mani•re gŽnŽrale, les communautŽs bactŽriennes colonisant les parois des 

terriers des thalassinidŽs sont ˆ la fois diffŽrentes et plus diversifiŽes que celles retrouvŽes ˆ la 

surface du sŽdiment ̂ proximitŽ immŽdiate de lÕouverture de ce terrier ainsi que dans le 

sŽdiment environnant (Papaspyrou et al., 2005; Bertics et Ziebis, 2009). LÕinfluence de 

lÕactivitŽ des thalassinidŽs sur les communautŽs bactŽriennes ne sÕarr•te pas aux parois de 

leurs terriers mais affecte Žgalement la composition des communautŽs prŽsentes ˆ la surface 

du sŽdiment (Laverock et al., 2010). Leur bioturbation impacte tout autant lÕactivitŽ de ces 

microorganismes que la composition de leurs communautŽs. La dŽgradation microbienne de 

la mati•re organique est effectivement plus importante au niveau des parois des terriers quÕˆ 

la surface du sŽdiment et que dans les sŽdiments non colonisŽs par les thalassinidŽs (Bird et 

al., 2000; Kinoshita et al., 2008; Sasaki et al., 2014). De telles modifications de communautŽs, 

dÕabondances et dÕactivitŽs des micro-organismes dues ˆ la bioturbation des thalassinidŽs ont 

de grandes rŽpercussions sur les Žchanges dÕoxyg•ne et de sels nutritifs ˆ lÕinterface eau-

sŽdiment et influencent donc considŽrablement le fonctionnement des Žcosyst•mes marins. 

La quantification des flux dÕoxyg•ne et de nutriments entre la colonne sŽdimentaire et 

la colonne dÕeau (i.e., le couplage benthique-pŽlagique) est particuli•rement importante dans 

lÕŽtude du fonctionnement des Žcosyst•mes c™tiers. En effet, elle permet dÕŽvaluer le 

recyclage de la mati•re organique qui sŽdimente sur lÕinterface eau-sŽdiment ou qui est 

produite localement. De nombreuses Žtudes ont montrŽ une augmentation de la consommation 

dÕoxyg•ne par le sŽdiment en prŽsence de thalassinidŽs. La consommation dÕoxyg•ne totale 

est par exemple multipliŽe par 1,7 en prŽsence de Pestarella tyrrhena (Papaspyrou et al., 

2004) et jusquÕˆ 5,5 en prŽsence dÕUpogebia pugettensis (DÕAndrea et DeWitt, 2009) par 

rapport ˆ des sŽdiments sans thalassinidŽs. Les effets sur le cycle de lÕazote sont 

particuli•rement marquŽs avec une forte augmentation des taux dÕammonification (e.g., 7 fois 

plus ŽlevŽs en prŽsence dÕUpogebia pugettensis ; DÕAndrea et DeWitt, 2009), de nitrification 

(e.g., 1.7 fois plus ŽlevŽs en prŽsence de Trypaea australiensis ; Jordan et al., 2009) et de 

dŽnitrification (e.g. 2,9 fois plus ŽlevŽs en prŽsence dÕUpogebia deltaura ; Howe et al., 2004). 

Les thalassinidŽs exercent une telle influence sur les processus biogŽochimiques, via leurs 

impacts sur les communautŽs microbiennes, quÕils sont considŽrŽs comme des Ç ingŽnieurs 

gŽochimiques des Žcosyst•mesÈ (DÕAndrea et DeWitt, 2009) (Figure I.9). Un des objectifs de 

ma th•se consistait par consŽquent ˆ Žvaluer lÕinfluence dÕUpogebia pusilla sur lÕintensitŽ des 
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Žchanges dÕoxyg•ne et de sels nutritifs ˆ lÕinterface eau-sŽdiment dÕun herbier de zost•re 

intertidal. 

 
Figure I.9 : SchŽmatisation de l'influence des thalassinidŽs sur la consommation d'oxyg•ne et 

le cycle de l'azote. L'Žpaisseur des fl•ches est proportionnelle ˆ l'intensitŽ des processus ou 
des flux (ModifiŽ d'apr•s d'Andrea et DeWitt, 2009) 

 

2.4.3�� Le contr™le des assemblages de macrofaune par les thalassinidŽs. 

Bien que ce point ne soit pas en lien direct avec mon travail de th•se, il me semble 

important dÕeffectuer un bref Žtat des connaissances actuelles sur ce sujet afin de mieux 

apprŽhender lÕimportance du r™le jouŽ par les thalassinidŽs dans le fonctionnement global des 

Žcosyst•mes quÕils colonisent. Plusieurs Žtudes ont montrŽ que les thalassinidŽs exercent une 

influence considŽrable sur la composition des communautŽs de macrofaunes. Il a en effet ŽtŽ 

observŽ des modifications drastiques des communautŽs de macrofaunes en lien avec une 

augmentation des effectifs de thalassinidŽs (Tamaki, 1994; Flach et Tamaki, 2001; Amaro et 

al., 2007; Pillay et al., 2008). Il existe ˆ ce jour un consensus sur trois scŽnarios expliquant 

lÕimpact des thalassinidŽs sur lÕassemblage de macrofaune (Figure I.10, Pillay et al., 2007a): 

(1) Le remaniement sŽdimentaire des thalassinidŽs provoque lÕenfouissement de la 

macrofaune causant la mort de ces organismes, leur migration ou une augmentation de leur 

cožt mŽtabolique, (2) lÕactivitŽ des thalassinidŽs augmente lÕŽrodabilitŽ du sŽdiment 

provoquant ainsi la saturation des appareils de filtration des organismes suspensivores, et 
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enfin (3) la quantitŽ de biofilm est diminuŽe en prŽsence de thalassinidŽs ce qui rŽduit 

dÕautant la disponibilitŽ en nourriture pour les organismes brouteurs. 

 
Figure I.10 : MŽcanismes potentiels des effets de la bioturbation des thalassinidŽs sur la 

macrofaune benthique (ModifiŽ d'apr•s Pillay et al., 2007) 

�� Les principaux facteurs influen•ant lÕactivitŽ des thalassinidŽs  

2.5.1�� La tempŽrature 

La tempŽrature est considŽrŽe comme un des facteurs environnementaux majeurs 

affectant la biologie des organismes marins. Elle contr™le en effet les distributions 

gŽographique et bathymŽtrique des esp•ces (Bhaud et al., 1995; Pšrtner, 2002) mais aussi, 

plus largement, la dynamique des Žcosyst•mes benthiques (Kinne, 1970). Elle est par exemple 

dŽterminante dans les cycles de reproduction et dans dÕautres processus physiologiques 

comme le mŽtabolisme et la croissance (Kinne, 1970). Des activitŽs, telles que le fouissage, la 

ventilation, la locomotion et la nutrition sont par consŽquent directement affectŽes par la 

tempŽrature (RiisgŒrd et al., 1992; RiisgŒrd et Banta, 1998). Peu dÕŽtudes se sont intŽressŽes 

au comportement des thalassinidŽs, mais il y transpara”t que ces organismes sont actifs plus 
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de 60 % du temps (Gagnon et al., 2013; Kneer et al., 2008; Stamhuis et al., 1996). Aucune 

Žtude nÕa toutefois mesurŽ directement lÕeffet des variations de la tempŽrature sur le 

comportement de ces organismes. Certains rŽsultats sugg•rent nŽanmoins, mais seulement 

indirectement, que lÕactivitŽ de fouissage est impactŽe par les fluctuations de tempŽrature. La 

taille des terriers de plusieurs thalassinidŽs est par exemple positivement corrŽlŽe ˆ la 

tempŽrature de lÕeau (Berkenbusch et Rowden, 2000; Butler et Bird, 2008). Le taux de 

Ç sediment turnover È augmente par ailleurs fortement avec la tempŽrature (Rowden et al., 

1998; Berkenbusch et Rowden, 1999). A ma connaissance il nÕexiste aucune Žtude mettant 

prŽcisŽment en Žvidence lÕinfluence de la tempŽrature sur lÕactivitŽ de ventilation chez un 

thalassinidŽ. Durant mes travaux de th•se, jÕai donc portŽ une attention toute particuli•re aux 

variations saisonni•res de tempŽrature. JÕai ŽtudiŽ leurs influences dÕune mani•re intŽgrŽe 

allant du comportement dÕUpogebia pusilla jusquÕˆ son influence sur les flux 

biogŽochimiques benthiques. 

2.5.2( LÕhypoxie 

Les thalassinidŽs ont une grande capacitŽ dÕadaptation aux conditions hypoxiques 

gr‰ce ˆ leur taux mŽtaboliques relativement bas, un mŽtabolisme anaŽrobie efficace et la 

capacitŽ dÕaugmenter lÕaffinitŽ de leur hŽmocyanine avec lÕoxyg•ne (Leiva et al., 2015). 

Astall et al. (1997) ont cependant montrŽ que lors dÕŽpisodes hypoxiques, U. deltaura et U. 

stellata modifient leurs comportements et ventilent plus frŽquemment leur terrier. Une fois 

passŽe une concentration critique situŽe entre 50 et 30 Torr, ces deux esp•ces voient le 

battement de leurs scaphognathites diminuer. LÕactivitŽ gŽnŽrale de ces organismes semble 

Žgalement diminuer lors dÕŽpisodes hypoxiques. Hill  (1981) a en effet observŽ chez trois 

esp•ces du genre Upogebia que, lorsque la concentration dÕoxyg•ne dans le terrier passe sous 

une concentration critique, ces organismes se dŽplacent vers la surface du sŽdiment et restent 

ˆ proximitŽ de lÕouverture de leur terrier. 

2.5.3( Le parasitisme  

Comme la plupart des •tres vivants terrestres (Combes, 2001), les thalassinidŽs sont 

susceptibles dÕ•tre parasitŽs par plusieurs organismes. La prŽsence de nombreux parasites a 

en effet ŽtŽ constatŽ sur et dans ces crustacŽs : des ectoparasites tels que des bopyres 

(Isopode) qui sont systŽmatiquement fixŽs dans lÕune des deux cavitŽs branchiales 

(Dworschak, 1988; Griffen, 2009; Smith et al., 2008; Tucker, 1930) et des endoparasites tels 

que des mŽtacercaires de trŽmatodes et des acanthocŽphales (Dworschak, 1988). Des esp•ces 

commensales tel que des polych•tes du genre Hesperonoe et des bivalves du genre 
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Peregrinamor ont Žgalement ŽtŽ observŽes fixŽes sur la partie abdominale de thalassinidŽs 

(Kato et Itani, 1995; Sato et al., 2001). 

Au cours de mon travail de th•se, il sÕest avŽrŽ que de nombreuses crevettes 

fouisseuses ŽchantillonnŽes Žtaient infestŽes par un bopyre. Ce parasite a un cycle de vie 

composŽ de deux h™tes (Bonnier, 1900; Bourdon, 1968; Williams et An, 2009). La larve 

planctonique cryptoniscus pŽn•tre dans la cavitŽ branchiale dÕun thalassinidŽ o• elle est 

protŽgŽe par le branchiostegite. Une fois fixŽe, la larve perfore la cuticule de son h™te pour se 

nourrir de son hŽmolymphe (Bonnier, 1900). La premi•re larve ˆ sÕ•tre fixŽe dans la cavitŽ 

branchiale se transforme en femelle fonctionnelle et grandit rapidement jusquÕˆ provoquer un 

gonflement de la cavitŽ branchiale (Figure I.11). La seconde larve ˆ pŽnŽtrer cette m•me 

cavitŽ se transforme quant ˆ elle en m‰le fonctionnel nain qui se fixe sur la femelle (Figure 

I.11, insert). La reproduction sexuŽe se dŽroulant dans la cavitŽ branchiale du thalassinidŽ le 

dŽfinit, de fait, comme h™te dŽfinitif. Apr•s fŽcondation, la larve Žpicardium est rel‰chŽe dans 

lÕeau o• elle infeste un copŽpode et se transforme en larve cryptoniscus avant dÕinfester son 

h™te dŽfinitif. Les Bopyrodea affectent considŽrablement lÕŽtat physiologique de leur h™te. Le 

Bopyridea Orthione griffenis a par exemple un effet nŽgatif sur la croissance dÕU. pugettensis, 

induisant un dŽficit en taille et en poids ˆ son h™te (Smith et al., 2008). Il provoque Žgalement 

la fŽminisation des m‰les de ce m•me h™te (Griffen, 2009). La capacitŽ de reproduction des 

individus infestŽs est ainsi fortement altŽrŽe (Dumbauld et al., 2011) ce qui peut provoquer, 

lorsque la prŽvalence de ce parasite augmente, une forte chute de la densitŽ de crevettes 

fouisseuses, voire leur quasi-disparition (Dumbauld et al., 2011). LÕinfluence du parasite sur 

son h™te semble cependant dŽpendre des conditions environnementales et notamment de la 

disponibilitŽ en mati•re organique (Nanri et al., 2010). De plus, dans certaines Žtudes, 

lÕinfluence du bopyre sur le sexe de son h™te appara”t nŽgligeable par rapport ˆ celle dÕun 

contaminant (Ubaldo et al., 2014). En lÕŽtat actuel des connaissances, il est donc difficile 

dÕŽtablir un schŽma gŽnŽral de lÕinfluence des bopyres sur les thalassinidŽs. Il semble par 

consŽquent intŽressant dÕŽtudier cette relation h™te-parasite dans un nouvel Žcosyst•me. Un 

des objectifs de ma th•se a donc consistŽ ˆ Žtudier la dynamique de cette relation ainsi que 

ses consŽquences sur lÕŽtat physiologique de lÕh™te. 
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Figure I.11 : Un individu d'Upogebia pusilla infestŽ au niveau de la cavitŽ branchiale par un 
couple de Bopyridea Gyge branchialis (insert). Dans l'insert, le m‰le nain (fl•che blanche) est 

fixŽ sur la face ventrale de la femelle au niveau de ses ouvertures gŽnitales. 

 

MalgrŽ le caract•re ingŽnieur des thalassinidŽs, ˆ ma connaissance aucune Žtude ne 

sÕest intŽressŽe aux consŽquences de cette relation h™te-parasite sur le fonctionnement des 

Žcosyst•mes. Il a pourtant ŽtŽ montrŽ chez dÕautres crustacŽs dŽcapodes que les parasites 

Bopyridea affectent nŽgativement leur niveau dÕactivitŽ. Par exemple, la crevette pistolet 

Synalpheus elizabethae se dŽplace et se toilette deux fois moins lorsquÕelle est infestŽe par un 

Bopyrione sp. que lorsquÕelle est saine (McGrew et Hultgren, 2011). De la m•me mani•re, la 

crevette Palaemontes pugio parasitŽe par Probopyrus pandalicola prŽsente un niveau 

dÕactivitŽ jusquÕˆ 4 fois infŽrieur ˆ celui dÕune crevette saine (Bass et Weis, 1999). Cette 

rŽduction rŽsulte du fardeau ŽnergŽtique que reprŽsente le parasite puisque sa demande 

mŽtabolique sÕajoute ˆ celle de son h™te. Il a dÕailleurs ŽtŽ estimŽ que P. pandalicola ing•re 

quotidiennement jusquÕˆ 25 % du volume total de lÕhŽmolymphe de P. pugio (Walker, 1977), 

induisant ainsi une demande ŽnergŽtique qui reprŽsente jusquÕˆ 10 % des besoins quotidiens 

de lÕh™te (Anderson, 1977). Dans le cas des thalassinidŽs, la relation h™te-parasite pourrait 

avoir dÕimportantes rŽpercussions sur le fonctionnement des Žcosyst•mes si le bopyre affecte 

un trait impliquŽ dans un processus responsable du caract•re ingŽnieur de lÕh™te (Thomas et 
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al., 1999). Il a en effet ŽtŽ montrŽ que lÕinfection dÕune coque par des trŽmatodes avait un 

impact nŽgatif sur sa capacitŽ de fouissage et de locomotion, rŽduisant ainsi lÕintensitŽ de 

bioturbation du sŽdiment ce qui conduit ˆ une augmentation : (1) de la densitŽ des esp•ces de 

polych•tes et de gastŽropodes associŽes, ainsi que (2) de la diversitŽ spŽcifique des sŽdiments 

colonisŽs (Mouritsen et Poulin, 2005; Mouritsen et Poulin, 2010). Un des objectifs de mon 

travail de th•se a consistŽ ˆ Žvaluer lÕinfluence de lÕinfestation dÕun bopyre sur le 

comportement de son h™te Upogebia pusilla ainsi que sur les processus sŽdimentaires et les 

flux biogŽochimiques ˆ lÕinterface eau-sŽdiment rŽgulŽs par ce m•me h™te. 

3�� Site dÕŽtude : Le bassin dÕArcachon 

��  PrŽsentation du bassin dÕArcachon 

Le bassin dÕArcachon est une lagune semi-fermŽe de forme triangulaire dÕune 

superficie totale de 174 km2 (Figure I.12). Cette lagune se situe au Sud de la c™te Atlantique 

fran•aise et constitue la seule Žchancrure du littoral sableux aquitain. Elle est soumise ˆ une 

marŽe semi-diurne dÕamplitude comprise entre 1.1 et 4.9 m dont le courant transite par un 

syst•me de passes ouvertes sur lÕocŽan, de 2 ˆ 3 km de large sur 12 km de long. Les apports 

dÕeau douce continentale proviennent majoritairement du delta de la Leyre, qui se situe dans 

la partie Est du bassin et, dans une moindre mesure, du canal du Porge ˆ la pointe Nord de la 

lagune. Du fait de cette double influence (i.e., marine et continentale), trois masses dÕeau aux 

caractŽristiques thermiques et halines spŽcifiques sont distinguŽes : les eaux nŽritiques 

externes, moyennes et internes (Boucher, 1968). La zone intertidale reprŽsente environ les 

deux tiers de la superficie totale du bassin (117 km2) et est constituŽe de sŽdiment allant de la 

vase au sable. Le tiers restant reprŽsente les rŽseaux de chenaux (57 km2) dont la profondeur 

ne dŽpasse pas 25 m. Une grande proportion de la zone intertidale est recouverte par des 

herbiers ˆ Zostera noltei (environ 70 km2) ; herbier considŽrŽ comme le plus vaste dÕEurope 

(Auby et Labourg, 1996). 
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Figure I.12 : Localisation du bassin dÕArcachon sur la c™te Atlantique fran•aise (insert) et 
emplacement des stations ŽchantillonnŽes durant mes travaux de th•se. En bleu lÕocŽan et la 

zone subtidale, en marron la zone intertidale et en blanc le continent. Identification des 
stations dÕOuest en Est : REO : Ç La rŽousse È, CLA : Ç Le cla È, DRO : Ç Dr™le È, HOS : 

Ç Les hosses È, GRA: Ç Graveyron È, MOU: Ç Les moussettes È, NEG: Ç La n•gue È, TES: 
Ç Le tes È, GER : Ç Germanan È, GAR : Ç Garr•che È, BOU : Ç Bourut È, TEY : Ç le teychan È, 

ARO : Ç Arouillet È, SAL : Ç Salos È, PAS : Ç Passant È. Le site Ç La n•gue È correspond au 
site dÕŽchantillonnage pour les expŽriences ex-situ effectuŽes durant ma th•ses de doctorat. 

 

Dans la zone intertidale, lÕinfluence de facteurs identifiŽs comme : (1) les 

caractŽristiques des masses dÕeaux, (2) la bathymŽtrie et (3) la prŽsence dÕherbiers ˆ Z. noltei 

structurent la rŽpartition spatiale des diffŽrentes communautŽs benthiques (Blanchet et al., 

2004). Comme la plupart des herbiers (Bostršm et Bonsdorff,1997; Hemminga et Duarte,

2000; Bostršm et al., 2006), celui du bassin dÕArcachon abrite une faune particuli•rement 

diversifiŽe (Blanchet et al., 2004). 

Les Žtudes faunistiques visant ˆ dŽterminer la diversitŽ et lÕabondance spŽcifique des 

sŽdiments marins, et en particulier celles de la faune endogŽe, mettent classiquement en 

Ïuvre des mŽthodologies utilisant des bennes et/ou carottiers. Ces Žquipements 

Žchantillonnent une zone allant de quelques centim•tres au-dessus de lÕinterface eau-sŽdiment 
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jusquÕˆ une profondeur dÕenviron 20 cm dans la colonne sŽdimentaire. Cette zone 

ŽchantillonnŽe correspond ˆ celle colonisŽe par la majoritŽ des organismes benthiques (Barnes 

et Barnes, 2012). Certains organismes vivent cependant ˆ des profondeurs plus importantes. 

Leur prŽsence est souvent ignorŽe lorsquÕaucune trace de leur activitŽ (e.g., f•ces, zone de 

nutrition) nÕest visible ˆ la surface du sŽdiment. Dans les environnements ˆ herbier, leur 

prŽsence est dÕautant plus ignorŽe que les herbiers et les organismes bioturbateurs prŽsentent 

souvent des mŽcanismes dÕexclusion mutuelle (cf. paragraphe 2.2. Distribution). Pourtant, 

dans le bassin dÕArcachon, le thalassinidŽ Upogebia pusilla (Figure I.13) (qui semble •tre 

lÕunique reprŽsentant des thalassinidŽs colonisant les vasi•res intertidales de cette lagune 

bassin) colonise prŽfŽrentiellement les zones ˆ herbiers de Z. noltei et est quasi-absent dans 

les sŽdiments nus.  

 
Figure I.13 : Un individu Upogebia pusilla ˆ proximitŽ dÕune ouverture de son terrier 

(diam•tre dÕenviron 1,5 cm) ˆ la surface dÕun sŽdiment colonisŽ par lÕherbier de Zostera 
noltei (lÕorganisme a ŽtŽ volontairement extrait de son terrier). 

 

Un Žchantillonnage sur 15 stations (Figure I.12), que jÕai effectuŽ en amont de mon 

travail de th•se, mÕa en effet permis dÕŽtablir lÕexistence dÕune corrŽlation positive entre la 

densitŽ dÕU. pusilla et la biomasse de lÕherbier de zost•res naines (Tableau I.2, voir Annexe 

I pour plus de dŽtails). Compte tenu de la forte influence des thalassinidŽs sur les 

caractŽristiques et les processus biogŽochimiques sŽdimentaires et, plus gŽnŽralement, sur le 

fonctionnement global des Žcosyst•mes benthiques, nŽgliger le thalassinidŽ U. pusilla est 

susceptible de fortement altŽrer notre vision du fonctionnement des Žcosyst•mes ˆ herbiers. Il 
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semble donc particuli•rement important et intŽressant dÕŽtudier son r™le dans le 

fonctionnement Žcologique et biogŽochimique de lÕŽcosyst•me benthique du bassin 

dÕArcachon. 

Tableau I.2 : RŽsultat du test de corrŽlation multiple (Forward stepwise regression) des 
variables environnementales impliquŽes dans la prŽdiction de la densitŽ dÕUpogebia pusilla. 

LÕabsence de coefficient indique que la variable nÕest pas incluse dans le mod•le. LÕastŽrisque 
(*) indique un effet significatif. 

Variable dŽpendante DensitŽ  

RŽgression linŽaire multiple    
R2 0.56  
F 17.719  
p value < 0.001*  
CorrŽlation des variables environnementales  
 Coefficient F p value  
Constante 0.0315 -- --  
D50 -- 2.213 0.159  
C/N -- 0.302 0.591  
PorositŽ -- 3.469 0.053
Biomasse herbier 0.118 17.719 < 0.001*  
Altitude -- 0.0176 0.896  
Distance ˆ lÕocŽan -- 3.337 0.056  

��  La rŽgression de lÕherbier de Zostera noltei 

LÕherbier de Zostera noltei occupe les zones intertidales du bassin dÕArcachon depuis 

le XVIII •me si•cle au moins, pŽriode ˆ laquelle cet herbier a ŽtŽ rŽpertoriŽ pour la premi•re 

fois (Masse, 1708). Comme de nombreux herbiers dans le monde (Orth et al., 2006; Waycott 

et al., 2009), celui du bassin dÕArcachon conna”t une forte rŽgression depuis une vingtaine 

dÕannŽes. Plus et al. (2010) ont observŽ une diminution de 33 % de la surface occupŽe par cet 

herbier entre 1989 et 2007. Le dŽclin, dans un premier temps modŽrŽ jusquÕen 2005, sÕest 

drastiquement accŽlŽrŽ entre 2005 et 2007 (Plus et al., 2010)laissant certaines vasi•res ˆ nues 

(Figure I.14). Au-delˆ de la rŽduction de la surface et de la densitŽ des herbiers per se, ce 

dŽclin est Žgalement susceptible dÕinduire la rŽgression, voire la perte, des populations 

dÕUpogebia pusilla associŽes. 
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Figure I.14 : Surface colonisŽe par lÕherbier de Zostera noltei en 2005 et en 2007 avec les 

diffŽrentes classes de taux de recouvrement du sŽdiment par les feuilles de Z. noltei (DÕapr•s 
Auby et al., 2011) 

 

Les consŽquences dÕune telle perte sont potentiellement nŽfastes mais restent ˆ ce jour 

tr•s difficiles ˆ apprŽhender. Les Žtudes ayant pour but dÕŽvaluer les consŽquences de la 

rŽgression des herbiers sur le fonctionnement des Žcosyst•mes sont en effet souvent basŽes 

sur la comparaison entre des sŽdiments vŽgŽtalisŽs et des sŽdiments nus adjacents (Bernard et 

al., 2014; Delgard et al., 2013, 2016). Pour obtenir un rŽsultat prŽcis, cette mŽthodologie 

nŽcessite de prendre en compte la totalitŽ des organismes qui jouent un r™le dans le processus 
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ŽtudiŽ. Ceci est particuli•rement important pour les organismes colonisant prŽfŽrentiellement 

lÕun ou lÕautre type de sŽdiment. Or, de la m•me mani•re que celles portants sur la diversitŽ 

des organismes endogŽs (cf. paragraphe 3.1. PrŽsentation du bassin dÕArcachon), la rŽsolution 

vertical de ces Žtudes ne permet pas la prise en compte dÕU. pusilla. Notre comprŽhension des 

consŽquences de la rŽgression des herbiers sur le fonctionnement des Žcosyst•mes est par 

consŽquent tr•s certainement biaisŽe du fait des diffŽrences de densitŽs dÕU. pusilla tr•s nettes 

entre ces deux types de sŽdiments. 

��  Objectifs du travail 

LÕobjectif gŽnŽral de mon travail de th•se consistait ˆ mieux comprendre le r™le et 

lÕimportance dÕUpogebia pusilla dans le fonctionnement des Žcosyst•mes ˆ Zostera noltei du 

bassin dÕArcachon, avec une attention particuli•re portŽe aux variations saisonni•res ainsi 

quÕˆ lÕinfluence du parasitisme. Ce travail permettra ˆ terme dÕŽvaluer plus prŽcisŽment les 

consŽquences de la rŽgression de lÕherbier de zost•res naines sur le fonctionnement 

Žcologique et biogŽochimique des Žcosyst•mes benthiques du bassin dÕArcachon. 

Dans ce contexte gŽnŽral, mon travail de th•se comportait trois objectifs spŽcifiques: 

-�� Etudier le comportement et le remaniement sŽdimentaire dÕU. pusilla. 

-�� DŽterminer lÕinfluence dÕU. pusilla sur la dynamique biogŽochimique des 

sŽdiments ˆ herbiers 

-�� Evaluer lÕinfluence du parasite Gyge branchialis sur lÕŽtat physiologique dÕU. 

pusilla et les consŽquences de cette infestation sur la dynamique biogŽochimique 

des sŽdiments ˆ herbiers 
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��  Organisation du manuscrit 

Ce mŽmoire, construit sous la forme dÕarticles scientifiques est organisŽ en trois

chapitres suivis dÕune conclusion gŽnŽrale. 

 

Chapitre I : ActivitŽ dÕUpogebia pusilla 

Ce chapitre porte sur lÕŽtude expŽrimentale du comportement dÕUpogebia pusilla et Žtablit un 

lien direct entre le comportement de cet organisme, son activitŽ de remaniement sŽdimentaire 

et la dynamique de lÕoxyg•ne autour de son terrier. Ce premier chapitre fait lÕobjet dÕun 

article scientifique actuellement soumis ˆ la revue Marine Ecology Progress Series. 

Article n¡1 : L. Pascal, O. Maire, B. Deflandre, A. Romero-Ramirez, A. GrŽmare (soumis 

pour publication) Behaviour, sediment reworking and oxygen dynamics in the Gebiidean 

mud shrimp Upogebia pusilla ; Marine Ecology Progress Series 

 

 

Chapitre II : Influence dÕUpogebia pusilla sur les flux biogŽochimiques ˆ 

lÕinterface eau-sŽdiment 

Ce chapitre porte sur lÕŽtude expŽrimentale du r™le dÕUpogebia pusilla dans le 

fonctionnement biogŽochimique des Žcosyst•mes intertidaux vŽgŽtalisŽs du bassin 

dÕArcachon. Ce deuxi•me chapitre fait lÕobjet dÕun article scientifique paru en 2016 dans la 

revue Journal of Experimental Marine Biology and Ecology. 

Article n¡2 : L. Pascal, O. Maire, N. Volkenborn, P. Lecroart, S. Bichon, X. de Montaudouin, 

A. GrŽmare, B. Deflandre (2016) Influence of the mud shrimp Upogebia pusilla 

(Decapoda : Gebiidea) on solute and porewater exchanges in an intertidal seagrass 

(Zostera noltei) meadow of Arcachon Bay: An experimental assessment ; Journal of 

Experimental Marine Biology and Ecology, 477:69-79, doi : 10.1016/j.jembe.2016.01.008 
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Chapitre III : Influence de lÕectoparasite Gyge branchialis sur Upogebia 

pusilla 

PARTIE A 

Les travaux prŽsentŽs dans ce chapitre sont consacrŽs ˆ la caractŽrisation des effets de 

lÕectoparasite Gyge branchialis sur les processus biogŽochimiques contr™lŽs par Upogebia 

pusilla. Ce type dÕŽtude nŽcessite dÕune part, une Žstimation de la prŽvalence dÕune telle 

infestation et de ses effets physiologiques sur lÕh™te (U. pusilla), et, dÕautre part, une sŽrie 

dÕexpŽriences dŽdiŽes. La premi•re partie de ce chapitre est donc consacrŽe ˆ lÕŽtude des 

effets physiologiques de G. branchialis sur U. pusilla qui a fait lÕobjet dÕun article 

scientifique paru en 2016 dans la revue Marine Biology.  

Article n¡3 : L. Pascal, X. de Montaudouin, A. GrŽmare, O. Maire (2016) Dynamics of the 

Upogebia pusilla-Gyge branchialis marine host-parasite system ; Marine Biology, 163 : 

195, doi : 10.1007/s00227-016-2969-9 

 

PARTIE B 

La seconde partie de ce chapitre concerne les expŽriences menŽes sur des individus infestŽs 

par Gyge branchialis, visant ˆ dŽterminer lÕinfluence de ce parasite sur le comportement de 

son h™te et les consŽquences sur les processus biogŽochimiques contr™lŽs par Upogebia 

pusilla. Cette partie fait lÕobjet dÕun article scientifique qui sera prochainement soumis. 

Article n¡4 : L. Pascal, A. GrŽmare, X. de Montaudouin, B. Deflandre, A. Romero-Ramirez, 

O. Maire (ˆ soumettre) Parasitism of engineer species: a key factor controlling marine 

ecosystem functioning 

 

Conclusion gŽnŽrale 

Cette derni•re partie prŽsente une synth•se de lÕensemble des rŽsultats obtenus lors de 

ce travail ainsi que les principales perspectives qui en dŽcoulent. 
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Abstract 

Thalassinidean mud shrimp are among the most influential bioturbating species in 

coastal soft sediments. However, little is still known about their behaviour and resulting 

sedimentary and biogeochemical processes taking place below the sediment-water interface. 

In this study, we examine how the different behaviours of the mud shrimp Upogebia pusilla 

affects both sediment reworking and oxygen dynamics at and below the sediment-water 

interface. We identified four main types of behaviours: ÒRestingÓ, ÒWalkingÓ, ÒVentilatingÓ 

and ÒBurrowingÓ. According to studied season, 36 to 78% of its time was devoted to the last 

two behaviours. We observed three patterns of sediment reworking: (1) at the sediment-water 

interface through the frequent expulsion of excavated sediment (2) below the sediment 

surface by introducing and then moving downward surficial particles within the burrow, and 

(3) within the burrow by compacting excavated sediment against burrow walls. Overall, 

sediment reworking was mostly cued by the ÒBurrowingÓ behaviour and processes taking 

place below the sediment surface accounted on average for about 75% of total sediment 

reworking. Activity and sediment reworking were higher during summer, intermediate during 

spring and lower during winter, which suggests a major effect of temperature. Oxygen 

dynamics in the overlying water was closely related to the ÒVentilatingÓ behaviour, which 

caused sudden drop in oxygen saturation. Conversely, the decreases in oxygen saturation 

within the burrow were behaviour-specific (i.e., more marked during ÒBurrowingÓ) and the 

onset of ÒVentilatingÓ, which induces marked increases in oxygen saturation, appeared 

associated with an oxygen saturation level between 10 and 25%. 
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1.( Introduction  

Due to their relative large body size, high densities (up to 650 ind. m-2; Nates and 

Felder 1998) and intense burrowing activity, endobenthic shrimp-like crustaceans (i.e., mud 

shrimp), formerly classed as Thalassinidea but now separated in the two clades Gebiidea and 

Axiidea (Bracken et al. 2009, Robles et al. 2009), are considered among the most influential 

engineers in marine soft-bottom ecosystems. These organisms dig permanent or semi-

permanent complex burrows constituted of several branches, which extend deep (i.e., up to 2 

m) in the sediment column and connect to the overlying water by several distant openings 

(Kinoshita 2002). Burrow construction and maintenance strongly increase the surface of the 

sediment-water interface and result in the continual excavation of large amount of deep 

sediment, which are expelled at the sediment-water interface (Rowden et al. 1998). Mud 

shrimp probably induce the highest turnover rates in marine sedimentary environments 

(CadŽe 2001). They profoundly affect sediment physical (e.g., granulometry, porosity and 

permeability), chemical (e.g., organic carbon content, oxygen concentration) and biological 

(e.g., structure and diversity of both prokaryotic and eukaryotic benthic communities) 

properties (Aller and Dodge, 1974; Berkenbusch and Rowden, 2000; Bird et al., 2000; 

Laverock et al., 2011; Pillay et al., 2007b). Living deep in the sediment column, far below the 

surficial oxic layer, mud shrimp frequently ventilate their burrow to fulfil their metabolic 

requirements and remove toxic metabolites that progressively accumulate in burrow water. 

The highest ventilation rate (i.e., up to 900 mL h-1) in Thalassinidean has been reported in 

Upogebia pusilla (Dworschak 1981). Although the typical Òopen-endedÓ morphology of mud 

shrimp burrows limits pressure gradients and lateral porewater advection, ventilation strongly 

enhances sediment irrigation (Webb and Eyre, 2004) and thereby increases oxygen 

availability within the sediment. In a previous study, we have estimated that U. pusilla 

contributes to increase porewater flow and solute exchanges across the sediment-water 

interface of intertidal seagrass meadows in Arcachon Bay by a factor up to 5 (Pascal et al., 

2016b). 

Because of their considerable importance in the functioning of coastal ecosystems 

worldwide, engineering activities of burrowing mud shrimp have been extensively studied 

over the last decades (see review by Pillay and Branch 2011). All the methodologies 

developed so far to assess sediment reworking rates generated by burrowing mud shrimp 

were, however, based on the quantification of the volume of sediment expelled at the 
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sediment surface and thereby neglect subsurface processes (Rowden and Jones, 1993). Yet, 

the sediment surrounding mud shrimp burrow walls is enriched in organic matter and 

frequently reworked (Kinoshita et al., 2008; Suchanek, 1983). Such a bias clearly limits our 

current understanding of the impact of mud shrimp populations on organic matter 

remineralisation, and on the overall biogeochemical functioning of soft-bottom ecosystems. 

This could be especially exacerbated when mud shrimp are the main contributors to sediment 

reworking, which is most often the case in seagrass beds from which most of other large 

infaunal organisms are excluded by the dense network of roots and rhizomes (Bernard et al., 

2014; Brenchley, 1982; Philippart, 1994; Valdemarsen et al., 2011; van Wesenbeeck et al., 

2007). 

Only a few experimental studies have dealt with the assessments of mud shrimp 

behaviours and time allocation patterns (Anderson et al., 1991; Gagnon et al., 2013; Kneer et 

al., 2008; Stamhuis et al., 1996). This largely results from the difficulty in observing the 

sediment column without disturbing the behaviour of benthic macrofauna. Experimental 

techniques based on image analysis procedures have been developed during the last two 

decades to assess the activities of benthic macrofauna at the sediment-water interface 

(GrŽmare et al., 2004; Hollertz and Duch•ne, 2001; Jordana et al., 2000). These techniques 

have later been coupled with the use of specific (thin) aquaria to characterize and quantify the 

activity of benthic fauna within the sediment column (Maire et al., 2010, 2007a) during 

laboratory experiments. Coupled with the use of luminophores (i.e., inert fluorescent 

particles) they have allowed the assessment of the influence of environmental parameters on 

both macrofauna behaviour and associated sediment reworking (Bernard et al., 2016; Maire et 

al., 2007a). Maire et al. (2007a, 2010) for example highlighted that sediment reworking 

induced by infaunal deposit-feeding bivalves is largely modulated by a set of abiotic 

(including temperature and food availability) and biotic (including threat by predators) 

factors. 

The present study aimed at applying a similar approach, coupled with the use of high 

frequency oxygen micro-sensors, for assessing the behaviour, sediment reworking and oxygen 

dynamics in the mud shrimp Upogebia pusilla, which is a dominant species within the 

seagrass beds of Arcachon Bay. Based on a set of laboratory experiments carried out during 

three seasons, its main objectives were to: (1) characterize the different behaviours of this 

species, (2) quantify sediment reworking both at the sediment-water interface and within the 
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sediment column, and (3) establish a link between behaviours and both sediment reworking 

and oxygen dynamics in the overlying and burrow waters. 

2�� Materials and methods 

�� Animals collection and maintenance 

Three sets of controlled laboratory experiments were carried out in winter (January), 

spring (April) and summer (August) 2014. During each season, 30 adult specimens of the 

mud shrimp Upogebia pusilla were collected at low tide in an intertidalZostera noltei

meadow (44¡ 40.782Õ N, 1¡ 08.321Õ W) of Arcachon Bay (Southwest coast of France) using a 

bait piston pump. Mud shrimp were immediately isolated in individual containers. Back at the 

laboratory, they were measured (Total Length from the tip of the rostrum to the tip of the 

telson, ± 1 mm) and weighted (Blotted Wet Weight, ± 0.1 mg). During each season, 10 

undamaged and bopyrid-free mud shrimp (4.6 ± 0.4 cm in TL and 1.9 ± 0.3 g in BWW) were 

selected and individually introduced in a thin aquarium (25 (L) �� 1.9 (W) �� 50 (H) cm) 

previously filled with a 30 cm layer of sieved (500 ��m mesh) sediment collected at the 

sampling site (D50: 159 µm, organic carbon: 0.35 % DW). Experiments started 48 h after mud 

shrimp introduction, which allowed for the construction of a whole (i.e., open-ended) burrow 

during all seasons. All aquaria were kept in a dark thermo-regulated room (at 12, 16 and 22 

¡C in January, April and August, respectively, corresponding to the measured seawater 

temperature during field sampling) during the whole duration of experiments (a month) and 

fuelled with a continuous seawater flow (~0.25 L min��1, same temperature as above).  

�� Sediment reworking and burrow characteristics  

Sediment reworking was first quantified during a 30 days period using luminophores 

(i.e., inert particle tracers fluorescing under UV light). Fifteen gDW of luminophores (100 - 

160 µm size range) were homogeneously spread at the sediment surface. Both sides of each 

aquarium were then photographed with a digital camera (D100, Nikon ¨, 3008 �� 2000 pixels) 

under UV light (�� = 380 nm) immediately following luminophores input (D0) and after 3, 6, 

12, 24, 48, 72, 96, 120, 144, 168, 192, 216, 240, 288, 336, 408, 480 and 720 h. Two vertically 

adjacent pictures (27 �� 18 cm each) were taken for each side of the aquarium and assembled 

afterwards as a single image (27 �� 35 cm in size, 92 ��m2 pixel-1 in resolution). Composite 
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images were saved in JPEG format and analysed as described in Maire et al. (2006), allowing 

for the assessment of 1D luminophore vertical concentration profiles. Vertical biodiffusion 

(Dbv) and bioadvection (Vbv) coefficients were then estimated by fitting a biodiffusion-

bioadvection transport model to these vertical profiles (Gerino et al., 1998; Meysman et al., 

2003): 

"
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where C is the luminophore concentration (%), t is the time (year) and z is the vertical depth 

in the sediment column (cm). Dbv and Vbv were estimated by convergent iterations and 

weighted least-squared regressions of model prediction on observed luminophore profiles (see 

Maire et al. 2006 for further details). The volume of sediment expelled at the sediment-water 

interface (VES, cm3) was also estimated by measuring the average height of sediment over the 

original sediment-water interface (2, Figure 1.1) and using the following equation: 

345 ' "2 67 68   (2) 

where L and W are the length of and the width of the aquarium, respectively. 

 
Figure 1.1 : Schematic view of a representative burrow at D4. Green line: Former sediment-

water interface evidenced by luminophore layer, dotted line: burrow length, TRS: average 
thickness of the reworked sediment layer surrounding the burrow, ! : average height of 

expelled sediment used to estimate the volume of expelled sediment on the sediment water-
interface (VES), Red dotted arrows (P1, P2 and P3) represent the three patterns of sediment 

reworking observed in Upogebia pusilla, see text for details. *: position of the micro optical 
oxygen sensor. 



ActivitŽ dÕUpogebia pusilla 

49 

The average thickness of the reworked layer surrounding burrows (TRS, cm) was 

estimated by measuring the distance between the burrow wall and the most distant 

luminophore along five different sections randomly distributed within the burrow (Figure 

1.1). The average volume of reworked sediment surrounding the burrow (BRS, cm3) was then 

computed using the following equation: 

�������� �$ ���� ���#�������� �! �� ����
�� �" ���� ���#��������

�� �������������������������%���& 

where Lb is the total burrow length (cm), rb is the mean burrow radius (cm) and TRS is the 

mean thickness of the reworked sediment layer surrounding the burrow (cm). 

The component of sediment reworking occurring perpendicularly to burrow wall was 

modelled after 4 days of incubation using a simple biodiffusive model (Cochran, 1985): 

�� � ��

����
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������

���� �   (4) 

Where C is the luminophore concentration (%), t is the time (year) and x is the orthogonal 

distance from the burrow wall (cm). This was achieved on three aquaria per season. Selected 

aquaria were those with the longest proportion of visible burrow wall and thus those allowing 

for the best assessments of decrease in luminophore concentration with increasing orthogonal 

distances from burrow wall.  

Burrow length and maximal depth within the sediment column (cm) as well as the 

number of openings and turning chambers were also measured at D0, and after 4 (D4) and 30 

days (D30) of incubation (Figure 1.1). 

�� Behaviour  

Mud shrimp behaviours were recorded for a 3-day time period starting one day after 

luminophores input. Behaviours were recorded using an automated image acquisition system 

composed of a video sensor (µEye UI-1480SE, IDS Imaging¨, 2560 �� 1920 pixels) 

connected to a microcomputer and driven by the AviExplore software (Romero-Ramirez et 

al., 2016). This sensor was positioned in front of the aquarium side displaying the longest 

visible part of the burrow lumen. Images were acquired in total darkness under infrared light 

(�� > 700 nm) during 72 h with an acquisition frequency of 0.1 Hz. Collectedimages with a 

surface resolution of 98 µm2 pixel-1 were assembled in a time-lapse AVI video file. Time-
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lapse sequences were then visually inspected, which allowed for the identification of the main 

behaviours and the assessments of: (1) the proportion of time allocated to each behaviour, (2) 

the average bout-duration of each behaviour, and (3) the average time between two bouts of 

the same behaviour. Despite the small thickness of our aquaria, mud shrimp could sometimes 

remain hidden in parts of their burrow, which was covered by a thin layer of sediment. In 

order not to bias the estimates of the relative proportions of time devoted to the different 

behaviours (Stamhuis et al. 1996), only records during which mud shrimp were visible more 

than 90 % of the time were considered for analysis. Accordingly, the behaviours of only 4, 5 

and 5 mud shrimps were investigated during winter, spring and summer, respectively. 

Overall, this corresponded to 840 h of monitoring. 

�� Oxygen dynamics  

During summer experiments, the O2 saturation within the burrow was recorded during 

a 72 h time-period starting immediately after the end of the sediment reworking experiment. 

O2 saturations were measured at a frequency of 1 Hz, simultaneously with a second sequence 

of behaviour monitoring as previously described. A micro-optode (OXF1100, Pyroscience) 

was positioned using a micromanipulator in the lumen of the ÒUÓ part of the burrow (i.e., ~10 

cm deep in the sediment column; 2 mm from the burrow wall, Figure 1.1). A mini-optode 

(OXROB10, Pyroscience) was placed in the overlying water at ~10 cm above the sediment 

surface to check for the full oxygenation of the water column. Both sensors were connected to 

a Firesting oxygen meter (Pyroscience) driven by the Firesting logger software (Ver. 2.364). 

A two-point linear calibration of both sensors was initially achieved between the O2 

concentration of the overlying water measured by Winkler titration (Grasshoff et al., 1999) 

and a zero O2 concentration in a sodium ascorbate solution. After 72 h of continuous 

recording, the micro-optode was carefully removed from the sediment and the aquarium was 

hermetically sealed with a PVC lid. The mini-optode was then inserted into the lid and 

repositioned in the overlying water at ~10 cm above the sediment surface. The overlying 

water was continuously stirred with a Teflon-coated magnetic disc at ~100 rpm during 

incubations. Measurements were stopped as soon as the O2 level in the overlying water felt 

below 70 % of its initial value.  
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�� Data analysis 

For each behaviour, the significance of between seasons differences in: (1) proportion 

of allocated time, (2) bout-duration, and (3) between bout interval-duration were assessed 

using One-Way PERmutation Multivariate ANalyses Of VAriances (PERMANOVAs). Since 

all records lasted exactly the same time, these analyses were performed on raw duration data. 

The effect of seasons on Dbw was assessed using a One-Way PERMANOVA. The effects of 

experiment duration and season on burrow characteristics and sediment reworking parameters 

were assessed using Two-Way PERMANOVAs. The design consisted in two fixed factors 

(Experiment duration and Season) with a third random factor (Replicate) nested within 

Season (Bernard et al., 2016; Braeckman et al., 2011). In case of significant interaction 

between fixed factors, pairwise test were performed to characterise their modalities. The 

effects of the tested factors on the dispersion (i.e., among experiment variability) of each 

variable were checked using the PERMDISP procedure (Anderson 2006) (same distance and 

same design as described above). All PERMANOVAs and associated tests were performed on 

untransformed data using Euclidean distance and the PRIMER v6 package with the 

PERMANOVA+ add-on software (Anderson et al., 2008; Clarke and Warwick, 2001). 

The relationships between: (1) BRS and VES, (2) the duration of the time period 

preceding each ventilation event and the magnitude of the decrease in O2 concentration in the 

overlying water column during this event, and (3) the O2 saturation in the burrow at the onset 

of ventilation and the distance of the mud shrimp from the micro-optode were tested using 

simple linear regression models. The relationship between the cumulative amount of: (1) 

different types of activity, and (2) total reworked sediment was assessed using a (forward 

stepwise) multiple linear regression model. All regression analyses were performed using the 

SIGMAPLOT, v12.5 software. 

3�� Results 

�� Burrow characteristics 

Mud shrimp built a complete open-ended burrow within less than 24 hours during 

winter and less than 12 hours during spring and summer. All initial U-shape burrows 

progressively evolved into Y-shape burrows during spring and summer versus only 30 % 

during winter. Mud shrimp burrows were between 16 and 155 cm long with a maximal depth 
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between 7 and 30 cm within the sediment column. They had 2 to 3 openings and a rather 

constant diameter close to 1.5 cm with 2 to 8 turning chambers (Table 1.1) located 10 to 20 

cm apart. Burrow depth and the number of openings significantly differed between 

experiment durations but not between seasons (Table 1.2). Both parameters tended to 

increase with experiment durations (Table 1.1). Burrow length and the number of turning 

chambers significantly differed between seasons and experiment durations with a significant 

interaction between these two factors (Table 1.2) due to a more pronounced increase in the 

values of these two parameters with experiment durations during summer and a lower one 

during winter (Table 1.1). 

 

Table 1.1 : Mean values of main burrow characteristics (length, depth, number of openings 
and number of turning chambers) recorded immediately after luminophore input (D0) and the 

4 (D4) and 30 days (D30) later. 

Time / Season n 
Length 

(cm) 
Depth 
(cm) 

Number 
of 

openings 

Number 
of turning 
chambers 

D0      
Winter 10 34.5 ± 7.3 14.0 ± 3.3 2.0 ± 0.0 2.2 ± 0.5 
Spring 10 39.9 ± 13.4 16.5 ± 5.9 2.0 ± 0.0 2.9 ± 0.5 

Summer 10 42.3 ± 13.1 15.7 ± 4.9 2.0 ± 0.0 2.8 ± 0.8 
      

D4      
Winter 10 35.9 ± 9.4 14.3 ± 3.3 2.0 ± 0.0 2.2 ± 0.5 
Spring 10 44.5 ± 17.6 17.9 ± 7.3 2.0 ± 0.0 2.9 ± 0.5 

Summer 10 52.3 ± 9.9 19.3 ± 5.4 2.0 ± 0.0 2.8 ± 0.8 
      

D30      
Winter 10 47.1 ± 16.8 15.5 ± 3.8 2.6 ± 0.6 3.8 ± 1.5 
Spring 10 76.8 ± 26.0 22.4 ± 8.2 2.5 ± 0.5 4.4 ± 1.3 

Summer 10 96.7 ± 27.5 26.7 ± 8.9 2.3 ± 0.5 5.1 ± 1.2 
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Table 1.2 : Results from PERMANOVA and PERMDISP analyses for differences in burrow length, burrow depth, number of burrow openings, number 
of turning chambers, mean thickness of the reworked sediment layer surrounding the burrow (TRS), volume of reworked sediment surrounding the burrow 

(BRS) and volume of sediment expelled at the sediment-water interface (VES), among Seasons and Experiment durations. *: PERMDISP, p < 0.05 

Factors  
Burrow 
length 

Burrow 
depth 

Number 
of burrow 
openings 

Number 
of turning 
chambers 

TRS BRS VES Dbv Vbv 

Seasons df 2 2 2 2 2 2 2 2 2 
 MS 4478.8 234.63 0.0333 6.7111 0.184 131880 83391 1.618E7 6.832E5 
 Pseudo-F 7.047* 2.727* 0.443 4.387 43.979 42.573* 54.447* 78.580 12.052* 
 p(perm) 0.005 0.097 0.883 0.023 0.001 0.001 0.001 0.001 0.001 
           

Durations df 2 2 2 2 15 15 15 15 15 
 MS 10595 287.09 0.9 22.411 2.285 485960 410850 2.208E5 24467 
 Pseudo-F 82.991* 29.399* 11.951* 42.315* 1192.700* 255.160* 296.570* 2.182 1.942* 
 p(perm) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.013 0.034 
           

Replicate(Seasons) df 27 27 27 27 27 27 27 27 27 
 MS 635.52 86.038 0.0753 1.530 0.004 3097.7 1531.6 2.0479E5 56379 
 Pseudo-F 4.978* 8.811* 1.000* 2.888* 2.184 1.627 1.106 2.024 4.475 
 p(perm) 0.001 0.001 0.483 0.003 0.003 0.058 0.378 0.004 0.001 
           

Season x Durations df 4 4 4 4 30 30 30 30 30 
 MS 1408.2 61.061 0.033 1.478 0.0462 49489 49748 1.115E5 14616 
 Pseudo-F 11.030* 6.253* 0.443* 2.790 24.131* 25.985* 35.911* 1.102 1.160 
 p(perm) 0.001 0.002 0.8 0.049 0.001 0.001 0.001 0.338 0.274 
           

Residuals df 54 54 54 54 300 300 300 300 300 
 MS 127.7 9.7651 0.0753 0.5296 0.0019 1904.5 1385.3 1.012E5 12599 
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�� Behaviours 

Four main behaviours were identified, namely ÒWalkingÓ, ÒVentilatingÓ, ÒBurrowingÓ 

and ÒRestingÓ (Table 1.3). During ÒWalkingÓ, mud shrimp alternatively walked and turned in 

their burrow without transporting sediment. During ÒVentilatingÓ, mud shrimp generated a 

unidirectional water flow by beating their four pairs of pleopods. ÒVentilatingÓ behaviour was 

further divided into two subclasses, namely: (1) ÒFlushingÓ during which mud shrimpquickly 

(i.e., < 1 min on average) renewed their burrow water, usually immediately following a period 

of intense burrowing; and (2) ÒPumpingÓ which consisted in a regular beating movement of 

pleopods inducing a constant water flow through the burrow, without sediment transport 

towards the sediment-water interface. These two behaviours could easily be discriminated 

based on: (1) the pleopod beat frequency, and (2) the ejection of unconsolidated sediment in 

the overlying water. ÒBurrowingÓ consisted in digging and carrying sediment. During 

ÒRestingÓ, no visible displacement was observed, although mud shrimp periodically bended 

their abdomen under their cephalothorax. 
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Table 1.3 : Description, average bout-duration (± SD) and interval-duration (± SD) of each behaviour during winter (n = 4), spring (n = 5) and summer (n 
= 5) experiments. * indicates significant between seasons differences (one-way PERMANOVA, p < 0.05) 

Behaviour Description 
Bout-duration 

(min) 
 Interval-duration 

(min) 
 Winter Spring Summer   Winter Spring Summer 

Walkinga Walking or turning through the 
burrow without sediment transport  

* 1.8 ± 0.2 2.0 ± 0.5 1.0 ± 0.4   42.5 ± 18.7 80.4 ± 26.6 80.4 ± 37.3 

Ventilatingb Movements of the four pairs of 
pleopods 

 5.7 ± 2.2 7.9 ± 4.5 6.9 ± 1.5  * 42.4 ± 24.3 17.7 ± 5.2 9.5 ± 2.3 

- Flushing Strong ventilation causing the 
ejection of sediment out of the 

burrow 
* 0.7 ± 0.1 0.8 ± 0.1 0.9 ± 0.1   512.6 ± 448.0 159.4 ± 143.1 69.8 ± 32.0 

-Pumping Movement of the pleopods without 
sediment transport 

 6.2 ± 2.2 9.9 ± 6.0 8.3 ± 1.5  * 46.9 ± 24.8 23.1 ± 7.6 12.1 ± 3.2 

Burrowing c Sediment transport * 12.7 ± 3.0 9.2 ± 3.1 7.1 ± 1.3  * 46.1 ± 28.5 21.9 ± 9.7 12.7 ± 2.9 

Restingd Stay stationary * 16.9 ± 5.2 17.1 ± 5.5 7.7 ± 1.7   18.6 ± 3.7 28.8 ± 13.4 31.8 ± 5.8 
Corresponding behaviour patterns in Anderson et al. (1991) aLocomotory, bIrrigation, cBurrowing, dStationary 
Corresponding behavioural classes in Stamhuis et al. (1996) aWander, bVentilate, cBurrow, dRest 
Corresponding behaviour patterns in Gagnon et al. (2013) aOther activities, bIrrigation of burrow, cSediment to surface, Transport and digging + 
manipulation, dIn sight inactive 
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For each behaviour, the proportions of allocated time significantly differed between 

seasons (Figure 1.2, One-Way PERMANOVA, p < 0.001 in all cases). Mud shrimp 

significantly spent more time both ÒVentilatingÓ and ÒBurrowingÓ as seawater temperature 

raised whereas the time allocated to ÒRestingÓ was reduced. Moreover, the way mud shrimp 

seasonally changed their time allocation differed between behaviours. Changes in the 

proportion of time allocated to ÒVentilatingÓ mainly resulted from changes in the mean 

interval duration between successive ventilation bouts, whereas the mean duration of each 

ventilation bout did not significantly differ between seasons (Table 1.3). Conversely, changes 

in the proportions of time allocated to ÒBurrowingÓ resulted from significant changes in both 

bout and between bout-interval durations (Table 1.3). Changes in the proportion of time 

allocated to ÒRestingÓ resulted from significant differences between bout-durations whereas 

between bout-interval durations did not significantly differed between seasons mostly due to a 

high variability during spring (Table 1.3). 

 
Figure 1.2  Average (± SE) proportions of time allocated to each behaviour during winter 

(black bars, n = 4), spring (white bars, n = 5) and summer (light grey bars, n = 5) experiments. 
Different letters indicate significant (PERMANOVA and pair-wise test, p!< 0.05) between 

seasons differences. 
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�� Sediment reworking 

The thickness of the reworked sediment layer surrounding the burrow (TRS), the 

cumulative volume of reworked sediment surrounding the burrow (BRS) and the cumulative 

volume of sediment expelled at the water-sediment interface (VES) all significantly differed 

between experiment durations and seasons with significant interactions between these two 

factors (Table 1.2). TRS sharply increased until D4 and then remained relatively constant until

the end of the experiment (Figure 1.3A). This initial increase was more pronounced during 

summer than during spring and winter. BRS also sharply increased during the first 4 days of 

the experiments but did not stabilize after then due to continuous increases in burrow lengths 

(Figure 1.3B). Here again the initial increase was more pronounced during summer than 

during spring and winter. Conversely, VES tended to increase constantly with experiment 

durations but at a higher rate during summer versus an intermediate and a lower one during 

spring and winter, respectively (Figure 1.3C). At D4, BRS and VES correlated positively 

(simple linear regression, F = 48.868, p < 0.001; Figure 1.3D). BRS then represented 79.5, 

72.1 and 72.3 % of total cumulative reworked sediment (i.e., BRS + VES) during winter, spring 

and summer, respectively. Overall, changes in the total volume of reworked sediment were 

best described by the amount of time allocated to ÒBurrowingÓ (multiple linear regression, F 

= 67.347, p < 0.001; Figure 1.4). Associated model was: 

�� �$ ���������������
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where y represents the total volume of reworked sediment and x the amount of time (min) 

allocated to ÒBurrowingÓ. 
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Figure 1.3 : Relationships between experiment duration and: (A) the thickness of reworked 

sediment (TRS), (B) the cumulative volume of reworked sediment (BRS), and (C) the 
cumulative volume of expelled sediment (VES). Relationship between the cumulative volume 

of reworked sediment (BRS) and the cumulative volume of sediment expelled at the water-
sediment interface (VES) at D4 (D). 

 
Figure 1.4 : Relationship between estimated and measured total volume of reworked 

sediment. Measured total volume of reworked sediment corresponds to the sum of the volume 
of expelled sediment (VES) and the volume of reworked sediment surrounding the burrow 

(BRS) which are computed using Eq. (2) and Eq. (3), respectively. Estimated total volume of 
reworked sediment corresponds to the estimation of volume of reworked sediment using the 

model output from multiple linear regressions. See text for details about the model. 
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Vertical biodiffusion (Dbv) and bioadvection (Vbv) coefficients significantly differed 

between experiment durations and seasons (Table 1.2) without significant interactions 

between these two factors. Changes in Dbv with experiment durations showed similar patterns 

during all 3 seasons (Figure 1.5A). Dbv increased during the first days of the experiment to 

reach maximal values (90.2 ± 44.0, 347.7 ± 114.1 and 1181.7 ± 189.8 cm2 y-1, during winter, 

spring and summer, respectively) around D4. Dbv then consistently decreased until the end of 

the experiment. The lack of interaction between seasons and experimental durations in 

affecting Vbv likely resulted from the very high variability in Vbv during the very first days of 

the experiments. Indeed, the relationships between Vbv and experiment durations seemed to 

show different patterns between seasons (Figure 1.5B). During summer, Vbv increased during 

the first days of the experiment to reach a maximal value of 234.7 ± 111.8 cm y-1 at D3. Vbv 

then decreased to 144.5 ± 10.3 cm y-1 at D17 before remaining almost constant until the end 

of the experiment. In spring, Vbv reached its maximal value (101.2 ± 10.1 cm y-1) only at D17 

and then slightly decreased until the end of the experiment. In winter, Vbv remained nil until 

D10. It then steadily increased to reach its maximal value (46.6 ± 18.5 cm y-1) at D30. 

Overall, mean Dbv and Vbv were always higher in summer than in spring and in spring than in 

winter. 
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Figure 1.5 : Relationships between experiment duration and: (A) average (± SE) vertical 

biodiffusion (Dbv), and (B) vertical bioadvection (Vbv) coefficients during winter, spring, and 
summer experiments (n =10 in all cases). 

 

Biodiffusion coefficients associated with the component of sediment reworking 

occurring around burrow wall (Dbw) significantly differed between seasons (One-Way 

PERMANOVA, F = 38.745, p = 0.004). Average Dbw were higher during summer, 

intermediate during spring and lower during winter (7.9 ± 1.4, 3.6 ± 0.9 and 1.1 ± 0.0 cm2 y-1, 

respectively). 

�� Oxygen dynamics 

In summer, all temporal changes in O2 saturation in the overlying water column 

showed a typical pattern in stair-shape (Figure 1.6A). Stair-shape curves consisted in a 

succession of periods of relatively low oxygen decline (-0.08 ± 0.04 % min-1) interspersed by 

periods of relatively rapid oxygen decline (-0.33 ± 0.09 % min-1). Periods of relatively low 
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decline lasted on average 11.8 ± 5.2 min during which mud shrimp were ÒBurrowingÓ, 

ÒWalkingÓ or ÒRestingÓ while periods of rapid decline lasted on average 2.9 ± 1.3 min during 

which mud shrimp were always ÒVentilatingÓ. The duration of ventilation by the mud shrimp 

(as assessed by video observations) sometimes lasted longer than the period of oxygen decline 

per se as observed on the third and the sixth steps in Figure 1.6A. Overall, there was a 

significant correlation (simple linear regression, F = 69.261, p < 0.001) between the duration 

of the time preceding a sharp decrease in O2 saturation and the magnitude of this decrease 

(Figure 1.6B). 
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Figure 1.6 : O2 dynamics in the overlying water. (A) Representative example of the effect of 

Upogebia pusilla activity on temporal changes (min) of O2 saturation (%) in the overlying 
water. Red colour depicted temporal changes during ÒBurrowingÓ, blue colour depicted 
temporal changes during ÒVentilationÓ, green colour depicted temporal changes during 

ÒWalkingÓ, and black colour depicted temporal changes during ÒRestingÓ. (B) Relationship 
between the time-duration before a ventilation event and the magnitude of O2 decrease during 

this event. See text for details about the relationship 

 

O2 saturation in the burrow lumen varied between 95 and 10 % (Figure 1.7A, B and 

C). The direction and intensity of these changes were tightly related to mud shrimp 

behaviours (Figure 1.7A, B and C). Slow O2 saturation decreases (-0.9 ± 0.3 % min-1) were 

detected when mud shrimp were ÒRestingÓ or ÒWalkingÓ (Figure 1.7A, C). Rapid O2 

saturation decreases (-6.7 ± 3.4 % min-1) were detected when mud shrimp were ÒBurrowingÓ 

(Figure 1.7B, C). Conversely, sharp increases in O2 saturation (27.4 ± 4.3 % min-1) were 

always associated with ÒVentilatingÓ (Figure 1.7A, B and C). The mean ventilation duration 

necessary for O2 saturation to reach its maximum value during a single ventilation event was 

2.9 ± 0.7 min. There was a significant positive correlation (simple linear regression, F = 
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165.364, p < 0.001) between the distances of the mud-shrimp from the sensor and the values 

of O2 saturation at the onset of ventilation (Figure 1.7D). When mud shrimp were close to the 

sensor, the onset of ÒVentilatingÓ corresponded to an O2 saturation between 12 and 25 %. 

Figure 1.7 : O2 dynamics in the burrow water. (A, B and C) Example of behaviour-specific 
O2 saturation pattern in the burrow lumen when the mud shrimp was (A and B) far and (C) 

close from the micro-optode. Red colour depicted temporal changes during ÒBurrowingÓ, blue 
colour depicted temporal changes during ÒVentilatingÓ, green colour depicted temporal 

changes during ÒWalkingÓ and black colour depicted temporal changes during ÒRestingÓ. (D) 
Relationship between O2 saturation at the onset of a ventilation event and the mud shrimp 

distance from the sensor. See text for details about the relationship 

4�� Discussion 

Behaviour

To our knowledge, the only literature data regarding mud shrimp behaviours have 

been collected on deposit-feeding species (Anderson et al., 1991; Gagnon et al., 2013; 

Stamhuis et al., 1996). Despite the fact that Upogebia pusilla is a suspension-feeder 

(Dworschak, 1987a), the four behaviours identified during the present study are equivalent to 
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those described during these three studies for Calocaris macandreae, Callianassa subterranea 

and Calocaris templemani, respectively (Table 1.3).  

The averages proportion of time allocated to active behaviours (i.e., ÒBurrowingÓ, 

ÒVentilatingÓ and ÒWalkingÓ) by U. pusilla were 43, 60 and 82% during winter, spring and 

summer, respectively. This can be compared with the values of 66% reported during 

springtime for another coastal mud shrimp C. subterranea (Stamhuis et al. 1996), which 

suggests that this proportion is not related to feeding modes. The main difference in the time 

allocation between the two species was associated to ÒVentilatingÓ and ÒWalkingÓ. During 

spring, U. pusilla spent 26.6% of its time ventilating versus only 9.9% for C. subterranea 

(Stamhuis et al. 1996). Conversely, during the same season, U. pusilla spent only 2.6% of its 

time ÒWalkingÓ versus 14.8% for C. subterranea (Stamhuis et al. 1996). Such differences 

may relate to the trophic mode since: (1) ÒVentilatingÓ may occur more frequently in 

suspension feeders because it is related both to respiration and nutrition, and (2) conversely to 

suspension-feeders, deposit-feeders rely on ÒWalkingÓ to forage for food within their burrow.  

The proportions of time allocated to ÒBurrowingÓ during spring by U. pusilla (31.0%, 

present study) and C. subterranea (33.3%, Stamhuis et al. 1996) were almost equivalent. This 

may seem odd since deposit-feeders are relying on ÒBurrowingÓ both for feeding and burrow 

maintenance, which led to the paradigm according to which the amounts of sediment expelled 

at the sediment-water interface should be lower in suspension- than in deposit-feeding mud 

shrimp (Pillay and Branch, 2011; Posey et al., 1991). However, our own results: (1) showed 

that ÒBurrowingÓ is mostly responsible for sediment reworking by U. pusilla, and (2) do not 

support the occurrence of significant differences in the volume of sediment reworked by 

suspension- and deposit-feeding mud shrimp (see below the Òsediment reworkingÓ section of 

the discussion). Overall, this is in good agreement with the equality in the proportion of time 

allocated to ÒburrowingÓ by U. pusilla and C. subterranea. 

To our knowledge, this study is the first one assessing seasonal changes in between-

behaviours time allocation in a mud shrimp. Between winter and summer, the proportion of 

time allocated by U. pusilla to an active behaviour increased by a factor 2.5. More 

specifically, the proportions of time allocated to ÒBurrowingÓ and ÒVentilatingÓ increased by 

a factor 1.4 and 3, respectively. Because of the 10¡C difference between summer and winter 

temperature, these values also constitute Q10 and can thus be compared with the value of 2.8 

reported for oxygen consumption rates in the mud shrimp Callianassa kraussi (within a 14-
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21¡C temperature range, Hanekom and Baird 1987). They can also be compared with the Q10 

values of 3.8 and 2.8 recorded between the same two seasons for the components of Total 

Oxygen Uptake and pore water exchange rates due to the presence of U. pusilla (data from 

Pascal et al. 2016b). Interestingly, the increases in the proportions of time devoted to 

ÒBurrowingÓ and ÒVentilatingÓ during summer resulted from a decrease in ÒBurrowingÓ bout-

durations and increases in both ÒBurrowingÓ and ÒVentilatingÓ bout frequencies. Since our 

results suggest that the level of O2 saturation triggering ventilation is constant (see also the 

ÒOxygen dynamicsÓ section below), this is here again consistent with a direct effect of 

temperature on mud shrimp behaviour. During summertime, oxygen consumptions by the 

mud shrimp and associated microbial communities indeed increase, which tends to: (1) reduce 

the time of ÒBurrowingÓ required to reach this threshold and thereby the duration of 

ÒBurrowingÓ bouts, and (2) increase the frequency of both ÒVentilatingÓ and ÒBurrowingÓ 

bouts. Temperature thus clearly appears as the main factor driving between-season differences 

in between-behaviour time allocation. 

�� Sediment reworking 

Our results clearly show the occurrence of three distinct patterns in the sediment 

reworking induced by Upogebia pusilla, which transports sediment (Figure 1.1): (1) outside 

its burrow by expelling excavated sediment at the sediment-water interface (P2, Dworschak 

1983, LP personal observations) (P1), (2) below the sediment surface by introducing and then 

moving downward surficial particles within the burrow and (3) within its burrow by 

compacting excavated sediment against burrow walls (P3). P1 and P2 are mostly vertical, 

whereas P3 occurs perpendicularly to burrow walls (i.e., mostly horizontally due to the 

general morphology of the burrow, Figure 1.1). Previous studies assessing sediment 

reworking by mud shrimp have only considered P1 through the assessment of sediment 

turnover rates (Berkenbusch and Rowden, 1999; Pillay et al., 2012; Rowden et al., 1998; 

Suchanek, 1983). During the present study, we also modelled the resultant of P1 and P2 using 

a 1D biodiffusion-bioadvection model (Maire et al., 2016). We also assessed P3 by 

experimentally measuring TRS and BRS, and using a simple biodiffusive model to determine 

Dbw. During all three seasons, there was a rapid limitation of TRS, which stabilized after ca. 4-

5 days. This probably resulted from the quick burying of luminophores below the new 

sediment water interface (i.e., through P1), which rapidly precludes them to be introduced in 
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mud shrimp burrows (LP personal observation). This restricted the validity of our estimations 

of BRS to the periods of initial increases in TRS (i.e., until D4). 

During this period of time, VES (P1) accounted on average for only about 25 % of the 

total (i.e., P1+P3) volume of reworked sediment. Using a different approach, Dworschak 

(1983) estimated this proportion to be 50 % in U. pusilla. This highlights the necessity of 

considering the components of sediment reworking by U. pusilla taking place below the 

sediment-water interface when assessing the role of this mud shrimp in sedimentary 

processes. This statement is likely to hold for other mud shrimp and especially other 

suspension-feeding upogebiids, which build (semi)permanent burrows that only require to be 

consolidated (Dworschak 1983, Nickell & Atkinson 1995). Average VES recorded during the 

present study at D30 were between 76 (winter) and 324 cm3 (summer). They were converted 

in sediment turnover rates (sensu Rowden & Jones 1993 and Moyo et al. 2017) between 3.3 

and 14.0 g dry weight d-1 assuming a sediment density of 1.3 gDW.cm3. These results were 

then up scaled to a one-year time period, using an average density of 2.7 ind. m-2 (as 

measured at the scale of a vegetated intertidal mudflat in Arcachon Bay; L.P. unpublished) 

and the recorded seasonal changes in seawater temperature (http://somlit.epoc.u-

bordeaux1.fr), leading to a value of 9.6 kgDW m-2 y-1. Similar estimates have already been 

obtained for Callianassa subteranea (11 kg m-2 y-1 according to Rowden et al. 1998 and 15 kg 

m-2 y-1 according to Stamhuis et al. 1997). It is worth noticing that all three estimates were 

based on laboratory experiments during which mud shrimp were restricted within 

experimental enclosures. This probably less affected U. pusilla since its burrow is 

(semi)permanent (Dworschak 1983) in comparison to C. subteranea, which continuously add 

new branches to its burrow (Nickell and Atkinson 1995, Atkinson and Taylor 2005). The 

most comparable value (i.e., 96 kg m-2 y-1) has thus probably been measured in-situ for the 

deposit-feeding mud shrimp Callianassa filholi with an average density of 16.4 ind.m-2 

(Berkenbusch and Rowden 1999). After standardising for density, this resulted in values of 

3.6 and 5.8 kg ind.-1 y-1 for U. pusilla and C. filholi, respectively. Due to: (1) the level of 

uncertainty associated with these computations, (2) possible (even if minor) underestimation 

for U. pusilla, and (3) possible heterogeneities between ex- and in-situ experiments, our 

conclusion is that these figures are not far enough to support the occurrence of significant 

differences in P1 between the two species and furthermore between suspension- and deposit-

feeding mud shrimp. 



ActivitŽ dÕUpogebia pusilla 

67 

The results from the multiple linear regression model linking the total volumes of 

reworked sediments (i.e., P1 + P3) and the proportions of time allocated to the 4 different 

behaviours revealed the existence of a strong positive correlation between the proportion of 

time allocated to ÒBurrowingÓ and the total volumes of reworked sediment (Figure 1.4). This 

suggests that, in U. pusilla, ÒBurrowingÓ is the behaviour that is mostly inducing sediment 

reworking. 

Besides those direct assessments, we also used: (1) a 1D vertical biodiffusion-

bioadvection model, as already achieved by Maire et al (2016), to derive the coefficients (Dbv 

and Vbv) associated with the vertical component of sediment reworking, and (2) a biodiffusive 

model to derive the coefficient (Dbw) associated with P3. Overall, there was a good agreement 

between changes in Dbv and BRS. In both cases, values were indeed higher during summer, 

intermediate during spring and lower during winter experiments. Moreover, and especially 

during summer, Dbv and BRS showed related patterns with respect to experiment durations 

with: (1) sharp initial increases in both cases, and (2) a decrease in Dbv and a slower increase 

in BRS after D4. The initial increase in Dbv resulted from both: (1) the gradual transport of 

luminophores at depth, and (2) a sharp increase in TRS. After D4, (1) the luminophore surface 

layer tended to become buried under the sediment expelled from the burrow (P1), (2) 

luminophore maximal penetration depth (i.e., the bottom of the burrow) was reached (P2), and 

(3) TRS became constant resulting in a diminution of the increase in BRS with experiment 

duration (P3). All 3 processes accounted for a decrease in Dbv with experiment duration. The 

high variability in Vbv detected until D10 during the summer and, to a lower extent, the spring 

experiments (Figure 1.5B) resulted from the time duration necessary to integrate inter-

individual differences in the timing of sediment expulsion at the sediment-water interface. 

After D10, there was also a good agreement between changes in Vbv and VES, which were 

higher during summer, intermediate during spring and lower during winter. Moreover, these 

two parameters showed related temporal patterns after D10. In summer, VES increase was 

reduced after D10 accounting for a decrease in Vbv with experiment duration. Conversely, 

during spring, VES increased stronger after than before D10 resulting in an increase in Vbv 

followed by a stabilisation. During winter, Vbv and VES also followed the same temporal 

pattern with respect to experimental duration.  

Comparing Dbv and Vbv with literature data proved difficult because of: (1) the large 

variety of models used to assess vertical sediment reworking (e.g., Gerino et al. 1998; Maire 

et al. 2006; Bernard et al. 2012; Lindqvist et al. 2013), and (2) differences in the dimensions 
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of experimental enclosures. It has for example been shown that the inclusion of a bioadvective 

term in a bioturbation model results in a lower Dbv as compared to those derived from a 

simple biodiffusive model (Gerino et al., 1994). The geometry of experimental enclosures 

may also interfere since the small thickness of our aquaria may have biased our estimates of 

vertical sediment reworking (e.g., through overestimations of burrow depth and of the 

thickness of the layer of expelled sediment) as compared to large cylindrical cores. 

Nevertheless, the large discrepancy between our Dbv and Vbv and literature data suggests that 

U. pusilla is a highly efficient sediment reworking species. Our Dbv were indeed up to 1000-

fold higher than those previously reported for the Amphipod Corophium volutator (De Backer 

et al., 2011; Mermillod-Blondin et al., 2005) and the Polychaete Hediste diversicolor 

(Lindqvist et al. 2013) using cylindrical cores and up to 20-fold higher than those measured 

for the three Bivalves Abra segmentum (ovata), A. nitida and A. alba using thin aquaria 

(Maire et al. 2006, Bernard et al. 2016). These comparisons are consistent with the results of 

Maire et al. (2016) who recently found a 10-fold higher Dbv coefficent in U. pusilla as 

compared to H. diversicolor using cylindical cores. Similarly, our Vbv coefficients are up to 

45-fold higher than those previously reported for the Oligochaete Lumbriculus variegatus 

(Blankson et al., 2017).  

Although sediment reworking has been mostly investigated through its vertical 

component (e.g. Gerino et al. 1994; Gerino et al. 1998; Fran•ois et al. 2002; Maire et al. 

2008), its horizontal component can be as relevant (Bernard et al. 2012) or even an order of 

magnitude higher (Wheatcroft, 1991) depending on species. In U. pusilla, this component is 

mostly associated to P3 because of the general shape of the burrow. During the present study, 

Dbw were assessed at D4, when TRS reached their maximum values. Based on the comparison 

between Dbv and Dbw, the horizontal component of sediment reworking by U. pusilla appears 

ca. 100-folds lower than the vertical one. This result may seem surprising first but it is 

consistent with the difference between the thickness of the sediment layer reworked along the 

burrow wall and burrow depth.  

As for all other sediment reworking proxies, Dbw were higher during summer, 

intermediate during spring and lower during winter experiments, which is coherent with the 

positive relationship found between mud shrimp activity (and especially ÒBurrowingÓ) and 

the total volume of reworked sediment. These results are also fully consistent with previous 

findings for other thalassinids. Rowden et al. (1998) for example reported higher sediment 

expulsion rates in C. subterranea during summer than during winter (0.06 to 0.4 kgDW m-2 
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m-1 during winter vs. 1.3 to 2.8 kgDW m-2 m-1 during summer), whereas Berkenbusch & 

Rowden (1999) found a strong correlation between sediment turnover rate by C. filholi and 

seawater temperature. Overall, this suggests that temperature is one of the main 

environmental factors controlling mud shrimp activity and sediment reworking. 

�� Oxygen dynamics 

The short-term dynamics of O2 saturationin the overlying water clearly shows a 

cyclical pattern constituted by the alternation between periods of low decrease and events of 

sharp decreases in O2 saturation. This pattern is clearly controlled by the ÒVentilatingÓ 

behaviour of the mud shrimp since drops in O2 saturation occurred only during ventilation 

events (Figure 1.6). This confirms the intermittent ventilation behaviour of mud shrimp 

(Forster and Graf, 1995; Kristensen and Kostka, 2005; Stamhuis et al., 1996; Volkenborn et 

al., 2012). The analysis of the time series of O2 saturation allowed us to estimate the interval 

between (i.e., 11.8 minutes) and the duration (i.e., 2.9 minutes) of each drop. These values are 

similar to those already reported by Dworschak (1981) for Upogebia pusilla using a similar 

approach. Moreover, our estimation of the duration of O2 drop is also consistent with those 

already measured for several deposit-feeding mud shrimp (Forster and Graf 1995, Stamhuis et 

al. 1996, Volkenborn et al. 2012). Interestingly, the average duration of a ventilation event (as 

determined from video observation during summer experiment) was 6.9 minutes, while the 

average time duration between two consecutive ventilation events was only 9.5 minutes 

(Table 1.3). In spite of the tight association between ventilation events, it thus appears that U. 

pusilla tended to ventilate during a longer period than required to fully oxygenate their 

burrow as observed on the third and sixth O2 drops in Figure 1.6A. A possible explanation 

lies in the fact that this species is a suspension-feeder, which also uses ventilation for a 

feeding purpose. It would now be interesting to carry out a similar experiment on a deposit-

feeding mud shrimp to further test this hypothesis. 

O2 saturation within the burrow showed a clear cyclical pattern as already observed for 

other mud shrimp such as C. subterranea (Forster and Graf 1995) and N. californiensis 

(Volkenborn et al. 2012). We found a significant negative relationship between O2 saturation 

measured by the optode within the burrow at the onset of a ventilation event and the distance 

of the mud shrimp to this sensor (Figure 1.7D). If we assume that the mud shrimp initiate a 

ventilation event at a given O2 saturation, this suggests that the spatial distribution of O2 

content in the burrow is not uniform. More specifically, this result supports the fact that O2 
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saturation would be minimal close to the mud shrimp and would increase with increasing 

distance from the mud shrimp. There are some rationales to support this assumption: (1) the 

mud shrimp is respiring and thus consuming O2 (Koike and Mukai 1983, Forster and Graf 

1995) and (2) its activity contribute to release reduced compounds, which are readily oxidized 

in the oxygenated burrow water (Aller et al., 1983; Kristensen, 2000; Kristensen and Kostka, 

2005). According to these hypotheses, the O2 saturation threshold at which U. pusilla is 

starting ventilating would be between 12 and 25%. This range is coherent with the minimal 

O2 saturation levels (i.e., 12, 20 and 30 %) observed within the burrow water of C. japonica 

(Koike & Mukai 1983), N. californiensis (Volkenborn et al. 2012) and U. major (Koike & 

Mukai 1983), respectively. 

Temporal changes in O2 saturation within the burrow were clearly relying on the 

behaviour of the mud shrimp (Figure 1.7). When mud shrimp were ÒRestingÓ or ÒWalkingÓ, 

O2 decreases were similar and remained very low. They were probably mainly resulting from: 

(1) mud shrimp respiration, (2) microbial community respiration and (3) diffusive transport of 

O2 from the burrow lumen to the sediment. Since thalassinid mud shrimp show very low 

metabolic rates (Atkinson and Taylor 2005), microbial community respiration and diffusive 

transport of O2 through the burrow wall may account for the main part of oxygen 

consumption during these periods. Conversely, O2 saturation tended to drop quickly when 

mud shrimp were ÒBurrowingÓ due to the increase in mud shrimp metabolism and the release 

of reduced compounds previously trapped within the sediment column that are quickly re-

oxidized through a series of coupled oxidation-reduction reactions (Aller et al. 1983, 

Kristensen 2000, Kristensen & Kostka 2005). 
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Abstract 

The aim of the present study was to investigate the influence of the mud shrimp 

Upogebia pusilla on porewater and solute exchanges in an intertidal Zostera noltei meadow of 

Arcachon Bay. Laboratory experiments carried out during three seasons showed that U. 

pusilla strongly enhanced sediment porewater exchange rates (averaging 26, 45 and 71 L m-2 

d-1 in winter, spring and summer, respectively) in comparison to uninhabited sediments for 

which these rates were moderate (averaging 9, 9 and 16 L m-2 d-1 in winter, spring and 

summer, respectively). Total Oxygen Uptakes (TOU) were increased by factors around 2.5 

during the three studied seasons whilst oxygen consumption by the shrimp accounted for 64, 

28 and 21 % of TOU in winter, spring and summer, respectively. U. pusilla also significantly 

enhanced the uptake of nitrate (up to 13.8-fold in summer) and the release of ammonium (up 

to 3.0-fold in summer) and silicate (up to 3.8-fold in spring) by the sediment. Overall, our 

results highlight the key role of U. pusilla in controlling oxygen and nutrient fluxes in 

Arcachon Bay. Because U. pusilla populations are predominantly found in the sediments of Z. 

noltei meadows, the full assessment of the functional effects resulting from the decline of this 

meadow should include the effects associated to the disappearance of U. pusilla as well. 
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1! Introduction  

With an average net primary production reaching 817 gC m! 2 yr! 1, seagrass meadows 

are among the most productive marine ecosystems (Mateo et al., 2006). Their dense canopies 

strongly attenuate tidal, wind and wave-driven current velocities, thereby simultaneously 

enhancing the deposition of fine organic-rich particles and preventing sediment resuspension 

(Hemminga and Duarte, 2000). The sequestration of considerable amount of organic matter 

(i.e., 15 % of carbon storage of the world ocean) allows them to directly or indirectly sustain 

complex trophic networks (Bostršm and Bonsdorff, 1997). Seagrasses host diverse 

macrobenthic communities (Blanchet et al., 2004; Bostršm et al., 2006), which play a key role 

in the functioning of coastal benthic ecosystems (Duffy, 2006).  

The light requirements of seagrasses limit their development to coastal shallow water 

areas such as lagoons, where they are exposed to a large variety of natural and anthropogenic 

disturbances which has induced a fast and intense global loss over the last decades (Waycott 

et al., 2009). About 25 % of marine phanerogam species together with the ecological services 

they provide are currently considered as extremely threatened (Short et al., 2011). Recent 

studies have shown that the alteration of seagrass habitats consistently induces a significant 

loss of benthic biodiversity (Calizza et al., 2013; Pillay et al., 2010) and deeply affects 

biogeochemical exchanges at the sediment-water interface (Delgard et al., 2013; Duarte et al., 

2005). However, most investigations focusing on benthic communities associated with 

seagrasses and their impact on biogeochemical processes have been carried out using either 

sediment cores or benthic chambers. They have therefore most often been dealing with the 

upper twenty centimeters of the sediment column only (i.e., the typical penetration depth of 

sediment cores), where the majority of infaunal organisms are indeed present (Barnes and 

Barnes, 2012; Bernard et al., 2014; Blanchet et al., 2004). Conversely, the impact of deep and 

mobile burrowing species, which live in burrows deeper than 20 cm, has been largely 

neglected. This has not often been considered a major problem since seagrasses and large 

bioturbating organisms usually tend to exclude each other (Brenchley, 1982; Philippart, 1994; 

Valdemarsen et al., 2011; van Wesenbeeck et al., 2007). However, the nature of specific 

interactions between seagrasses and burrowing mud shrimp is not always negative and seems 

tightly dependent on their feeding behavior. Callianassids, which are primarily deposit-

feeders, predominantly inhabit unvegetated areas where they can easily and continually 

burrow within the sediment column (Siebert and Branch, 2006). Conversely, a few 
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suspension-feeding species belonging to the Upogebiidae group seem to preferentially 

colonize seagrass meadows as below-ground plant systems provide the sediment stability 

required for the construction of their permanent or semi-permanent burrows (Siebert and 

Branch, 2006). This is typically the case in Arcachon Bay where the suspension-feeding mud 

shrimp Upogebia pusilla preferentially inhabits intertidal seagrass meadows (Pascal et al. in 

prep., see ÒAnnexe IÓ). Due to their positioning deep in the sediment and their mobility, these 

mud shrimp easily escape traditional sampling gears (e.g., grabs and hand sediment corers), 

which are designed to only collect the upper 10-20 cm of the sediment column (Blanchet et al. 

2004). Moreover, given the presence of multiple (i.e., typically between 2 and 4) openings per 

burrow and the relatively long distance between them (Dworschak 1983), the deployments of 

in situ incubation chambers may most often fail to capture their impact on solute exchanges as 

well, unless a specific design is set up to account for the presence of mud shrimp (Webb and 

Eyre 2004). 

Mud shrimp are among the most efficient bioturbators inhabiting marine soft 

sediments (see review by Pillay and Branch (2011)). They dig large galleries deep in the 

sediment, rework large amount of deposited material, and largely increase the exchange 

surface between the sediment column and the overlying water (Coelho et al. 2000). Moreover, 

they strongly enhance sediment-water exchange rates through the frequent ventilation of their 

burrow (Webb and Eyre 2004). As stated above, and in spite of their potential impact, the 

influence of mud shrimp on the biogeochemical dynamics of vegetated sediments is currently 

largely ignored. Moreover, our understanding of the functional consequences of seagrass 

regression, which is most often based on comparisons between vegetated and adjacent bare 

sediments (Bernard et al., 2014; Delgard et al., 2013; Pillay et al., 2010), is also likely biased 

(and probably underestimated) because of differences in densities of mud shrimp within these 

two sediment types.  

Although difficult to assess in-situ, the contribution of mud shrimp to ecosystem 

functioning can be tackled through ex-situ manipulative experiments. This approach is 

particularly suitable to study the effect of a single species (such as a mud shrimp) on 

ecosystem processes (such as porewater and solute exchanges at the sediment water 

interface). Thus, the present study aimed at quantifying the impact of the presence of the mud 

shrimp Upogebia pusilla on porewater exchange rates and benthic fluxes of O2, NH4
+, NO3

- 

and dSi within an intertidal flat colonized by the dwarf-grass Zostera noltei. This was 

achieved through seasonally replicated ex-situ experiments. 
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2�� Materials and methods 

�� Study site 

Sediment cores and mud shrimp were collected in Arcachon Bay, which is located 

along the French Atlantic coast (Figure 2.1). This shallow semi-enclosed macrotidal 

embayment (174 km��) is characterized by a semi-diurnal tide with an amplitude between 1.1 

and 4.9 m. Its intertidal area (115 km��) consists of soft sediments, ranging from sand to mud. 

It is partially covered by a Zostera noltei (dwarf grass)meadow. The decline of seagrasses has 

been especially severe in Arcachon Bay where the intertidal Z. noltei meadow, initially the 

largest in Europe, has lost a third of its total surface between 1989 and 2007 (Plus et al. 2010). 

During the same time period, the regression of the eelgrass (Zostera marina) meadow has 

been even worse, with a loss of three quarters of its initial surface (Plus et al. 2010). In 

Arcachon Bay, dwarf grass meadows are preferentially inhabited by the deep burrow-

dwelling Gebiidean Crustacean Upogebia pusilla (Pascal et al. in prep., see ÒAnnexe IÓ), 

which is likely to have declined as well because of such a tight association. The study site, a 

vegetated intertidal mudflat located in the middle part of the bay (44¡ 40.782Õ N, 1¡ 08.321Õ 

W), has suffered from seagrass regression since 2005. Sediment leaf coverage currently 

averages 71 % during summertime (Pascal, L. unpublished data). This Zostera meadow is still 

supporting an important population of U. pusilla (23 ind. m-2 ; Pascal et al. in prep) whereas 

this mud shrimp is absent from bare sediments (Pascal et al. in prep.). 

 
Figure 2.1 : Sampling site. Location of Arcachon Bay on the French Atlantic coast (A) and of 
the study site (44¡ 40.782Õ N, 1¡ 08.321Õ W) in the central part of Arcachon Bay (B). Zostera 

noltei meadows are presented in gray (from Plus et al. 2010). 
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�� Sampling and experimental design 

Experiments were carried out during three seasons (spring: April 2012, winter: 

February 2013 and summer: September 2013) encompassing the yearly amplitude of seawater 

temperature at the study site. Two days prior each experiment, one small (3 cm inner 

diameter, 10 cm long) and nine large (9.4 cm inner diameter, 25 cm long) sediment cores 

were collected by hand, using transparent acrylic tubing (15 and 40 cm long, respectively), at 

low tide within an homogeneous patch of Z. noltei. These cores never contained any adult 

specimens of U. pusilla, which were collected at the same time using a bait piston pump and 

then isolated in individual containers to avoid aggression. Sediment cores and mud shrimp 

were immediately brought back to the laboratory. Mud shrimp were measured (total length 

from the tip of the rostrum to the tip of the telson) and weighed (Blotted Wet Weight, ± 0.1 

mg). Four healthy specimens of the same length (4.9 ± 0.2 cm) and weight (1.7 ± 0.1 gBWW) 

were selected and immediately introduced in four randomly selected field-collected large 

sediment cores (ÒWith-Upogebia treatmentÓ). Mud shrimp density in experimental cores (144 

ind. m-2) was higher than at the study site (see above) but (1) cores with a larger diameter 

were not suitable for the purpose of this study and (2) such a density is in the range of those 

available in the literature (e.g., Dworschak 1987b; DÕAndrea and DeWitt 2009). Four field-

collected large sediment cores were kept without mud shrimp (ÒWithout-Upogebia 

treatmentÓ). All sediment cores were placed in a dark thermo-regulated room at in situ 

temperature for seven days, allowing for mud shrimp acclimation. During that time, a 

continuous flow (~0.25 L min-1) of filtered water (0.2 ��m) was set up for each sediment core 

to ensure a good oxygenation of the overlying water (~0.7 L per core). Seawater temperatures 

and salinities were kept constant at 10 ¡C and 32, 13 ¡C and 30 and 19 ¡C and 32 during the 

whole duration of winter, spring and summer experiments, respectively, which corresponded 

to average field values. 

Sediment characteristics

Except for permeability, sediment characteristics were assessed on sediment cores 

collected as described above in April 2012 (spring), February 2013 (winter) and September 

2013 (summer). Sediment permeability was assessed on sediment samples collected in 

February (winter), April (spring) and September (summer) 2014. 
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The sediment grain size of the 20 first centimeters of the sediment column of a large 

sediment core was assessed by sieving pre-weighted dried sediment over a column with 

decreasing mesh size (1000, 500, 250, 125 and 63 ��m). Median grain diameters (D50) were 

computed using GRADISTAT v4.0 (Blott and Pye, 2001). 

Sediment porosity (��) was assessed by slicing a large sediment core every 5 mm from 

the top to 2 cm depth, every 10 mm between 2 and 10 cm depth and every 50 mm between 10 

and 20 cm depth. Each sediment slice was weighed and immediately frozen. The loss of water 

was measured after freeze-drying and corrected for sea salt content. 

Sediment permeability was measured in small sediment cores by the Òconstant head 

methodÓ, which consists in measuring the flow of water through the sediment matrix at a 

given hydraulic pressure (Klute and Dirksen, 1986). The hydraulic conductivity (K in m s-1) 

was calculated using equation (1): 

K = (V �� L) / (h �� A �� t)  (1) 

Where V is the volume of water collected (m3) over a given time period T (s), L is the 

sediment core length (m), h is the height of the water column (pressure head, m), A is the 

surface area of the sediment-water interface (m2) and t is the duration of water collecting. 

Sediment permeability (k in m2) was then calculated using equation (2): 

k = (K �� m) / (d �� g)  (2) 

Where K is the hydraulic conductivity (m s-1), m is the porewater viscosity (g m-1 s-1), d is the 

water density (g m-3) and g is the gravity (= 9.81 m s-2). 

 Organic carbon content (OC) was measured on the homogenized, freeze-dried 

samples used for porosity calculation (see above), with an automatic CN analyzer 

(ThermoFinnigan Flash EA1112 Series) after acidification with 2M HCl (overnight at 50¡C) 

to remove carbonates.  

�� Benthic solute exchanges 

Benthic solute exchanges were measured in the dark within each of the four With-

Upogebia treatments and the four Without-Upogebia treatments cores (see section 2.2). When 

starting measurements, the water flow was turned off, and 35 mL of the overlying water were 
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sampled for initial measurements of dissolved oxygen (O2), ammonium (NH4
+), nitrate (NO3

-) 

and dissolved silicate (dSi) concentrations. Sediment cores were then hermetically sealed with 

a PVC lid. O2 concentration was continuously measured in each sediment core using a mini-

optode (OXROB10, Pyroscience) connected to a Firesting Oxygen Meter (Pyroscience) and 

piloted by a laptop. Linear calibration was achieved between the oxygen concentration of the 

overlying water measured by Winkler titration (Grasshoff et al. 1999) and zero oxygen in a 

sodium ascorbate solution. Sensors were inserted into the lid and placed 5 cm above the 

sediment surface. The overlying water was continuously stirred with a Teflon-coated 

magnetic bar at ~100 rpm during the incubations. Incubation duration was adjusted so that O2 

concentration in the overlying water never fell below 70 % of its initial value. Incubations 

typically lasted between 4 and 6 hours in Without-Upogebia treatments cores versus 1 and 3.5 

hours in With-Upogebia treatments cores. At the end of core incubations, samples of 

overlying water were collected for final nutrient measurements (see above). Sediment cores 

were then opened and left overnight with a continuous oxygenated water flow before starting 

sequential replications (n = 5).  

Water samples were analyzed for NO3
- (Wood et al., 1967), NH4

+ (Aminot et al., 

1997) and dSi (Truesdale and Smith, 1976) using a Quattro-SEAL auto analyzer. In all 

treatments, benthic O2 and nutrients fluxes were calculated from the difference between initial 

and final concentrations, assuming a constant solute exchange relative to time. Fluxes were 

computed using equation (3): 

F = [(Cf Ð Ci) " V] / (t " S)  (3) 

Where V is the volume (m3) of overlying water, S is the surface (m2) of the water-sediment 

interface, Ci and Cf are the initial and final concentrations of solutes in the overlying water 

(mmol L-1) and t is the incubation period (day). According to equation (3) a positive flux (F, 

mmol m-2 d-1) is directed from the sediment to the overlying water. 

To assess the contribution of the own respiration (i.e., oxygen uptake) and excretion 

(i.e., NH4
+ release) of the mud shrimp to Total Oxygen Uptake (TOU) by the sediment and 

NH4
+ fluxes, mud shrimp were removed from their burrow at the end of each experiment and 

individually placed in transparent acrylic tubes completely filled with 0.7 L of filtered (0.2 

"m) and autoclaved seawater in a temperature controlled room. Tubes containing the same 

volume of filtered and autoclaved seawater were used as controls. Two hours later, the tubes 
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were sealed and O2 concentration was then continuously recorded with mini-optodes as 

described above, whilst water was sampled at the start (i.e., as soon as tubes were sealed) and 

at the end of these incubations for further NH4
+ analyses. Tubes were then opened and left 

two hours with a continuous oxygenated water flow before starting sequential replications (n 

= 3). Ammonium excretion could not be measured during winter experiments because of a 

storage failure of water samples. Individual respiration and excretion rates were both 

expressed in: (1) mmol m-2 d-1 to assess the contribution of the shrimp to TOUs and NH4
+ 

fluxes at the sediment-water interface, and (2) in ��mol ind-1 d-1 to be easily compared with 

literature values. Since there were no significant temporal changes in O2 and NH4
+ 

concentrations within controls, mud shrimp respiration and excretion rates were not corrected. 

To our knowledge, this procedure is the only one currently used for mud shrimp (Papaspyrou 

et al., 2004; Paterson and Thorne, 1995; Thompson and Pritchard, 1969). Although caution 

was taken to keep mud shrimp: (1) in total darkness, and (2) undisturbed during two hours 

before the beginning of the measurements, we cannot nevertheless exclude that it may have 

led to an overestimation of their oxygen uptake.  

�� Measurements of porewater exchange rates 

Porewater exchange rates were defined as the exchange of water between sediment 

porewater and overlying water. They were measured according to Na et al. (2008). 

Immediately after benthic solute exchanges measurements, a fluororimetric probe (Cyclops 

©-7, Turner Design, �� excitation = 490 nm; �� measured = 514 nm) was gently positioned in the 

overlying water of each sediment core at ~7 cm above the sediment surface. Uranine (sodium 

fluorescein, C20H10Na2O5) was used as transport tracer to quantify the volumetric exchange of 

water and dissolved solutes across the sediment-water interface (Na et al. 2008). At the start 

of each experiment, 1.6 mL of an uranine stock solution (3.7 mg L-1) was added in each core 

to reach an initial concentration of 10 ��g L-1. The decrease in uranine concentration was then 

continuously (1 Hz) measured during 36 hours. Constant aeration by air bubbling allowed 

keeping the dissolved tracer homogeneously distributed and the overlying water saturated 

with oxygen during the whole experiment. The porewater exchange rate (Q), standardized for 

mud shrimp density (see section 2.2), was estimated by fitting a simplified version of the 

mathematical model developed by Meysman et al. (2007) to the moving averages (over 1 

minute) of the tracer data: 
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Where Cow is the concentration of the dissolved tracer in overlying water (��g L-1), Vow and Vpw 

the volumes (mL) of overlying water and of porewater, Ms the sediment wet weight (gWW) 

and Kad the mean adsorption rate of uranine onto sediment particles. 

The volumes of overlying water and porewater were determined by measuring the 

heights of the overlying water and of the sediment column before the introduction of the mud 

shrimp. An uranine adsorption coefficient of Kad=0.25 mL per g of dry sediment was 

determined from a series of batch experiments assuming that adsorption rates were similar 

along the burrow walls and at the sediment-water interface. Porewater exchange rates (Q) 

were estimated using Matlab (ver. 9, Mathworks) by convergent iterations and weighted least-

squares regression of model predictions on temporal uranine concentration decline. The first 

thirty minutes of the experiments were not considered for the calculation of porewater 

exchange rates since we hypothesized that the strong initial decrease in uranine concentration 

resulted partly from: (1) the mixing between overlying and burrow waters, and (2) the rapid 

adsorption of uranine onto organic particles at the sediment surface and along the burrow 

wall.  

�� Data treatments 

The influence of Upogebia pusilla on porewater and solute exchanges was assessed by 

calculating the ratio between With-Upogebia treatment and Without-Upogebia treatment at 

each season. Differences in solute (O2 and nutrients) exchanges rates between treatments and 

seasons were assessed using a two-way ANOVA on the means (n = 4 per treatment) of the 5 

sequential replicate of each experimental cores. Whenever appropriate, a posteriori multiple 

comparison t tests corrected using the Holm-Sidak procedure were used to assess differences 

among treatments and seasons. Differences in shrimp respiration (means of sequential 

incubations) in different seasons were tested using a one-way ANOVA followed by a 

posteriori t tests corrected using the Holm-Sidak procedure (see above) for O2 consumption 

and NH4
+ excretion. Differences in porewater exchange rates between treatments and seasonal 

experiments were assessed using two-way ANOVA followed by a posteriori t test corrected 

using the Holm-Sidak procedure (see above) directly on the results of each experimental cores 
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(n = 4 per treatment). In all cases, statistical analyses were performed on untransformed data; 

data normality was tested using Shapiro-Wilk test and variance homogeneity was tested using 

BartlettÕs test. 

3�� Results 

�� Sediment characteristics 

All sediments consisted of muddy sand (78 % sand, 22 % mud on average) with an 

almost constant (i.e., close to 141 ��m) D50 (Table 2.1). There were only minor seasonal 

changes in both porosity and permeability (i.e., 0.42-0.45, and 7.5-7.9 10-13 m2, respectively 

(Table 2.1). To estimate the volume of sediment porewater in equations (4) and (5) a mean 

porosity value of 0.43 was used. OC ranged from 0.23 (summer) to 0.32 % DW (winter). 

 
Table 2.1 : Sediment characteristics. Average depth-integrated values (20 cm depth) of 

median grain size (D50), porosity (��), permeability (k), and organic carbon content (OC) of 
the sediment of the study site in winter, spring and summer. The variation coefficients 

associated with vertical variability are given in brackets.

Date 
D50 
(��m) 

��  
(Volume ratio) 

k 
(m2) 

OC 
(%DW) 

Winter 141 0.45 (6.6 %) 7.5 x 10-13 0.32 (10.3 %) 

Spring 141 0.43 (0.7 %) 7.7 x 10-13 0.31 (9.3 %) 

Summer 141 0.42 (1.2 %) 7.9 x 10-13 0.23 (9.5 %) 

�� General observations 

All mud shrimp started digging a blind-ended burrow as soon as introduced in 

experimental cores. Within 24 hours, they built a complete U or Y-shape open-ended burrow 

(i.e. with two well visible openings at the sediment surface). Since mud shrimp consistently 

buried along the wall of the transparent enclosures, it was possible to determine with a ruler 

(precision ± 1mm) the vertical extension of burrows, which ranged between 18.3 and 24.7 cm 

depth. The thickness of the layer of sediment expelled from the burrow during their whole 

week of acclimation was around 5 cm. During the experiments, mud shrimp continued to 

rework sediment within their burrow, and to periodically ventilate them. At the end of the 

whole experimental process (i.e. two weeks starting from sampling), seagrasses were still 
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healthy both in With- and Whithout-Upogebia treatments although they were partially covered 

by sediment expelled from burrows in the cores with Upogebia. 

�� Oxygen fluxes 

Representative examples of temporal changes in O2 concentrations recorded in the 

overlying water of the With- and Without-Upogebia treatment cores are presented in Figure 

2.2. In Without-Upogebia treatment cores, O2 concentration decreased linearly over time. 

Conversely, in With-Upogebia treatment cores, O2 concentration decreased non-linearly over 

time with a succession of periods of: (1) low and rather constant oxygen consumption lasting 

for 10 min. on average (as computed by randomly selecting 3 of these periods for each of the 

12 studied individual mud shrimp), and (2) rapid decline in O2 concentration indicative of 

high O2 consumption lasting on average for 3 min. (as computed by randomly selecting 3 of 

these periods for each of the 12 studied individual mud shrimp). Visual observations showed 

that these last periods corresponded to intermittent pumping activity. 

 
Figure 2.2 : Sediment oxygen uptake. Representative examples of temporal changes in O2 
concentration in With- (solid line) and Without- (long dashes) Upogebia treatment cores. 

 

Average TOU significantly differed between With- and Without-Upogebia treatment 

cores and between seasons with a significant interaction between these two factors (Figure 

2.3A, Table 2.2). Average TOU significantly differed between seasons in Without-Upogebia 

treatment cores with lower values during winter than during spring and summer. In With-
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Upogebia treatment cores, they were significantly lower during winter than during spring and 

during spring than during summer. Average TOU were significantly higher in the With-

Upogebia than in the Without-Upogebia treatment cores during winter (33.5 ± 4.5 vs. 14.1 ± 

1.1 mmol m-2 d-1), during spring (68.1 ± 4.2 vs. 25.0 ± 1.4 mmol m-2 d-1) and during summer 

(125.7 ± 8.0 vs 51.8 ± 5.4 mmol m-2 d-1). In all seasons cores containing shrimp always 

exhibited higher TOU than cores without shrimp with multiplying factors between 2.4 (winter 

and summer) and 2.7 (spring).  
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Figure 2.3 : Oxygen and nutrient fluxes. Average (±SE) of: (A) O2 uptakes: TOU (solid 
bars), mud shrimp uptake (white bars), (B) ammonium releases: NH4

+ benthic flux (solid 
bars), mud shrimp release (white bars), (C) nitrate and (D) silicate fluxes across the sedimentÐ

water interface. Black bars correspond to measurements carried out within cores Without-
Upogebia. Light gray bars correspond to measurements carried out within cores With-

Upogebia. White bars correspond to measurements carried out on individual mud shrimp. 
Different letters indicate significant (overall %=0.05) differences between combinations of 
seasons and treatments. Lower case letter: two-way ANOVA, higher case letter: one-way 

ANOVA 
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Table 2.2 : Data treatment. ANOVA results of Treatment and Season effects on benthic 
solute fluxes, mud shrimp O2 uptake, mud shrimp NH4

+ excretion and porewater exchanges 
(Q). p values in bold indicate significant factor effects 

 

  

Source df MS F p value 
Two-way ANOVA     

TOU     
Season 2 8714.311 99.138 <0.001 

Treatment 1 13304.150 151.355 <0.001 
Treatment x Season 2 1491.270 16.965 <0.001 

Residual 20 87.901   
NH4

+ flux     
Season 2 3.725 3.025  0.072 

Treatment 1 29.545 23.996 <0.001 
Treatment x Season 2 4.734 3.845  0.040 

Residual 20 1.231   
NO3

- flux     
Season 2 1.811 10.103 <0.001 

Treatment 1 13.253 73.952 <0.001 
Treatment x Season 2 3.659 20.418 <0.001 

Residual 20 0.179   
dSi flux     
Season 2 27.519 21.675 <0.001 

Treatment 1 32.928 25.936 <0.001 
Treatment x Season 2 12.718 10.017 <0.001 

Residual 20 1.270   
Q     

Season 2 96.514 8.409  0.003 
Treatment 1 536.817 46.772 <0.001 

Treatment x season 2 46.721 4.071  0.037 
Residual 20 11.477   

     
One-way ANOVA     

Respiration     
Season 2 69.473 1.577  0.250 

Residual 11 44.057   
Excretion     

Season 1 0.003 0.019  0.894 
Residual 7 0.148   
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Average Upogebia individual oxygen uptake rates did not significantly differ between 

seasons with corresponding values of 148 ± 24, 130 ± 6, 166 ± 23 ��mol ind.-1 d-1 during 

winter, spring and summer, respectively (Table 2.2). Given the density of mud shrimp within 

the cores with Upogebia, these values corresponded to 21.4 ± 2.4, 18.7 ± 0.8 and 26.3 ± 5.1 

mmol m-2 d-1 (Figure 2.3A), which respectively accounted for 64, 28 and 21 % of TOU in the 

With-Upogebia treatment cores. 

Nutrients fluxes

Average NH4
+ fluxes were always positive indicating a consistent net release from the 

sediment to the overlying water column (Figure 2.3B). Overall, average NH4
+ fluxes 

significantly differed between With- and Without-Upogebia treatment cores, but not between 

seasons (Table 2.2). In addition there was a significant interaction between these two factors. 

Average NH4
+ fluxes in Without-Upogebia treatment cores were low (i.e., between 1.6 ± 0.1 

and 2.3 ± 0.3 mmol m-2 d-1 during winter, spring and summer) and did not significantly differ 

between seasons. Average NH4
+ fluxes in With-Upogebia treatment cores were significantly 

higher during summer (5.7 ± 0.8 mmol m-2 d-1) than during winter and spring (3.4 ± 0.2 and 

3.3 ± 0.6 mmol m-2 d-1, respectively). Average NH4
+ fluxes were significantly higher in With- 

than Without-Upogebia treatment cores during both summer and winter. Corresponding 

multiplying factors were 3.0 and 2.1, respectively. Average individual NH4+ release rates did 

not significantly differ between spring and summer with corresponding values of 10 ± 1 ��mol 

ind-1 d-1 in spring and 10 ± 2 ��mol ind-1 d-1 in summer, respectively (Table 2.2). Given the 

density of mud shrimp within the With-Upogebia treatment cores, these values corresponded 

to 1.4 ± 0.2 mmol m-2 d-1 and 1.5 ± 0.2 mmol m-2 d-1 (Figure 2.3B) accounting for 44 and 26 

% of the NH4
+ release in the With-Upogebia treatment cores, respectively. 

Except for the Without-Upogebia treatment cores during summer, average NO3
- fluxes 

were always directed toward the sediment (Figure 2.3C). They significantly differed between 

With- and Without-Upogebia treatment cores and between seasons with a significant 

interaction between these two factors (Table 2.2). In Without-Upogebia treatment cores, NO3
- 

fluxes were barely detectable (i.e., < 0.3 mmol m-2 d-1) and did not significantly differ 

between seasons. In With-Upogebia treatment cores, NO3
- uptakes were significantly higher 

during summer (2.5 ± 0.2 mmol m-2 d-1) than during spring (1.5 ± 0.3 mmol m-2 d-1), and 

during spring than during winter (0.2 ± 0.1 mmol m-2 d-1). The impact of the presence of the 
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mud shrimp was higher in spring (increased by a factor 13.8) and summer (inversion of the 

flux) than during winter (increased by a factor 1.6). 

Average dSi fluxes were always positive, indicating a net release from the sediment to 

the water column (Figure 2.3D). They significantly differed between With- and Without-

Upogebia treatment cores and between seasons with a significant interaction between these 

two factors (Table 2.2). In Without-Upogebia treatment cores, average dSi fluxes were low 

(i.e., between 0.4 ± 0.1 and 2.2 ± 0.4 mmol m-2 d-1 during winter and spring, respectively) and 

did not significantly differ between seasons. In With-Upogebia treatment cores, average dSi 

fluxes were significantly higher during spring (5.7 ± 1.0 mmol m-2 d-1) than during summer 

(4.1 ± 0.6 mmol m-2 d-1) and during summer than during winter (0.5 ± 0.2 mmol m-2 d-1). 

Average dSi fluxes were significantly higher in With- than Without-Upogebia during both 

spring and summer. Corresponding multiplying factors were of 3.8 and 1.9, respectively.  

�� Porewater exchange rates 

Representative examples of the temporal declines in uranine concentration in the 

overlying water of the incubation cores are presented in Figure 2.4A. The lowest diminutions 

in uranine concentrations were recorded in Without-Upogebia treatment cores (-8 ± 2 % 

during winter, -10 ± 3 % during spring and -21 ± 1 % during summer on average after 36 h). 

Conversely, the With-Upogebia treatment cores showed rapid and intense decreases in 

uranine concentrations over time (-39 ± 9 % during winter, -47 ± 5 % during spring and -62 ± 

6 % during summer on average after 36 h).  



Chapitre 2 

 90 

 
Figure 2.4 : Porewater exchange rates. (A) Representative examples of temporal changes in 

the moving averages (over 1min) of uranine concentration during core incubations in Without- 
(long dashes) and With- (solid line) Upogebia treatment cores. (B) Average (±SE) porewater 

exchange rates (Q) measured in Without- (black bars) and With- (White bars) Upogebia 
treatment cores. Different letters indicate significant (overall %=0.05) differences between 

combinations of seasons and treatments. 

 

Porewater exchange rates (Q) significantly differed between treatments and seasons 

with a significant interaction between these two factors (Table 2.2). In Without-Upogebia, 

they were low (9.0 ± 1.4, 9.0 ± 2.4 and 16.3 ± 1.4 L m-2 d-1 in winter, spring and summer, 

respectively) and did not significantly differ between seasons (Figure 2.4B). In With-

Upogebia treatment cores, they were significantly lower in winter (25.7 ± 2.8 L m-2 d-1) than 

in spring (44.9 ± 8.7 L m-2 d-1), and in spring than in summer (71.3 ± 7.0 L m-2 d-1). Assuming 

a sediment column height of 28.7 cm and a porosity of 0.43, this resulted in overall sediment 

porewater turnover times of 4.8, 2.7 and 1.7 d in winter, spring and summer, respectively. 

During all three seasons, average porewater exchange rates were significantly higher in With- 

than Without-Upogebia treatment cores. Corresponding multiplying factors were of 2.9, 5.0 

and 4.4 during winter, spring and summer, respectively. 



Influence dÕUpogebia pusilla sur les flux biogŽochimiques ˆ lÕinterface eau-sŽdiment 

91 

4�� Discussion 

�� Sediment porewater exchanges 

In the absence of U. pusilla, porewater exchange rates were low and did not 

significantly differ between seasons. Together with sediment reworking, bioirrigation is one 

of the two processes constitutive of bioturbation (Kristensen et al. 2012). In this sense, our 

results are complementary to those of Bernard et al. (2014) who recently reported low 

sediment reworking rates in intertidal Zostera noltei bed of Arcachon Bay in the absence of 

U. pusilla. Although sediment reworking and bioirrigation are mainly induced by different 

biological activities (i.e., locomotion, feeding and burrowing vs. ventilation), they are both 

directly related to the traits (i.e. body size, burrowing depth and feeding modes) of benthic 

organisms to disturb the sediment matrix (Kristensen et al. 2012). The importance of large 

macrofauna for bioturbation has been explicitly stressed (Solan et al., 2004a). This is 

particularly relevant in seagrass meadows since phanerogams and most of large burrowing 

organisms classically negatively interact, leading to mutual exclusion and spatial segregation 

(Brenchley, 1982; Suchanek, 1983). Therefore, the low porewater exchange rates recorded 

during the present study in cores without Upogebia are fully coherent with the composition 

and lifestyle characteristics of the macrobenthic infaunal community associated with the 

rhizosphere of seagrasses, which is dominated by small bodied species living at (e.g. Melinna 

palmata) or immediately below (e.g., Aphelochaeta marioni, Tubificoides benedii and 

Heteromastus filiformis) the water-sediment interface (Bernard et al. 2014). Moreover, the 

porewater exchange rates measured in cores without Upogebia did not significantly differ 

between seasons, which suggest that they may have been limited by the same factor (i.e., 

macrofauna composition) during all three seasons. Overall, and together with those of 

Bernard et al. (2014), our results confirm that, in the absence of U. pusilla, intertidal seagrass 

meadows in Arcachon Bay are relatively little bioturbated with both limited sediment 

reworking and porewater exchanges across the sediment-water interface. 

The comparison of the porewater exchange rates measured in cores with Upogebia

with literature data proves difficult because most of existing studies have been assessing water 

fluxes through the burrows (see Astall et al. 1997 for review). Available sediment porewater 

exchange rates are listed in Table 2.3. They are limited to two polychaetes (Arenicola marina 

and Marenzelleria viridis) and one single deposit-feeding mud shrimp (Trypea australiensis). 

The porewater exchange rates in the presence of the mostly suspension feeding mud shrimp 



Chapitre 2 

 92 

U. pusilla recorded during the present study are about 5 times lower than those recorded for 

the deposit-feeding mud shrimp Trypaea australiensis (Webb and Eyre 2004). This result is 

surprising since ventilation activity in burrow-dwelling invertebrates is typically lower in 

deposit- than in suspension-feeders as the formers only irrigate their burrows for respiration 

versus both respiration and feeding for the latter (Papaspyrou et al. 2004). It has for example 

been estimated that the deposit-feeding mud shrimp Callianassa subterranea allocates only 8 

% of its time to ventilation (Stamhuis et al. 1996) versus 50 % in U. pusilla (Dworschak 

1981). Such a discrepancy between our sediment exchange rates and those of Webb and Eyre 

(2004) may be linked to methodological considerations: (1) Webb and Eyre (2004) used a 

model, which did not take into account the adsorption of their tracer (CsCl) on sediment, 

which may have led to an overestimation of porewater exchange rates; (2) they performed 

their experiments in-situ and reported a clear effect of the rising tide on porewater exchange 

rates whereas our experiments were carried out ex-situ under static conditions, which 

precludes such an effect; (3) conversely to Webb and Eyre (2004) we noticed a quick decline 

in tracer concentration during the first half hour of incubation (which we mainly) attributed to 

the equilibration between the overlying and burrow waters and excluded this time period 

when modeling pore water exchanges, which could also have contributed to our 

measurements of lower porewater exchange rates. Besides these methodological 

considerations, data in Table 2.3 also suggest a correlation between sediment porewater 

exchanges and sediment types with lower values associated with fine sands and the highest 

one with medium-coarse sand. Sediment compaction and cohesiveness are strongly enhanced 

by seagrasses (van Wesenbeeck et al. 2007). Seagrass meadows are the preferred habitat of 

the mud shrimp and the low permeability of the sediment (k = 7.5-8 x 10-13 m2) may focus 

water flow through their burrows and the adjacent surrounding sediment and hence limit 

porewater exchange rates.  



Influence dÕUpogebia pusilla sur les flux biogŽochimiques ˆ lÕinterface eau-sŽdiment 

93 

Table 2.3 : Porewater exchange rates. Available literature data for benthic macrofauna. 

Species 
Density 

(m-2) 
Biomasse 

(gWW m-2) Sediment type 
Porewater exchange rates 

(L m-2 d-1) Multiplying factor Sources 

Trypaea australiensis    24 -- Medium-coarse sand 367.2 5 Webb and Eyre 2004 
Marenzelleria viridis 1200 240 Sand 276 -- Quintana et al. 2011 

Arenicola marina   120 -- Fine sand 45.7 < x < 73.1 1.5 < x < 5.1 Rao et al. 2014 
Upogebia pusilla   144 245 Fine sand 25.7 < x < 71.3 2.9 < x < 5 This study 
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The impact of the mud shrimp on porewater exchange rates varied seasonally with 

corresponding multiplying factors between 2.9 (winter) and 5 (spring). These results are not 

surprising given: (1) the large body size, high densities, burrowing depth and intense 

ventilation activity of U. pusilla (Dworschak 1981), and (2) the positive effect of temperature 

on nutrition and bioirrigation (Hymel and Plante, 2000; Rao et al., 2014). The impacts of the 

presence of U. pusilla (present study) and T. australiensis (Webb and Eyre 2004) on 

porewater exchange rates were close despite potential differences in their ventilation activity 

(see above). It is, however, here again difficult to draw any sound ecological conclusion from 

such a similarity because of differences in methodological approaches. New comparative 

studies using strictly similar methodologies are thus clearly needed to better constrain the 

effect of environmental (e.g., sediment characteristics) and biological (e.g., feeding types of 

mud shrimp) factors on sediment porewater exchange rates. 

�� Oxygen uptake  

The average TOU measured in cores without Upogebia significantly differed between 

seasons. They were between 13.8 mmol m-2 d-1 (winter) and 52.0 mmol m-2 d-1 (summer), 

which is in good agreement with those (between 15 and 73 mmol m-2 d-1) reported in muddy 

sands colonized by seagrasses (Asmus et al., 2000; Holmer et al., 1999; Jensen et al., 1998). 

They were however much lower than those previously reported in two healthy Z. noltei 

meadows (leaf coverage > 75 %, Auby et al. 2011) located respectively in the central part 

(from 86.4 mmol m-2 d-1 in winter to 252 mmol m-2 d-1 in summer; Welsh et al. 2000) and in 

the inner part (from 20.2 mmol m-2 d-1 in winter to 139.2 mmol m-2 d-1 in summer; Delgard et 

al. 2016) of Arcachon Bay. Such discrepancies can be attributed to: (1) differences in 

vegetation densities and associated respiration rates (Delgard et al., 2016), and (2) 

sedimentary organic carbon contents (i.e., 0.2 % DW during the present study versus 2.2 % 

DW in Delgard et al. 2016 and Bernard et al. 2014). Porewater exchange rates measured in 

cores without Upogebia indeed did not significantly differ between seasons, and seasonal 

changes in TOU in the absence of mud shrimp may thus be mainly attributed to higher 

seagrass biomass during spring and summer (Auby and Labourg, 1996) and associated: (1) 

higher respiration rates and (2) stimulation of benthic microbial activity resulting from the 

exudation of labile organic matter by roots (Kaldy et al., 2006). 

In cores with Upogebia, the short-term dynamics of oxygen exchanges at the 

sediment-water interface was mainly controlled by the ventilation activity of the mud shrimp 
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as illustrated by the continuous measurement of oxygen concentration in the overlying water 

of experimental cores (Figure 2.2). Periods of relatively slow oxygen consumption were 

indeed periodically interrupted by strong and rapid oxygen decrease resulting in a typical 

stair-shape curve. Visual observation of the cores showed that these sudden oxygen drops 

occurred during ventilation periods when mud shrimp increased their pumping activity to 

flush their burrow. During the present study, the burrow was flushed on average every 10 min 

and the mean duration of each flushing event was 3 min as already reported by Dworschak 

(1981) for the same species in the Adriatic Sea. The interval between two consecutive 

flushing events was much shorter than in the deposit-feeding mud shrimp C. subterranea (40 

min on average according to Forster and Graf 1995) but longer than in the deposit feeding 

species Neotrypaea californiesis (3-7 min, Volkenborn et al. 2012). Conversely, the mean 

duration of each flushing event seems to consistently last about 3 min in all burrowing mud 

shrimp whatever their feeding modes (Astall et al., 1997; Dworschak, 1981; Forster and Graf, 

1995; Stamhuis et al., 1996; Volkenborn et al., 2012). 

The average TOU measured in cores with Upogebia significantly differed between 

seasons. They were between 33.5 mmol m-2 d-1 (winter) and 125.7 mmol m-2 d-1 (summer), 

which is in the range of those previously reported for other benthic macrofauna in sediments 

ranging from silt to coarse sand (Table 2.4). Overall, the presence of the mud shrimp resulted 

in a 2.4 (winter) to 2.7 (spring) increase in TOU, which is in the range of literature data 

regarding other benthic macrofauna (Table 2.4). Seasonal changes in TOU in cores with 

Upogebia may be attributed to: (1) higher seagrass biomasses during spring and summer (see 

above), (2) an increase in mud shrimp oxygen uptake with temperature, and (3) the increase in 

porewater exchange rates during spring and even more during summer and the resulting 

stimulation of benthic microbial activity resulting from the supply of oxygen in otherwise 

hypoxic area of the sediment. During the present study, the average oxygen uptake by the 

mud shrimp was 2.6 !mol O 2 gBWW-1 h-1, which tends to be similar to those measured in 

other burrowing shrimp such as P. tyrrhena (3.1 !mol O 2 gBWW-1 h-1, Papaspyrou et al. 

2004), U. pugettensis (2.6 !mol O 2 gBWW-1 h-1; Thompson and Pritchard 1969) and Trypaea 

australiensis (1.5 !mol O 2 gBWW-1 h-1; Paterson and Thorne 1995). During winter, the sum 

of average TOU in cores without Upogebia and direct oxygen uptake by the mud shrimp 

accounted for the totality of average TOU in cores with Upogebia versus only 64 and 62 % 

during spring and summer, respectively. Moreover, direct oxygen uptake by the mud shrimp 

accounted for the totality of its contribution to TOU in cores with Upogebia during winter 
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versus only 43 and 36 % during spring and summer respectively. These results are in good 

agreement with the higher impact of the mud shrimp on sediment porewater exchange rates 

during spring and summer (see section 4.1). They underline the importance of indirect effects 

(i.e., stimulation of microbial organic mineralization processes) associated with the presence 

of the mud shrimp during spring and summer.  
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Table 2.4 : Benthic solute fluxes. Available TOU, NH4
+ and NO3

- flux data for benthic macrofauna. 

* Indicates g Dry Weight m-2. Reverse indicates an inversion of the direction of the flux 

Species Sediment type 
Density 

(m-2) 
Biomass 

(gWW m-2) 
Flux 

(mmol m-2 d-1) 
Multiplying factor Source 

TOU       
Trypaea australiensis Medium-Coarse sand 24 -- 40.6 1.8 Webb and Eyre 2004 
Pestarella tyrrhene Fine sand 200 180 52.1 1.7 Papaspyrou et al. 2004 

Upogebia pugettensis Fine sand 111 170* 225.7 5.5 DÕAndrea and DeWitt 2009 
Trypaea australiensis Coarse sand 80 242 14.8 3.0 Jordan et al. 2009 

Nereis sp. Silt and fine mud 1500 -- 98.4 -- Nizzoli et al. 2007 
Arenicola marina Fine sand 120 -- 23.0 < x < 50.2 1.1 < x < 5.1 Rao et al. 2014 
Upogebia pusilla Fine sand 144 245 33.5 < x < 125.7 2.4 < x < 2.7 This study 

       

NH4
+       

Trypaea australiensis Medium-Coarse sand 24 -- 2.9 Reverse Webb and Eyre 2004 
Pestarella tyrrhene Fine sand 200 180 3.0 Reverse Papaspyrou et al. 2004 

Upogebia pugettensis Fine sand 111 170* 16.4 5.5 DÕAndrea and DeWitt 2009 
Trypaea australiensis Coarse sand 80 242 4.5 15.1 Jordan et al. 2009 

Nereis sp. Silt and fine mud 1500 -- 20.8 -- Nizzoli et al. 2007 
Arenicola marina Fine sand 120 -- 7.2 < x < 22.6 1.3 < x < 7.8 Rao et al. 2014 
Upogebia pusilla Fine sand 144 245 3.3 < x < 5.7 1.4 < x < 3.0 This study 

       

NO3
-       

Trypaea australiensis Medium-Coarse sand 24 -- 0.55 0.7 Webb and Eyre 2004 
Pestarella tyrrhene Fine sand 200 180 4.0 0.7 Papaspyrou et al. 2004 

Upogebia pugettensis Fine sand 111 170* 11.4 Reverse DÕAndrea and DeWitt 2009 
Trypaea australiensis Coarse sand 80 242 1.37 1.9 Jordan et al. 2009 

Nereis sp. Silt and fine mud 1500 -- -13.5 -- Nizzoli et al. 2007 
Arenicola marina Fine sand 120 -- -0.7 < x < -2.2 0.8 < x < 9 Rao et al. 2014 
Upogebia pusilla Fine sand 144 245 -0.2 < x < -2.5 1.6 < x < Reverse This study 
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�� Nutrient fluxes  

As opposed to NO3
- and NH4

+, dSi is not directly involved in the remineralization of 

organic matter. dSi fluxes across the sediment-water interface are typically cued by: (1) the 

amount of biogenic siliceous material present at this interface (Gallinari et al., 2008); (2) 

bacterial degradation of the organic matrix protecting diatom frustules (Bidle and Azam, 

1999); (3) temperature, which directly controls the kinetic of hydrolytic and geochemical 

reactions and subsequently both Si dissolution rate and solubility (Loucaides et al., 2011); and 

(4) bioirrigation which accelerate the exchanges of dSi through porewater (Ullman and Aller, 

1989). 

During the present study, dSi effluxes measured in cores without Upogebia were 

between 0.4 mmol (winter) and 2.2 mmol m-2 d-1 (summer). These values are in the same 

range as those reported in temperate coastal environments (Asmus et al., 2000; N’ Longphuirt 

et al., 2009). Although, average dSi fluxes in cores without Upogebia did not significantly 

differ between seasons, there was a trend toward lower values during winter. Since porewater 

exchange rates in cores without Upogebia did not differ between seasons (see section 4.1), 

this trend appears consistent with a seasonal trend in seawater temperature. Average dSi 

fluxes in cores with Upogebia significantly differed between seasons. Moreover, they were 

significantly higher than in cores without Upogebia during both spring and summer. As for 

sediment porewater exchange rates, the impact of the presence of the mud shrimp on these 

fluxes was higher during spring than during summer. This suggests that together with 

seawater temperature, the ventilation activity of mud shrimp is a key factor in controlling 

seasonal changes in dSi fluxes. 

As stated above NO3
- and NH4

+ are directly involved in the remineralization of 

organic matter and tightly interact through several processes including ammonification, 

nitrification, denitrification, dissimilatory nitrate reduction to ammonium (DNRA) and 

anaerobic ammonium oxydation (anammox). Seasonal changes in their fluxes should thus be 

discussed simultaneously. In cores without Upogebia, average NO3
- and NH4

+ fluxes both did 

not differ between seasons. Average NO3
- fluxes always remained close to zero indicating that 

the production and consumption processes of NO3
- within the sediment offset each other. 

Conversely, NH4
+ fluxes measured in cores without Upogebia were consistently positive 

indicating that the production of NH4
+ through ammonification was higher than its uptakes by 
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nitrifying bacteria and seagrasses. Here again, these results contradict those of Welsh et al. 

(2000) who consistently reported a net consumption of NH4
+ by the sediment in another Z. 

noltei meadow of Arcachon Bay. As previously discussed for oxygen uptake, this discrepancy 

can be directly linked with differences in seagrass cover since NH4
+ is their main source of 

inorganic nitrogen (Lee et al., 2007).  

Average NO3
- and NH4

+ fluxes in cores with Upogebia were between -0.2 and -2.5 

mmol m-2 d-1, and 3.3 and 5.7 mmol m-2 d-1, respectively and both differed between seasons. 

Average NH4
+ flux values are in good agreement with those previously reported for other 

mud shrimp but are much lower than those reported for the polychaetes Hediste sp. and 

Arenicola marina (Table 2.4). Conversely, we consistently reported during the present study 

negative NO3
- fluxes as reported for the polychaetes Hediste sp. and A. marina, whereas 

previous studies regarding mud shrimp reported positive ones (Table 2.4). As previously 

suggested to account for the low values of sediment porewater exchange rates in the presence 

of U. pusilla as compared to other mud shrimp, these differences may also be linked to the 

low permeability of seagrass sediment which may contribute to limit the thickness of the oxic 

sediment layer surrounding burrow. Indeed, Nielsen et al. (2004) clearly showed that 

nitrification and nitrate reduction are two spatially separated processes since nitrifying 

bacteria are restricted to the oxic sediment layer whilst nitrate reduction is strictly anaerobic. 

Therefore, nitrate production through nitrification occurring in the thin oxic layer surrounding 

the burrows of U. pusilla would not be sufficient to sustain the denitrification occurring in the 

sediment zone at the immediate vicinity of the oxic-anoxic boundary (Kristensen and Kostka 

2005). 

NH4
+ release and NO3

- uptake showed the same seasonal pattern with highest values 

during summer and lowest ones during winter. Moreover, the sum of the average NH4
+ flux in 

cores without Upogebia during winter and NH4
+ release by individual mud shrimp (assuming 

an NH4
+ excretion rates similar to those recorded during spring and summer which are in the 

range of previously reported rates for other mud shrimp (Jordan et al., 2009; Papaspyrou et 

al., 2004) accounted for 90 % of the average NH4
+ flux in cores with Upogebia, versus only 

58 % during summer. During winter, the impact of the mud shrimp on NH4
+ fluxes was 

mostly (82 %) direct (i.e., resulting from its own excretion), whereas 62 % of the impact of 

the presence of the mud shrimp was indirect during summer. These results are almost similar 

to those obtained for TOU together with the fact that: (1) average NO3
- uptake and (2) 

sediment porewater exchange rates were highest during summer. This suggests that NO3
- and 
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NH4
+ fluxes are tightly controlled during this season by the positive effect of the ventilation 

activity of the mud shrimp on nitrogen removal processes. Numerous studies have shown that 

the coupled nitrification-denitrification is usually strongly enhanced in the presence of 

burrow-dwelling macrofauna due to ventilation activity (see Laverock et al. 2011 for review). 

However, the NO3
- uptake here suggests that other processes e.g., anammox, may have 

contributed to N removal in the cores with Upogebia. Interestingly, a recent study has 

evidenced the role of anammox as a N removal mechanism from muddy and sandy intertidal 

sediments in Arcachon Bay (Fernandes et al., 2015). 

During spring, average NO3
- fluxes in cores with Upogebia were intermediary so as 

sediment porewater exchange rates. They could thus be considered as cued by the same 

factors as during summer. Conversely, average NH4
+ fluxes did not significantly differ from 

those recorded during winter in spite of significantly higher sediment porewater exchange 

rates. This suggests the occurrence of another process responsible for the consumption of 

NH4
+ in the sediment during spring. The fact that, during this season, the sum of average 

NH4
+ fluxes in cores without Upogebia and NH4

+ release by individual mud shrimp would be 

higher (i.e., 115 %) than the average NH4
+ flux in cores with Upogebia further support this 

hypothesis. As mentioned above: (1) spring in Arcachon Bay corresponds to the period of 

maximum growth for Z. noltei (Auby and Labourg 1996), and (2) NH4
+ is the main source of 

inorganic nitrogen for seagrasses (Lee et al. 2007). Our interpretation is that average NH4
+ 

fluxes in cores with Upogebia during spring were reduced due to the increased NH4
+ uptake 

by growing seagrasses. The lack of any seasonal significant difference in average NH4
+ fluxes 

in cores without Upogebia may have partly resulted from a lack of statistical power. In this 

context, it may prove interesting to carry out future experiments: (1) with a higher number of 

replicates for cores without Upogebia, and (2) under different light conditions (i.e., including 

light periods) because of the potential interactions of NH4
+ fluxes with the metabolism of Z. 

noltei. 

5! Conclusion 

The degradation of Z. noltei meadows in Arcachon Bay over the last decades has had 

direct consequences on the ecological and biogeochemical functioning of benthic ecosystems 

(Bernard et al., 2014; Delgard et al., 2013). This degradation may also significantly affect the 

population of the mud shrimp U. pusilla, which predominantly inhabits seagrass meadows 
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(Pascal et al. in prep., see ÒAnnexe IÓ). Up to now, experimental studies comparing oxygen 

and nutrient fluxes at the sediment-water interface within seagrass meadows and bare 

sediments have used methodologies which do not account for the presence of mud shrimp 

within seagrass meadows. However, our comparison of TOU in both With- and Without-

Upogebia treatment cores together with the standardization of their differences to the density 

at the study site shows 1.3 to 1.4-fold higher TOU in the presence of mud shrimp which could 

be compared to 1.9 to 3.4-fold higher TOU in vegetated than in bare sediment during spring 

and summer depending on shoot density (Delgard et al., 2016). Finally, it should be stressed 

that: (1) seagrasses and suspension-feeding Gebiidean mud shrimp are co-occurring in several 

other intertidal mud flats (Dworschak, 1987b; Siebert and Branch, 2005b), and (2) the 

assessment of the functional consequences of the decline of seagrass meadow should include 

those related to the associated decline of mud shrimp in these systems as well. 
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Abstract 

The influence of burrowing invertebrates on the functioning of soft-bottom 

ecosystems is tightly dependent on their physiological state, which may itself be strongly 

affected by parasite infestation. However, the dynamics, prevalence and physiological 

consequences of parasitism remain poorly known in many species, such as sediment-dwelling 

crustaceans. During the present study, we investigated the effects of the ectoparasite (bopyrid) 

isopod Gyge branchialis on the fitness of the gebiidean mud shrimp Upogebia pusilla. A 

spatial survey conducted in June 2013 at 10 stations scattered across intertidal seagrass 

meadows of Arcachon Bay (44¡40Õ N, 1¡10Õ W) showed that on average 16 % of mud shrimp 

were infested by G. branchialis. Moreover, a temporal survey carried out at one of these 

stations over the year 2014 revealed that prevalence remained relatively high throughout the 

year, ranging from 10 % to 33 %. This interaction has various physiological consequences for 

U. pusilla. In particular, infested mud shrimp consistently exhibited a significant deficit in 

total length and individual dry weight as compared to non-infested specimens. Moreover, 89 

% of infested males were feminized (i.e., developed female secondary sexual characters) 

whereas infested females were never ovigerous. Our results demonstrate that G. branchialis 

strongly impair U. pusilla fitness including its ability to reproduce. Accordingly, through their 

(1) potential impact on mud shrimp abundances and (2) alteration of their physiological state, 

high bopyrid infestation could profoundly alter the bioturbation activity of mud shrimp 

populations and overall their influence on the functioning of soft-bottom ecosystems in 

Arcachon Bay. 
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1! Introduction  

Upogebid mud shrimp may largely dominate coastal soft-substrate faunal biomasses 

(Dworschak, 1988; Nel and Branch, 2013; Sasaki et al., 2014) but are surprisingly rarely 

mentioned in most of field studies describing macrobenthic communities. The main reason for 

that is the difficulty in sampling these highly mobile burrowers, which can dig burrows down 

to 2 m deep in the sediment (Sasaki et al. 2014). Such an underestimation of mud shrimp 

importance not only biases the assessment of macrobenthic diversity, but it also limits our 

understanding of ecosystem functioning. Mud shrimp are indeed a major component of 

benthic food webs (Tunberg, 1986). These large sediment-dwellers are also very efficient 

bioturbators, which largely control sediment properties (e.g., porosity, stability, oxygenation 

and organic content) and sedimentary processes (e.g., remineralisation and nutrient cycling) 

(DÕAndrea and DeWitt, 2009; Papaspyrou et al., 2004; Pascal et al., 2016b; Pillay and 

Branch, 2011). The preservation of their populations and the services they provide currently 

constitutes a major ecological concern even though their presence in high densities may also 

occasionally enter in conflict with human activities (Hong and Lee, 2014). 

Many natural and anthropogenic environmental factors can affect mud shrimp 

behaviour and population dynamics, such as food availability (Hanekom and Erasmus, 1988), 

hypoxia (Astall et al. 1997) and predation (Dumbauld et al., 2008) including human 

harvesting for baits (Nel and Branch, 2013). Mud shrimp symbionts are another key factor 

structuring mud shrimp populations (Dumbauld et al. 2011; see symbiont list in Campos et al. 

2009); however, the most studied relationship by far is the one involving ectoparasitism by 

bopyrid isopods (Astall et al., 1996; Bonnier, 1900; Tucker, 1930; Ubaldo et al., 2014). These 

parasites typically experience a two-host life cycle (Bonnier, 1900; Bourdon, 1968; Williams 

and An, 2009). The first planktonic larva (cryptoniscus) infesting an individual mud shrimp 

settles in the gill chamber where it is protected by the branchiostegite. It then perforates the 

host cuticle to feed on the haemolymph. Sex determination in the bopyrid is under epigenetic 

control, in that the cryptoniscus larva is first an unfunctional male and later becomes a 

functional female. This female then grows rapidly until it occupies the whole gill chamber, 

thereby swelling the branchiostegite (Bonnier 1900). The second larva that penetrates into an 

infested gill chamber transforms into a functional dwarf male and settles on the female. 

Bopyrid reproduction takes place in the gill chamber, thus defining mud shrimp as the 

definitive host. After fecundation, epicaridium larvae are released in the water column where 

they infest the intermediate host, a copepod (ectoparasitism). The parasites then evolve in 
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microniscus larvae and eventually in cryptoniscus larvae, which are released in the water 

column before infesting another mud shrimp. 

The family of Upogebiidae consists of 13 genera and 170 species, including 118 

species in the sole genus Upogebia (Hong and Lee 2014). Accordingly, a total of 605 bopyrid 

species are known (Williams and Boyko, 2012). Only a few Upogebia-bopyrid associations 

have been studied so far. Although they may at first seem similar in terms of functioning, 

these host-parasite systems in fact differ according to many features. Species like U. pusilla 

typically inhabit muddy bottoms (Dworschak, 1987b), whereas others like U. yokayai or U. 

deltaura are predominantly found in coarser sediments (Kinoshita et al., 2010; Tunberg, 

1986). The sex-ratios of the mud shrimp population vary according to species, locations and 

time periods (Dworschak, 1988). The effects of bopyrid parasites on their host strongly vary 

as well. In some host-parasite systems, males host are feminized (Griffen, 2009) but not in 

others (Pinn et al., 2001; Ubaldo et al., 2014). Along the same line, some authors consider the 

effects of the parasite on its host as insignificant (Tucker, 1930), whereas others conversely 

report substantial negative effects on growth, fecundity and other physiological processes 

(Dumbauld et al., 2011).  

In Arcachon Bay, a recent study has shown that U. pusilla exerts a major influence on 

several benthic biogeochemical processes (i.e., bioirrigation and organic matter 

mineralization) within seagrass meadows (Pascal et al., 2016b). This work was exclusively 

conducted on non-infested adult mud shrimp, which resulted in the elimination of a large 

number of bopyrid (identified as Gyge branchialis) infested individuals from the prior study 

(L.P. personal observation). We therefore became interested in assessing the effect of 

parasitism on the biogeochemical processes mediated by U. pusilla, which required both 

dedicated laboratory experiments (Pascal et al. in prep, see ÒChapitre 3 Ð Partie BÓ) and an 

upscaling at the scale of the whole Bay. This latter goal necessitated baseline survey data on 

U. pusilla demographics, prevalence of bopyrid infestation and physiological effect of 

infestation on mud shrimp. As mentioned above, it was not possible to derive these pieces of 

information from the literature due to the low number of existing studies and the occurrence 

of major disparities in their results. The present study therefore aimed to assess the spatial and 

temporal patterns of prevalence of G. branchialis infestation and its effect on mud shrimp 

individuals both in terms of reproductive effort and somatic characteristics (i.e., length and 

biomass). 
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2�� Materials and Methods 

�� Study site and sampling 

Arcachon Bay is a macrotidal coastal lagoon (tide range = 0.9-4.9 m) located on the 

French Atlantic coast (44¡40Õ N, 1¡10Õ W) (Figure 3A.1). This 156 km�� ecosystem is 

connected to the Atlantic Ocean by a narrow channel. Most (i.e., 61 km�� in 2005) of the 

intertidal area (115 km2) is covered by the currently largest Zostera noltei European intertidal 

seagrass bed (Auby and Labourg 1996; Plus et al. 2010). Water temperature seasonally 

fluctuates between 6 and 25 ¡C and salinity between 27 and 36 (Auby et al. 2011). 

 
Figure 3A.1 : Location of the sampled stations in Arcachon Bay and related prevalences of 
infections of Upogebia pusilla by Gyge branchialis as recorded during the spatial survey. 

Dark grey: Land, light grey: intertidal area and white: water. BOU : Bourrut; CLA : Le Cla; 
GAR : Garr•che ; HOS : Les Hosses; MOU : Les Moussettes; NEG : La N•gue; PAS : 

Passant; REO : La RŽousse; TES : Le Tes; TEY : Le Teychan 

 

Upogebia pusilla is a common mud shrimp in Arcachon Bay. About 50 mud shrimps 

were first sampled in June 2013 at each of ten stations (spatial survey) (Figure 3A.1). A 

single station (ÒLa N•gueÓ, Figure 3A.1) showing both a high bopyrid prevalence and high 
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mud shrimp abundance was then selected for investigating the temporal dynamics of the host-

parasite system (temporal survey). On average, 50 mud shrimps were collected on 12 

sampling dates (i.e., ca. monthly) during year 2014 at this station. All samplings were carried 

out using a bait piston pump. Mud shrimp were immediately isolated in individual plastic 

bags to avoid aggression and appendage loss. They were brought back to the laboratory, 

where they were anesthetized by cold (15 min at -18 ¡C) before being preserved in 4 % 

formaldehyde. 

�� Upogebia pusilla and Gyge branchialis analyses 

Total length (TL) was measured from the tip of the rostrum to the tip of the telson and 

rounded down to the last millimetre. Sex was determined based on the presence or absence of 

gonopore and pleopod 1. In U. pusilla, females are characterized by the presence of a 

gonopore on each coxa of pereiopod 3 and the presence of pleopod 1. Conversely, these two 

characters are missing in males. Feminized males combine the absence of gonopore on 

pereiopod 3 (like a male) and the presence of pleopod 1 (like a female) (Pinn et al. 2001; 

Ubaldo et al. 2014). The presence of eggs on pleopods was also recorded. Both 

branchiostegites were removed under a stereomicroscope to check for the presence of 

bopyrids on the gill. Several biometrical analyses were performed for each sex on a selection 

of collected mud shrimp. Carapace length, length of pleopod 1, length and width of 

prodactyle of cheliped were measured to the nearest ��m under a stereomicroscope, using NIS-

elements 0.4.00.00 software. Chelipeds were also weighed (DW ± 0.1 mg) to (1) assess the 

relationships between cheliped weight and body length for each sex, and (2) add this value to 

individual dry weight when mud shrimp had lost one or both chelipeds before analysis. 

Individual dry weights (including eggs, but excluding G. branchialis) were assessed (± 0.1 

mg) after 48 h at 60 ¡C. Few individuals were also weighed for wet weight and for ash free 

dry weight (4 h at 450 ¡C) (± 0.1 mg in both cases). 

Each G. branchialis femalewas observed under a stereomicroscope to detect the 

presence of a dwarf male. Whenever present, both female and male parasites were removed 

from the gill cavity to be measured (total length, ± 1 ��m) and checked for the presence of 

eggs in females.  
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�� Data analysis 

2.3.1�� Upogebia pusilla growth  

At each sampling date and exclusively with non-infested mud shrimp, cohorts were 

determined from the TL histogram using a modal progression analysis (Bhattacharya, 1967) 

subroutine (Gayanilo et al., 2005). Each representative component, with a separation index 

greater than 2, was assumed to constitute a single cohort (FISAT software). Growth 

parameters of the Von Bertalanffy Growth Function (VBGF) were estimated from TL-at-age 

data produced by linking mean individual dry weights (IDW) (Gayanilo et al. 2005). 

2.3.2�� Infestation by Gyge branchialis 

The proportions of feminized males were compared in infested and non-infested males 

using a chi-squared test. The relationships between U. pusilla TL and G. branchialis female 

or male lengths were tested using simple linear regression models. A chi-squared test was 

used to determine whether or not one of the two gills was preferentially infested. All these 

tests were performed independently on the results of the spatial and temporal surveys. The 

effects of G. branchialis on U. pusilla TL and IDW were first tested using Student t test for 

paired (i.e., stations or sampling dates) samples. The interactions between differences in TL 

and IDW in infested and non-infested mud shrimp were then further assessed by using two 

different approaches. The first one consisted in inferring deficit in IDW for each infested mud 

shrimp based on its TL. This procedure was based on the comparison between the actual IDW 

of infested mud shrimp and the IDW derived from the relationship linking TL and IDW in 

non-infested mud shrimp (Smith et al., 2008). It assumes that infested mud shrimp do not 

reduce their TL while moulting. The second approach consisted in comparing the 

relationships linking TL and IDW in infested and non-infested mud shrimp by carrying out 

ANCOVAs using log-transformed U. pusilla IDW as the dependent variable, U. pusilla TL as 

the independent variable and infestation as covariate. These two approaches were carried out 

independently on data collected during the spatial and temporal surveys. We used a 

hierarchical clustering under constraint (i.e., no grouping of non-successive size classes) to 

detect a trend in bopyrid prevalence relative to mud shrimp TL. This approach was applied 

separately to the results of the spatial and temporal survey. More specifically, we a priori 

defined 2 mm U. pusilla TL intervals and grouped (Euclidean distance, average link) them 

based on the prevalence of G. branchialis with the additional constraint that each group 

should only be composed of adjacent size classes. The relationships between U. pusilla TL 
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(independent variable) and G. branchialis length (dependent variable) were compared 

between male and female G. branchialis by carrying out two ANCOVAs based on the spatial 

and temporal surveys, respectively. 

3�� Results 

�� Population dynamics of Upogebia pusilla 

Overall, we investigated 657 and 669 mud shrimps during the spatial and temporal 

surveys, respectively. The average proportion of females recorded during these two surveys 

was 65 % in both cases (Table 3A.1). During the temporal survey, the proportion of females 

varied between 35 (in May) and 80 % (in February and September). It did not show any clear 

seasonal trend. Females carried eggs from May to August (data not shown). One single 

ovigerous female was found in May. The proportion of ovigerous females increased rapidly to 

reach 70 % of the female population in June and a maximum of 78 % in July. It then quickly 

decreased so that no ovigerous female was found in September. The mean TL of ovigerous 

females was 46 mm. The TL of the smallest sampled ovigerous female was 36 mm. Based on 

the growth parameters derived using VBGF (Figure 3A.2), it was estimated that the 

asymptotic TL was reached within less than a year. 
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Table 3A.1 : Spatial and temporal surveys: Counts and proportions (between brackets) of females, males and feminized males in relation with the 
presence/absence of the parasite 

    Spatial 
 

Temporal 

State   Female Male Feminized male Total 
 

Female Male Feminized male Total 

Non-infested 
 

382 (58 %) 157 (24 %) 14 (2 %) 553 (84 %) 
 

348 (52 %) 174 (26 %) 7 (1 %) 529 (79 %) 

Infested  48 (7 %) 6 (1 %) 50 (8 %) 104 (16 %)  87 (13 %) 13 (2 %) 40 (6 %) 140 (21 %) 

Total   430 (65 %) 163 (25 %) 64 (10 %) 657   435 (65 %) 187 (28 %) 47 (7 %) 669 
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Figure 3A.2 : Temporal survey: Growth curve of Upogebia pusilla as fittied using Von 

Bertalanffy Growth Function (VBGF) (k = 3.96 yr-1; L��  = 49.9 mm) 

�� Infestation by Gyge branchialis: spatial survey 

The bopyrid G. branchialis infested U. pusilla at all sampled stations (Figure 3A.1) 

with prevalence ranging from 6 to 26 % (with an overall average value of 16 %). Prevalence 

vs. total TL displayed a dome-shaped curve (Figure 3A.3A). The clustering method 

discriminated four TL groups: (1) [20-30 mm] with a mean parasite prevalence of 9 %, (2) 

[30-38 mm] with a mean parasite prevalence of 22 %, (3) [39-43 mm] with a mean prevalence 

of 34 % and (4) [44-52 mm] with a mean parasite prevalence of 5 %. The non-infested mud 

shrimp population was dominated by females, followed by males and a minority of feminized 

males (Table 3A.1). The infested population was equally dominated by feminized males and 

females, followed by a minority of males (Table 3A.1). The percentage of feminized males 

was significantly higher (Chi-squared test, X2 = 59.317, p < 0.001) in infested than in non-

infested males (Table 3A.1), corresponding to 89 % of the infested male population versus 

only 4 % of the non-infested male population. In addition, 11 % of the female population 

were infested versus only 4 % of the male population (excluding feminized males). Feminized 

males represented 28 % of the male population and 78 % of feminized males were infested.  
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Figure 3A.3 : Spatial and temporal surveys: Prevalence of Gyge branchialis in Upogebia 
pusilla in relation with total carapace length based on spatial (A) and temporal (B) survey. 

Different shades of grey refer to the 4 groups discriminated by hierarchical clustering analysis 

 

The length of G. branchialis females ranged between 4 and 14 mm. It correlated 

positively with U. pusilla TL (N = 66, r = 0.80, p < 0.001) (Figure 3A.4A). The length of G. 

branchialis males ranged between 1 and 6 mm. It also correlated positively with U. pusilla 

TL (N = 52, r = 0.45, p < 0.001) (Figure 3A.4A). Ovigerous G. branchialis females were 

found at all stations with a percentage of ovigerous females ranging between 17 and 94 %. G. 

branchialis did not significantly preferentially infest either right (5 % of all U. pusilla) or left 

gill chambers (7 % of all U. pusilla) (Chi-squared test, X2 = 1.939, p = 0.16). No double 

infestation was observed. 
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Figure 3A.4 : Spatial and temporal surveys: Relationships between Gyge branchialis (males 
and females) lengths and Upogebia pusilla total length as recorded during the spatial (A) and 

the temporal (B) surveys 

 

Differences in mean TL between infested and non-infested mud shrimp were 

significant (Student t test for paired sample, N = 10, t = 3.90, p = 0.004). Mean relative 

differences in TL at the ten sampled stations were between 2 and 17 % (Figure 3A.5A) with 

an average of 7 %. Differences in mean IDW were also significant (Student t test for paired 

sample, N = 10, t = 10.23, p < 0.001) and corresponding relative mean differences were 

between 17 and 45 % with an average of 34 % (Figure 3A.5C). When standardized for TL, 

the average deficit in IDW due to parasitism was estimated to be only 9.9 %. The significance 

of this deficit was further supported by the occurrence of a significant (ANCOVA, F = 19.57, 

p < 0.001) difference in the relationships linking TL and IDW in infested (N = 111) and non-

infested (N = 546) mud shrimp (Figure 3A.6A).  
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Figure 3A.5 : Spatial and temporal surveys: Effect of parasitism on Upogebia pusilla total 

length (A and B) and dry weight (C and D) (± SE) according to spatial (A and C) and 
temporal (B and D) surveys 
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Figure 3A.6 : Temporal and spatial surveys: relationships linking TL and DW in infested and 

non-infested mud shrimp recorded during the spatial (A) and the temporal (B) surveys 

�� Infestation by Gyge branchialis: temporal survey 

The population monitored during the temporal survey was largely dominated by 

females, followed by males and feminized males (Table 3A.1). Parasite prevalence was 

between 10 and 33 % and did not show any clear seasonal trend. The overall annual parasite 

prevalence was 21 %. The non-infested population was dominated by females, followed by 

males and a minority of feminized males (Table 3A.1). The infested population was 

dominated by females, followed by feminized males and a minority of males (Table 3A.1). 

The percentage of feminized males was significantly higher (Chi-squared test, ��2 = 66.159, p 

< 0.001) in infested than in non-infested males (Table 3A.1), corresponding to 70 % of the 

infested male population versus only 8 % of the non-infested male population. In addition, 20 

% of the female population were infested versus 7 % of the male population (excluding 

feminized males). The percentage of feminized males was 20 % of the male population but 85 

% of these feminized males were infested. 

The smallest sampled U. pusilla individual (19 mm in TL) was infested. Prevalence 

vs. TL displayed a dome-shaped curve (Figure 3A.3B). The clustering method discriminated 

four TL groups (Figure 3A.3B): (1) [20-28 mm] with a mean parasite prevalence of 22 %, (2) 

[29-34 mm] with a mean parasite prevalence of 61 %, (3) [35-42 mm] with a mean prevalence 

of 32 % and (4) [43-55 mm] with a mean parasite prevalence of 8 %.
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The length of G. branchialis females ranged between 4 and 12 mm and correlated 

positively with U. pusilla TL (N = 83, r = 0.80, p < 0.001) (Figure 3A.4B). The length of G. 

branchialis males ranged between 2 and 5 mm and also correlated positively with U. pusilla 

TL (N = 64, r = 0.59, p < 0.001) (Figure 3A.4B). The relationships linking U. pusilla TL and 

G. branchialis length significantly differed between females and males G. branchialis (F = 

1208.8, and F = 1410.1, for the spatial and temporal surveys, respectively, p < 0.001 in both 

cases). Ovigerous G. branchialis females were found all year long with a percentage of 

ovigerous females ranging between 33 and 100 % of the total number of females G. 

branchialis, without any clear seasonal trend (data not shown). G. branchialis did not 

differentially infest right (12 % of all U. pusilla) versus left gill chambers (10 % of all U. 

pusilla) (Chi-squared test, X2 = 2.553, p = 0.11). Only two double infestations were observed, 

corresponding to 0.3 % of the U. pusilla population. The prevalence of double infestation was 

significantly lower (Chi-squared test, X2 = 10.464, p < 0.001) than what expected assuming 

that double infestation results from two events affecting independently the two gills (i.e., 2.4 

%). 

Differences in mean TL between infested and non-infested mud shrimp were 

significant (Student t test for paired sample, N = 12, t = 7.05, p < 0.001). Mean relative 

differences in TL on the 12 sampling dates were between 4 and 20 % with an average of 10 % 

(Figure 3A.5B). Differences in mean IDW were also significant (Student t test for paired 

sample, N = 11 due to missing data in March, t = 6.11, p < 0.001) and corresponding relative 

mean differences were between 13 and 58 % with an overall average of 30 % (Figure 

3A.5D). In both infested and non-infested mud shrimp, there was a sharp decrease in 

individual dry weight between June and July, with a rapid recovery within the two following 

months (Figure 3A.5B). When standardized for TL, the average deficit in IDW due to 

parasitism was estimated to be only 4.4 %. The significance of this deficit was further 

supported by the occurrence of a significant (ANCOVA, F = 18.86, p < 0.001) difference in 

the relationships linking TL and IDW in infested (N = 129) and non-infested (N = 469) mud 

shrimp (Figure 3A.6B). 
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4�� Discussion 

�� Early infestation of Upogebia pusilla 

Based on our own results and literature data, we can propose the following phenology 

for the Upogebia pusilla-Gyge branchialis system. Female mud shrimp brood their eggs for 

about 8 weeks (Tunberg 1986) before releasing them as larvae in the water column between 

August and October. Larvae then grow for one month (Dworschak 1988) so that benthic 

recruitment occurs between September and November. The new recruits then probably 

become quickly infested; the strongest rationale for this being the positive relationships 

linking U. pusilla TL and G. branchialis length recorded during both surveys. As an example, 

during the temporal survey, U. pusilla individuals with TL > 45 mm harboured only G. 

branchialis females with TL > 8 mm, whereas U. pusilla individuals with TL < 3 0 mm 

harboured only G. branchialis females with TL < 8 mm (Figure 3A.4). This suggests that 

most infestation occurs during the first 3 months following recruitment (i.e., during winter), 

which is indeed possible since G. branchialis females are ovigerous all year long. This 

hypothesis is also consistent with the work by Tucker (1930) who stated that infestation of U. 

pusilla by G. branchialis is possible when individuals are young (i.e., when the cuticle is thin) 

and ecdysis is more frequent (i.e., higher vulnerability). More specifically, this author 

specified that infestation starts when TL is 17 mm (which corresponds to an age of ca. two 

months after recruitment according to our VBGF results). The TL of the smallest mud shrimp 

collected during the present study was 19 mm (i.e., CL = 6 mm, see Annexe III appendix 

3A.1 for biometrical relationships) and it was infested. This minimal size is intermediate 

between the values reported by Hughes (1940) (CL = 3 mm) and Dworschak (1988) (CL = 8 

mm) (Table 3A.2). It also supports an early infestation of U. pusilla by G. branchialis.  
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Table 3A.2 : Comparative results concerning ecological and biological traits of different Upogebia species. Md: grain-size median; CL: Cephalo-thoracic 
length; G.b.: Gyge branchialis; G.o.: Gyge ovalis; O.g.: Orthione griffenis; N: number of analysed individuals; S: Sea 

*Calculated from total length found in the original publication (see Annexe III Appendix 3A.1 for equation). In bold: the present study 
 

Host Site Sediment Length % !  Ovigerous 
period 

Smallest 
ovigerous 
female CL 

Parasite Prevalence 
(%) 

Smallest 
infested 
host CL 

N Comment on some parasite 
effects Ref 

U. pusilla Adriatic S. Md = 23-88 ! >"  36-72 03-09 9 G.b. 0-5 "  
2-7 !  8* 631  Dworschak 

1988 

 Aegean S. Md = 147-208 ! >"  39 04-08 12    383  Kevrekidis 
et al. 1997 

 Mediterranean S.   67-75   G.b. 9 "  
12 !   ? - Negligible feminisation of 

males, not related to parasite 
Tucker 
1930 

 Mediterranean S.      G.b.  3 35 - Increased fat in infested males Hughes 
1940 

 NE Atlantic  Md = 140 ! >"  65 06-08 14 G.b. 13 !  
8 "  6* 1326 

- Feminisation of infested males 
- Smaller individuals display 
higher prevalence 
- Weight loss when infested. 
- infested females are not 
ovigerous 

This study 

U. yokoyai NW. Pacific 97% sands  70  8 G.o. 2 "  
4 !  15 163  Kinoshita 

et al. 2010 

U. stellata Ireland S.  " >!     G.b. 0  91 - A single intersex individual (no 
parasite) 

Pinn et al. 
2001 

U. deltaura North S. Sandy " =!  55 05-08   0  410  Tunberg 
1986 

U. major Seto S.   32-40   G.o. 24 "  
16 !   2500 

- Being infested doesnÕt predict 
intersex. 
- Smaller individuals display 
higher prevalence 

Ubaldo et 
al. 2014 

U. pugettensis NE Pacific Md = 68-225     O.g. 24 "  
6 !  

10 411 

- No evidence of feminisation 
- Larger individuals display 
higher prevalence 
- Parasite negatively affects host 
energetic state 

Repetto and 
Griffen 
2011 

 NE Pacific   30-90   O.g. 5-80 "  
5- 10 !  12 640 

-Feminisation of infested males 
- Larger individuals display 
higher prevalence 

Griffen 
2009 

 NE Pacific    10-11  O.g. Up to 90%  1350 -No effect on size, sex or survival 
but effect on fecundity 

Dumbauld 
et al. 2011 

 NE Pacific   52   O.g. 42 "  
27 !  

12 197 - Weight loss when infested. 
- No evidence of feminization 

Smith et al. 
2008 
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�� Influence of Gyge branchialis on Upogebia pusilla reproduction 

Upogebia pusilla females were ovigerous during summer (June to August), which is 

consistent with results from previous studies (Dworschak 1988; Kevrekidis et al. 1997; Table 

3A.2), including those carried out on other Upogebia species (Tunberg 1986) with the 

exception of U. pugettensis in the NE Pacific where females are ovigerous in October-

November (Dumbauld et al. 2011). As already shown by Dumbauld et al. (2011), no 

ovigerous females were infested suggesting that infested females lose their reproductive 

capacity. Other bopyrids do indeed hamper host reproduction (Griffen 2009); one invoked 

mechanism being the consumption of the amount of energy that can be devoted to 

reproduction by non-infested mud shrimp (Smith et al. 2008). A majority of infested U. 

pusilla were females. However, the proportion of females did not significantly differ within 

the infested and non-infested populations, thereby suggesting that prevalence was not 

influenced by the sex of U. pusilla. This result is in slight contradiction with previous studies 

reporting higher infestation rates in Upogebia spp. females (Smith et al. 2008; Griffen 2009; 

Repetto and Griffen 2011; Ubaldo et al. 2014; Table 3A.2) and relating to the fact that 

females tend to produce more lipids than males and thus could provide the bopyrid with an 

access to food sources enhancing its growth, reproduction and survival (Smith et al. 2008). It 

is worth noting that the smallest ovigerous female collected during the present study was ca. 4 

month old. Assuming that most of the infestation of U. pusilla occurs before it is 3 month old 

(see above), this suggests that infested females never had the opportunity to reproduce. 

Therefore, one can state that the parasitism by G. branchialis induces a diminution by 7 % of 

the female adult mud shrimp population contributing to reproductive effort. 

About 25 % of the adult male population were infested as well and almost all infested 

males were feminized. Male feminization therefore probably quickly follows infestation, 

which is further supported by the fact that the smallest feminized males were only 27-mm 

long (corresponding to ca.three-month old individuals based on our VBGF) versus 19 mm 

(corresponding to ca. two-month old individuals based on our VBGF) for the smallest 

infested mud shrimp. Our results clearly show that a larger proportion of males were 

feminized in infested than in non-infested population. This is in contradiction with a previous 

work by Tucker (1930) in the Mediterranean Sea who stated that feminisation was negligible 

and not related to parasitism (Table 3A.2). A similar contradiction can be found for U. 

pugettensis in the North-East Pacific since Smith et al. (2008) and then Repetto and Griffen 
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(2011) did not observe feminization whereas Griffen (2009) conversely did (Table 3A.2). The 

effects of bopyrids on the feminization of their hosts may therefore interact with other 

environmental factors (Ubaldo et al. 2014), especially those related to nutrition, which may 

contribute to the explanation of such discrepancies (Nanri et al., 2010). Sex determination in 

crustaceans is indeed controlled by hormone production by the androgenic gland (Ford, 

2008), which is itself related to nutrition. In case of nutritional deficit, androgenic gland 

production may therefore decrease and feminization (i.e., apparition of female sexual 

secondary characters) may occur (Nanri et al. 2010). As far as the present study is concerned, 

it is not fully clear whether feminized males were castrated or not because their gonad 

integrity was not checked. For instance, in U. major, morphological disorders in males occur 

independently of gonadal development and do not affect sexual reproduction (Nanri et al. 

2010). 

�� Influence of Gyge branchialis on Upogebia pusilla total length and individual dry 

weight 

During the present study, we reported average relative differences in mean IDW of 

non-infested versus infested U. pusilla of 34 and 30 % during the spatial and temporal surveys 

respectively. These differences clearly result from two distinct mechanisms, namely: (1) the 

fact that TL tends to be smaller in infested than in non-infested mud shrimp, and (2) the fact 

that the relationships linking TL and IDW differ in infestedand non-infestedmud shrimp. 

The frequency histograms of prevalence relative to TL derived from both surveys were 

typically dome-shaped and revealed a tendency toward higher prevalence in mud shrimp with 

intermediate TL. This pattern slightly differs from the one (i.e., a monotonous decrease of 

prevalence with TL) reported by Ubaldo et al. (2014) for U. major infested by G. ovalis, 

which is also characterized by an early infestation. The pattern found during the present study 

may however be compatible as well with such an infestation and result from several non-

exclusive causes including (1) parasite-dependent mortality, (2) a deleterious effect of the 

parasite on the growth of its host, and (3) parasite loss (Ubaldo et al. 2014). It is clearly 

difficult to unravel the effects of these possible causes. However, during the present study, we 

observed only very occasionally mud shrimp showing signs of a recent release of the parasite 

and suspected that in some cases this release was artefactual and due to our sampling 

procedure since the parasite was recovered close to the mud shrimp (LP personal 
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observation). We therefore do not believe that parasite loss is a major process within the U. 

pusilla-G. branchialis system.  

Nevertheless, there were clearly less infested mud shrimp both within small and large 

size classes (Figure 3A.3), which is susceptible to induce inverse effects regarding 

differences in the average relative TL of infested and non-infested mud shrimp (Figure 

3A.5B). The sign of the above-mentioned differences simply reflects the fact that, during both 

the spatial and the temporal surveys, the effect of the diminution of prevalence in large mud 

shrimp was dominant over the effect of the diminution of prevalence in small ones. When 

standardized for TL, mean relative differences in IDW of non-infested and infested mud 

shrimp reduced to 9.9 and 4.4 % during the spatial and temporal surveys, respectively. It 

should be pointed out that large individual variabilities are associated with these two figures 

because their computation involves: (1) a curve adjustment, and (2) the computation of a 

difference between two IDW. During both surveys, we nevertheless also recorded significant 

differences between non-infested and infested mud shrimp in the relationships linking TL and 

IDW, which further support the occurrence of an effect of parasitism on IDW irrespective of 

TL standardization. We found only a single reference mentioning the magnitude (i.e., 7.8 %) 

of such an effect in another mud shrimp (i.e., U. pugettensis) infested by another bopyrid (i.e., 

Orthione griffenis) (Smith et al. 2008). Because of the above-mentioned restrictions, caution 

should clearly be taken in comparing these values beyond their order of magnitude.  

A classical question in this type of study deals with the causality linking infestation 

and the physiological state of parasitized individuals. That is to say: is the mud shrimp IDW 

deficit a consequence and/or a cause of their infestation? While, it is not possible to be fully 

conclusive, there are several lines of evidence suggesting that the U. pusilla deficit in IDW is 

probably mainly resulting from its infestation by G. branchialis. This hypothesis is first 

supported by the increase in the magnitude of the deficit in IDW of infested mud shrimp with 

increasing TL (Figure 3A.6) as evidenced by the analysis of the U. pusilla TL-IDW 

relationships originating from both the spatial and temporal surveys. Moreover, due to the 

weak swimming abilities of parasite larvae, infestation intensity is often cued by local 

hydrodynamics surrounding the host (De Montaudouin et al., 1998) and even more 

specifically with their ventilation rates (Mikheev et al., 2014). These last authors for example 

clearly showed that the infestation of the salmonid fish Onchorhyncus mykiss by 

Diplostomum pseudopathaceum correlated positively with the ventilation rates of the former. 

Such a dependency of infestation on ventilation is probably even more marked in endobenthic 
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species, such as U. pusilla, living deep in the sediment column and thus far from the potential 

sources of cryptoniscus larvae. Ventilation rates are typically higher in individuals in healthy 

versus poor physiological states, which together with the above-mentioned relationship led 

Mouritsen et al. (2003) to account for the positive correlation linking the condition index of 

the New Zealand cockle Austrovenus stutchburyi and the intensity of its infection by the 

trematode Curtuteria australis. As far as our U. pusilla population is concerned, Pascal et al. 

(see ÒChapitre 3 Ð Partie BÓ) recorded a threefold decrease in ventilation rates in infested mud 

shrimp relatively to non-infested ones. Assuming that (1) ventilation rates are also a key 

factor in controlling infestation rates of U. pusilla, and (2) ventilation rates correlate 

positively with the physiological state of U. pusilla, it is therefore unlikely that infestation by 

G. branchialis would preferentially take place in mud shrimp already showing a deficit in 

IDW.  

5! Conclusion 

This study provides essential information regarding the Upogebia pusilla-Gyge 

branchialis host-parasite system in Arcachon Bay. For example, and based on both a spatial 

and a temporal survey, our results show relatively high prevalence all over the year. 

Moreover, infestation significantly alters the physiological state of mud shrimp since infested 

individuals exhibited a significant deficit in total length and individual dry weight as 

compared to non-infested ones. Infestation also negatively affects the reproductive capacity of 

mud shrimp with almost all infested males being feminized and infested females never being 

ovigerous. Overall, our results therefore suggest that infestation by G. branchialis constitutes 

a key factor in regulating both mud shrimp population dynamics and individual functional 

capacities. Since U. pusilla populations are suspected to play a key role in the 

biogeochemistry of soft bottoms in Arcachon Bay, the functional impacts of their infestation 

by G. branchialis should now further be investigated. 
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Abstract   

Thalassinid crustaceans are among the most influential ecosystem engineers in marine soft-

bottom communities. They are also common host of bopyrid isopods, which have severe 

detrimental consequences on their physiology and population dynamics. In this study, we 

explored the potential implications of such a host-parasite association on sediment 

bioturbation and biogeochemical processes. Mesocom experiments revealed that burrowing 

and ventilation activities of Upogebia pusilla were significantly altered when infested by the 

bopyrid Gyge branchialis, leading to strong reductions of (1) sediment reworking and 

bioirrigation rates and (2) solute exchanges at the sediment-water interface. Given the 

worldwide distribution of sediment-dwelling mud shrimp and their key role in bioturbation 

processes, parasite-mediated alterations of their engineering behaviour may have profound 

and broad ecological consequences for the functioning of marine coastal ecosystems. 
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1! Introduction  

Over the last decades, a great deal of attention has been devoted to the mechanisms 

underpinning the relationship between the structure and composition of biological 

communities and ecosystem functioning (Hooper et al., 2005; Loreau, 2000; Loreau et al., 

2001; Naeem et al., 2000). Across numerous field and experimental studies, the diversity of 

functional traits, rather than species richness per se, has been recognized as one of the most 

influential determinant of ecosystem function (Covich et al., 2004; Hooper et al., 2005; 

Petchey and Gaston, 2002; Stachowicz et al., 2007). Nevertheless, community contribution to 

ecosystem properties is not merely dependent on species functional characteristics but also 

deeply influenced by the combination of species, including the functional identity of 

dominant species as well as interspecific interactions (Mermillod-Blondin et al., 2005; 

Norling et al., 2007; Wohlgemuth et al., 2016). 

Through the physical, chemical and biological modification of their surrounding 

environment, engineer species are known to disproportionally contribute to ecosystem 

processes (e.g. sediment bioturbation), thereby being of primary importance in ecosystem 

functioning (e.g. organic matter mineralisation) (Hastings et al., 2007; Jones et al., 1997; 

Kristensen, 2008; Lohrer et al., 2004). The identification of environmental factors affecting 

the engineering activity of such species is thus mandatory to better understand their role in 

ecosystem functioning and to accurately predict the ecological consequences of 

environmental change. Among biotic factors that can influence ecosystem engineers, 

parasitism appears to be especially substantial (Hatcher et al., 2012). Indeed, numerous 

studies have documented parasites importance in structuring communities through their effect 

on host mortality (Bick, 1994) and/or on ability to reproduce (Lajtner et al., 2008; Schulte-

Oehlmann et al., 1997), which can lead to major reduction in host abundance (Mei§ner and 

Bick, 1997) and even local extinction (Dumbauld et al., 2011; Jensen and Mouritsen, 1992). 

However, parasites do not necessarily drive obvious numerical change in their host 

population, but can also induce more subtle modifications of their host phenotype, such as 

alteration of physiology (Mischler et al., 2016), or behaviour (Bernot and Lamberti, 2008; 

Mouritsen and Poulin, 2005; Sato et al., 2012). By modifying the behaviour of its host, a 

parasite can thus alters its functional role via trait-mediated effects (Werner and Peacor, 2003) 

rather than density-mediated effects. However, the ecological consequences of phenotypic 

alteration of engineer species induced by parasite remains very poorly documented (Hatcher 

et al., 2012; Thomas et al., 2005, 1999). 
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To assess how parasite could affect ecosystem functioning, we performed ex-situ 

experiments involving the thalassinidean crustacean Upogebia pusilla and the bopyrid 

ectoparasite Gyge branchialis. Thalassinidean crustaceans (sensu Felder, 2001) are large 

burrowing shrimp-like organisms living in complex and deep burrow that can reach several 

meters (Kinoshita, 2002). Due to their high density (up to 650 ind m-2; Nates and Felder, 

1998) and intense burrowing activity (CadŽe, 2001), they are considered to be among the 

most influential ecosystem engineers in marine soft-sediment (Pillay and Branch, 2011). It is, 

for instance, the case for the mud shrimp Upogebia pusilla, which dominates bioturbation 

processes (sensu Kristensen et al., 2012) and strongly stimulates oxygen and nutrients benthic 

fluxes of intertidal mud flat in Arcachon Bay (Pascal et al., 2016b; submitted, see ÒChapitre 

1Ó). This species is strongly infested by the bopyrid Gyge branchialis, where yearly parasite 

prevalence average 21 % in Arcachon Bay (Pascal et al., 2016a). Bopyrids are common 

ectoparasites of thalassinidean mud shrimp (Campos et al., 2009), where they settle in one of 

the two gills chamber. Because these parasites feed on their host inner fluid, they have 

profound effects on their fitness. In particular, there are evidences that in this association the 

bopyrid parasitestrongly impairsits host length and dry weight as well asits ability to 

reproduce (Pascal et al., 2016a). Given the detrimental impact of this parasite on its host 

fitness it is realistic to consider that infestation by G. branchialis could constitute a key factor 

in regulating individual engineering traits. We hypothesise that infestation of U. pusilla by G. 

branchialis alters the functioning of intertidal mud flat. In other words, we predict that 

parasitized mud shrimp would exhibit reduced activity (burrowing, ventilating, locomotion) 

intensities resulting in lower bioturbation rates compared to healthy individuals. Accordingly, 

if the bioturbation activity of parasitized mud shrimp is significantly altered, we expect a 

lower influence on ecosystem functions such as organic matter mineralisation and nutrients 

turnover. 

2�� Materials and methods 

�� Field sampling and experimental design 

Laboratory experiments were carried out in winter (January) and summer (August) 

2014. At each season, 50 adult specimens of the mud shrimp Upogebia pusilla were collected 

using a bait piston pump at low tide within an intertidal Zostera noltei meadow in Arcachon 

Bay (44¡40.782ÕN, 1¡08.321ÕW; see Pascal et al., 2016b for site details, ÒChapitre 2Ó). 
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Among them, 18 undamaged females of the same length (4.6 ± 0.1 cm) (mean ± SD), 

including nine parasitized specimens, were selected and kept isolated in individual containers 

before being used in the experiments. At the same time as animal sampling, 12 sediment cores 

(9.4 cm inner diameter, 25 cm long) were collected by hand, using transparent acrylic tubing.  

Two sets of experiments were performed simultaneously to assess the influence of 

parasite infestation on mud shrimp behaviour, bioturbation processes and sediment 

biogeochemical dynamics. In the first set of experiments, five healthy (i.e. bopyrid-free) mud 

shrimp (ÒHealthy-treatmentÓ) and five parasitized (i.e. bopyrid-infestated) mud shrimp 

(ÒParasitized-treatmentÓ) were individually introduced in ten thin aquaria (25 (L) �� 1.9 (W) �� 

50 (H) cm) previously filled with a 30 cm layer of sieved (1 mm mesh) sediment from the 

sampling site. Three thin aquaria were kept without mud shrimp as control. In the second set 

of experiments, four healthy (ÒHealthy-treatmentÓ) and four parasitized mud shrimp 

(ÒParasitized-treatmentÓ) were individually introduced in field-collected sediment cores. Four 

sediment cores were kept intact as control (ÒWithout-Upogebia-treatmentÓ). All experimental 

enclosures were then placed in a dark thermo-regulated room and fuelled with a continuous 

seawater flow (~0.25 L min��1) to ensure a good oxygenation of the overlying water. Seawater 

temperature and salinities were kept constant during the whole duration of the experiments at 

12 ¡C and 30 in January and 22 ¡C and 30 in August, corresponding to field values recorded 

during animal sampling. 

�� Behaviour monitoring 

Behavioural recordings were performed using an automated image acquisition system 

composed of a video sensor (µEye UI-1480SE, IDS Imaging¨, 2560 �� 1920 pixels) 

connected to a computer running AviExplore software (Romero-Ramirez et al., 2016). The 

sensor was placed in front of one side of each aquarium. Experiments were carried out in total 

darkness under infrared light (�� > 700 nm) to avoid any potential light disturbance. 

Recordings started as soon as a complete (i.e. open-ended) burrow was built. Each experiment 

lasted 72 h and image frequency acquisition was 0.1 Hz. Time-lapse sequences were then 

visually inspected. Only records where mud shrimp were visible for more than 90% of the 

time were converted into ethograms from which (1) the proportion of time (%) devoted to 

each behaviour as defined in Pascal et al., (submitted, see ÒChapitre 1Ó) as well as (2) specific 

average bout-duration (min) and (3) interval-duration (min) were extracted. 
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�� Quantification of bioturbation rates 

2.3.1�� Sediment reworking  

Sediment reworking is defined as sediment particles transport directly or indirectly 

resulting from mud shrimp behaviours. Sediment reworking rates were quantified using inert 

fluorescent particles (i.e. luminophores) (Maire et al., 2008). At the beginning of the 

experiment, 15 g of luminophores (100-160 µm size range, 2.5 g cm-3 density) were 

homogeneously spread at the sediment-water interface of each aquarium. Each side of the 

aquaria was photographed with a digital camera (D100, Nikon¨, 3008��2000 pixels) four and 

thirty days after luminophores input, which correspond to the necessary duration for healthy 

mud shrimp to rework the whole length of its burrow wall at both season (Pascal et al. 

submitted, see ÒChapitre 1Ó). Saved JPEG images were then analysed using specifically 

dedicated software as described in Maire et al., (2006), allowing for the assessment of 

luminophores vertical profiles. Biodiffusion (Dbv, corresponding to diffusion like sediment 

particles mixing within the sediment column) and bioadvection (Vbv, resulting from the 

ejection of sediment onto the sediment-water interface) coefficients were then estimated by 

fitting observed depth profiles with a biodiffusion-bioadvection transport model (Gerino et 

al., 1998; Meysman et al., 2003): 
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where C is the luminophore concentration (%), t is the time (year) and z is the depth. Dbv (cm2 

y-1) and Vbv (cm y-1) are biodiffusion and bioadvection coefficient estimated by convergent 

iterations and weighted least-squared regressions of model prediction on observed 

luminophores profiles (see Maire et al., 2006 for further details). 

The component of sediment reworking occurring perpendicularly to burrow wall was 

modelled after 4 days of incubation using a simple biodiffusive model (Cochran, 1985): 
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Where C is the luminophore concentration (%), t is the time (year) and x is the orthogonal 

distance from the burrow wall (cm). Dbw (cm2 y-1) is biodiffusion coefficient estimated as 

mentioned above. This was achieved on four aquaria per season and per treatment. Selected 

aquaria were those with the longest proportion of visible burrow lumen allowing for the best 
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assessments of decrease in luminophore concentration with increasing orthogonal distances 

from burrow wall.   

The total length and the vertical extension of burrows (cm) as well as the number of 

openings and turning chambers were respectively measured and counted at the 

commencement of experiments (T0) and after 4 (T4) and 30 days (T30). Additionally, two 

other sediment reworking proxies were assessed from thin aquarium images at T0, T4 and 

T30. (1) The volume of sediment expelled onto the sediment surface (VES, cm3) was estimated 

form the following equation: 

789 & !: !;< !;= !!!!!!!!!!!!!!!.>0 

where :  is the average height of sediment that overlaid the original sediment-water 

interface (cm), L is the aquarium length (25 cm) and W is the aquarium width (1.9 cm).  

(2) The mean thickness of the reworked layer surrounding burrows was estimated by 

measuring the distance between burrow walls and the most distant luminophores within 5 

different areas distributed along the burrow. The volume of reworked sediment surrounding 

the burrow (BRS, cm3) was then estimated from the following equation: 
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where Lb is the total burrow length (cm), rb is the mean burrow radius (cm) and TRS is the 

mean thickness of the reworked sediment layer surrounding the burrow (cm). 

2.3.2! Bioirrigation  

The bioirrigation is defined as the biologically induced transport of water and 

associated solutes across the sediment-water interface and within the sediment column 

(Kristensen et al., 2012). At the beginning of each experiment, a fluorescent soluble tracer 

(Uranine), allowing for the quantification of dissolved solutes transport across the sediment-

water interface, was added in the overlying water of each core. Fluororimetric probes 

(Cyclops ©-7, Turner Design, # excitation=490 nm; # measured=514 nm) positioned in the 

overlying water of each core were used to continuously (1 Hz) measure the decrease in 

Uranine concentration during 48 hours. The overlying water was kept oxygen saturated with 

constant air bubbling, which also allowed for a gentle stirring and homogenization of the 

overlying water without sediment resuspension. 
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The bioirrigation rate (Q) was estimated by fitting a simplified version of the 

mathematical model developed by Meysman et al. (2007) to the moving averages (over one 

minute) of the tracer data: 
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where Cow is the concentration of the dissolved tracer in overlying water (��g L-1), Vow and Vpw 

the volumes (mL) of overlying water and of porewater, Ms the sediment wet weight (gww) and 

Kad the mean adsorption rate of Uranine onto sediment particles. According to Pascal et al. 

(2016b) a Kad of 0.25 mL g dry weight-1 was used. Q (mL h-1) were estimated using Matlab 

(ver.9, Mathworks) by convergent iterations and weighted least-squares regression of model 

predictions on temporal Uranine concentration decline. 

�� Assessment of ecosystem functioning 

Ecosystem functioning is defined as the flow of energy and matter through biological 

organisation levels (Hooper et al., 2005). In this study, measurements of biogeochemical 

fluxes across the sediment-water interface(i.e. benthic-pelagic coupling) wereused as a proxy 

of ecosystem functioning. Benthic solute exchanges were quantified using the incubation 

method. When starting incubations, the overlying water was sampled for initial measurements 

of oxygen (O2), ammonium (NH4
+), nitrate (NO3

-) and dissolved silicate (dSi) concentrations. 

Experimental enclosures were then hermetically sealed with a PVC lid and the overlying 

water was continuously stirred with a magnetic bar spinning at ~100 rpm. The total duration 

of each incubation was adjusted so that O2 concentration in the overlying water did not 

decrease below 70 % of its initial value. This was achieved using a mini-optode (OXROB10, 

Pyroscience¨) introduced in the overlying water through the lid allowing for the real time 

measurement of O2 concentration. At the end of the incubations, the overlying water was 

sampled for final nutrient measurements. Sediment cores were then left open overnight with a 

continuous oxygenated water flow before starting sequential replications (n = 5).  

Water samples were analysed for NO3
- (Wood et al., 1967), NH4

+ (Aminot et al., 

1997) and dSi (Truesdale and Smith, 1976) using a Quattro-Seal auto-analyser. In all 

treatments, benthic solute fluxes were calculated using equation (4): 
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F = [(Cf Ð Ci) �� V] / (t �� S)  (7) 

where V is the volume (m3) of overlying water, S is the surface (m2) of the section of the 

sediment core, Ci and Cf are the initial and final concentrations of solutes in the overlying 

water (mmol L-1) and t is the incubation duration (day). According to equation (4) a positive 

flux (F, mmol m-2 d-1) is directed from the sediment to the overlying water and vice-versa.  

To assess the contribution of the own respiration (i.e. oxygen uptake) and excretion 

(i.e. NH4
+ release) of Upogebia pusilla to O2 and NH4

+ fluxes, mud shrimp were removed 

from their burrow at the end of each experiment and individually placed in experimental 

enclosures completely filled with 0.7 L of filtered (0.2 ��m) and autoclaved seawater. 

Incubations were performed as detailed above. Between each sequential replication (n = 5) 

enclosures were left open two hours with a continuous oxygenated flow of filtered seawater. 

�� Data treatments 

All data presented in this study are averages (± SE). Differences in allocated time, 

bout- and interval-duration of each behaviour between Healthy and Parasitized-treatments 

were assessed using one-way PERMANOVA on the sum of images corresponding to each 

behaviour. Differences in Dbv, Vbv, Dbw, Q, oxygen and nutrients fluxes, individual respiration 

and excretion and porewater exchange rates between treatments and seasons were assessed 

using a two-way PERMANOVAs. In case of significant interaction between fixed factors, 

pairwise test were performed to characterise their modalities. All PERMANOVAs and 

associated tests were performed on untransformed data using Euclidean distance and the 

PRIMER¨ v6 package with the PERMANOVA+ add-on software (Clarke & Warwick 2001; 

Anderson et al. 2008). 

3 Results

�� Behaviour 

In winter, parasitized mud shrimp were not visible within their burrow more than 90% 

of the time. Consequently, their behaviour was characterized strictly based on summer 

experiments. As previously described by Pascal et al. (submitted, see ÒChapitre 1Ó), in non-

parasitized Upogebia pusilla, four distinct behavioural states, namely ÒRestingÓ, 
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ÒBurrowingÓ, ÒVentilatingÓ and ÒWalkingÓ, were identified in parasitized mud shrimp. 

However, the proportion of time devoted to each of them (but walking) was significantly 

affected by a bopyrid infestation (Table 3B.1). Hence, parasitized individuals significantly 

spent more time to ÒRestingÓ than healthy ones (multiplying factor of 3.1) whilst they 

significantly reduced the proportion of time allocated to ÒBurrowingÓ and ÒVentilatingÓ by 

factors of 1.8 and 2.3, respectively (Figure 3B.1). Interestingly, the strategy of time 

reallocation caused by parasitic infestation differed between specific behaviours. Indeed, the 

proportion of time allocated to ÒBurrowingÓ and ÒVentilatingÓ in parasitized specimens was 

directly reduced by increasing the mean interval duration between two successive periods of 

specific activities (i.e. the mean duration of ÒBurrowingÓ and ÒVentilatingÓ events remained 

the same between treatments) (Table 3B.1). Conversely, the higher proportion of time 

devoted to ÒRestingÓ in infested organisms resulted from both an increase of the mean 

duration of ÒRestingÓ periods and a decrease of the mean interval duration between them. 

 
Figure 3B.1 : Average (± SE) proportions of time allocated to each behaviour in Parasitized- 
and Healthy-treatments during summer. * indicates significant differences in time devoted to 
each behaviour in Parasitized- as compared to Healthy-treatments (one-way PERMANOVAs 

and pair-wise test, p < 0.05) 
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Table 3B.1 : Average (± SE) bout-duration and interval-duration of each behaviour in 
Parasitized- and Healthy-treatment during summer. * indicates significant difference between 

seasons (one-way PERMANOVAs, p < 0.05) 

�� Bioturbation 

3.2.1�� Sediment reworking 

During winter, one parasitized mud shrimp did not build a complete open-ended 

burrow, so that only four parasitized individuals were used for the comparison of (1) burrow 

characteristics and (2) sediment reworking rates between Healthy- and Parasitized-treatments. 

At the two studied seasons, general burrow characteristics did not profoundly differ between 

treatments although the mean burrow length was significantly shorter in parasitized mud 

shrimp during summer (Table 3B.2). The thickness of the reworked sediment layer 

surrounding the burrow (TRS) was also consistently thinner in the Parasitized-treatment 

(Table 3B.2). The volumes of sediment reworked by parasitized mud shrimp were thus 

significantly lower (Figure 3B.2). This is overall confirmed by the calculation of biodiffusive 

and bioadvective coefficients, which moreover showed a significant interaction between 

treatments and seasons for all of them (two-way PERMANOVAs, F = 11.853, 95.229 and 

6.607, respectively; p = 0.001, 0.001 and 0.014, respectively). All coefficients were 

significantly lower during winter than during summer for the three treatments (Figure 3B.2). 

Dbv coefficients were significantly lower in Parasitized- than in Healthy-treatment at the two 

seasons (with multiplying factors of 4.6 and 4.5 during winter and summer, respectively) 

whereas the reduction of Vbv and Dbw was only significant in summer with respective 

corresponding multiplying factors of 5.5 and 3.1(Figure 3B.2A and B). 

Behaviour  Bout-duration 
(min) 

  Interval-duration 
(min) 

  Parasitized Healthy   Parasitized Healthy 
Resting * 16.0 ± 3.4 7.7 ± 0.8  * 15.7 ± 3.3 31.8 ± 2.6 

Burrowing  6.7 ± 1.1 7.1 ± 0.6  * 21.3 ± 3.9 12.7 ± 1.3 
Ventilating  4.8 ± 1.3 6.9 ± 0.7  * 27.5 ± 7.9 9.5 ± 1.0 
Walking  1.4 ± 0.3 1.0 ± 0.2   66.4 ± 23.4 80.4 ± 16.8 
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Figure 3B.2 : Average (± SE) sediment reworking coefficents. (A) Vertical biodiffusion (Dbv, 

solid bars, left scale) and bioadvection (Vbv, hatched bars, right scale) coefficients and (B) 
orthogonal to the burrow wall biodiffusion coefficient (Dbw) during winter and summer. 
Different letters indicate significant differences between combinations of seasons and 

treatments (two-way PERMANOVAs and pair-wise test, p < 0.05). Lower case: Db; Higher 
case: Vbv 
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Table 3B.2  : Average (± SE) of burrow characteristic (burrow length, burrow depth, number of burrow opening and number of turning chambers) and 
sediment reworking (TRS: mean thickness of the reworked sediment layer surrounding the burrow, BRS: volume of reworked sediment surrounding the 

burrow and VES: volume of sediment expelled onto the sediment) just after, 4 days and 30 days after luminophore input in Parasitized- (p) and in Healthy- 
(h) treatments. * Indicates significant differences between States within Season (three-way PERMANOVAs and pair-wise test, p < 0.05) 

Season Treatment N 
Burrow 
length 
(cm) 

Burrow 
depth 
(cm) 

Number 
of burrow 
opening 

Number 
of turning 
chamber 

TRS 
(cm) 

BRS 
(cm3) 

VES 
(cm3) 

T0          

Winter p 4 34.3 ± 1.3 14.8 ± 1.1 2.0 ± 0.0 2.8 ± 0.5 -- -- -- 
h 5 32.5 ± 2.5 13.1 ± 1.3 2.0 ± 0.0 2.0 ± 0.0 -- -- -- 

          

Summer 
p 5 32.0 ± 1.8 16.8 ± 3.0 2.0 ± 0.0 2.9 ± 0.3 -- -- -- 
h 5 41.5 ± 7.6 14.9 ± 2.1 2.0 ± 0.0 2.8 ± 0.4 -- -- -- 

          
T4       *   

Winter 
p 4 34.7 ± 1.2 15.3 ± 1.2 2.0 ± 0.0 3.0 ± 0.5 0.2 ± 0.0 72.5 ± 5.3 14.3 ± 5.6 
h 5 33.2 ± 3.0 13.2 ± 1.4 2.0 ± 0.0 2.0 ± 0.0 0.4 ± 0.0 84.9 ± 4.0 23.6 ± 3.3 

   *    * * * 

Summer p 5 32.1 ± 1.8 17.4 ± 3.1 2.1 ± 0.2 3.1 ± 0.4 0.3 ± 0.0 108.8 ± 4.7 25.0 ± 8.0 
h 5 50.3 ± 5.1 17.1 ± 1.6 2.0 ± 0.0 3.0 ± 0.0 0.6 ± 0.1 210.2 ± 18.0 96.0 ± 11.1 

          
T30       *   

Winter p 4 40.0 ± 3.1 15.5 ± 0.7 2.0 ± 0.0 3.3 ± 0.5 0.3 ± 0.1 129.2 ± 12.3 48.8 ± 9.9 
h 5 41.3 ± 4.8 14.3 ± 1.0 2.5 ± 0.3 3.0 ± 0.6 0.4 ± 0.0 133.3 ± 20.8 70.8 ± 9.9 

   *   * * * * 

Summer 
p 5 60.4 ± 13.9 20.2 ± 4.2 2.2 ± 0.2 3.5 ± 0.2 0.4 ± 0.0 144.5 ± 11.6 100.5 ± 38.9 
h 5 96.1 ± 15.8 23.5 ± 4.7 2.6 ± 0.3 5.4 ± 0.7 0.7 ± 0.0 427.0 ± 58.0 304.2 ± 15.2 
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3.2.2�� Bioirrigation 

There was a significant interaction between treatments and seasons for the 

bioirrigation rate (Q) (two-way PERMANOVA, F = 88.006, p = 0.001) (Figure 3B.3). Values 

of Q coefficients in Without-Upogebia-treatment did not significantly differ between seasons 

and were always significantly different from the treatments containing mud shrimp (Figure 

3B.3). They were 1.7 and 2.3-fold lower than in Parasitized-treatment and 3.6 and 6.7-fold 

lower than in Healthy-treatment during winter and summer, respectively. Q coefficient was 

always significantly lower in Parasitized - than in Healthy-treatment (Figure 3B.3) with 

corresponding multiplying factors of 2.2 and 2.9 during winter and summer, respectively. 

Overall, in treatment containing mud shrimp Q coefficients were always significantly higher 

during summer than during winter (Figure 3B.3). 

 
Figure 3B.3 : Average (± SE) bioirrigation rates (Q in mL h-1) during winter and summer. 

Different letters indicate significant differences between combinations of seasons and 
treatments (two-way PERMANOVAs and pair-wise test, p < 0.05). 

�� Ecosystem functioning 

There was a significant interaction between seasons and treatments for the total 

oxygen uptake (TOU) (two-way PERMANOVA, F = 6.165, p = 0.008) (Figure 3B.4A). In all 

treatments, average TOUs were significantly higher in summer than in winter (Figure 

3B.4A). At the two seasons, TOUs were significantly higher in the presence than in the 

absence of Upobebia pusilla (Figure 3B.4A). However, they were significantly lower in the 

Parasitized-treatment (1.4 and 1.5-fold lower in winter and summer, respectively). 

Respiration rates of Upogebia specimens significantly differed between seasons but not 
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between treatments (two-way PERMANOVAs, F = 7.907, p = 0.016). During winter, they 

reached 146.1 ± 17.7 and 138.6 ± 10.5 !mol ind -1 d-1, for healthy and parasitized mud shrimp 

respectively and up to 194.7 ± 14.4 and 189.0 ± 24.8 !mol ind -1 d-1 during summer. Given the 

mud shrimp density within experimental enclosures (144 ind. m-2), winter values 

corresponded to 21.1 ± 2.6 and 20.0 ± 1.8 mmol m-2 d-1 (Figure 3B.4A), which accounted for 

37.7 and 50.0% of the TOU in the Healthy- and Parasitized-treatment, respectively. 

Similarly, summer values corresponded to 28.0 ± 2.1 and 27.2 ± 2.1 mmol m-2 d-1, which 

accounted for 25.1 and 35.5% of the TOU in Healthy- and Parasitized-treatments, 

respectively. The sum of TOU in enclosure without Upogebia and direct oxygen uptake by 

the parasitized mud shrimp (i.e. respiration) always accounted for the totality of TOU in 

Parasitized-treatment. On the other hand, sum of TOU in enclosure without Upogebia and 

healthy mud shrimp respiration accounted for 75 and 65% of TOU in Healthy-treatment 

during winter and summer, respectively. 
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Figure 3B.4 : Average (±SE) of (A) O2 uptakes: TOU (solid bars) and mud shrimp 

respiration (hatched bars), (B) NH4
+ releases: NH4

+ benthic fluxes (solid bars) and mud 
shrimp excretion (hatched bars), (C) NO3

- and (D) dSi fluxes across the sediment-water 
interface. Different letters (higher case letter: mud shrimp respiration or excretion, lower case 
letter: benthic fluxes) indicate significant differences between combinations of treatments and 

seasons (two-way PERMANOVAs and pair-wise test, p < 0.05) 
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NH4
+ fluxes were consistently directed towards the overlying water in all treatments 

(Figure 3B.4B). There was a significant interaction between treatments and seasons (two-way 

PERMANOVA, F = 7.753, p = 0.004). NH4
+ fluxes in Without-Upogebia-treatment did not 

significantly differ between seasons and were always significantly different from the 

treatments containing mud shrimp (Figure 3B.4B). They were 2.2 and 2.2-fold lower than in 

Parasitized-treatment and 2.1 and 3.9-fold lower than in Healthy-treatment during winter and 

summer, respectively. NH4
+ fluxes were only higher during summer than during winter for 

Healthy-treatment. NH4
+ fluxes did not significantly differ between treatment containing mud 

shrimp during winter but was 1.8-fold higher in Healthy- than in Parasitized-treatment during 

summer (Figure 3B.4B). Excretion rates of Upogebia specimens did not significantly differ 

between seasons and treatments (two-way ANOVAs, F = 1.036 and 0.016, p = 0.329 and 

0.900, respectively). During winter, they were 13.0 ± 2.5 and 12.7 ± 1.5 !mol ind -1 d-1, for 

healthy and parasitized mud shrimp respectively and 14.3 ± 1.6 and 15.0 ± 1.2 !mol ind -1 d-1 

during summer, respectively. Given the mud shrimp density within experimental enclosures, 

winter values corresponded to 1.9 ± 0.4 and 1.8 ± 0.2 mmol m-2 d-1 (Figure 3B.4B), which 

accounted for 52.1 and 49.3% of the NH4
+ in the Healthy- and Parasitized-treatment, 

respectively. Similarly, summer values corresponded to 2.1 ± 0.3 and 2.2 ± 0.2 mmol m-2 d-1, 

which accounted for 35.3 and 65.6% of the TOU in the Healthy- and Parasitized-treatment, 

respectively. The sum of NH4
+ flux in enclosure without Upogebia and healthy mud shrimp 

excretion always accounted for the totality of NH4
+ flux in Parasitized-treatment. On the 

other hand, sum of NH4
+in enclosure without Upogebia and healthy mud shrimp excretion 

accounted for the totality and 61% of NH4
+ flux in Healthy-treatment during winter and 

summer, respectively.  

There was a significant interaction between treatments and seasons for the NO3
- fluxes 

(two-way PERMANOVA, F = 6.978, p = 0.009). NO3
- fluxes in Without-Upogebia- and 

Parasitized-treatments always were barely detectable and did not significantly differ between 

them and between seasons (Figure 3B.4C). NO3
- fluxes in Healthy-treatment were directed 

toward the sediment column and were always significantly different from the two other 

treatments (Figure 3B.4C). During summer, when NO3
- fluxes in Parasitized- and Healthy-

treatments were both directed toward the sediment column, a multiplying factor of 4.9 

between these two treatments has been calculated. 

dSi fluxes were always directed towards the overlying water (Figure 3B.4D). They 

significantly differed between treatments and seasons with a significant interaction between 
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these two factors (two-way PERMANOVA, F = 3.880, p = 0.032). dSi fluxes in Wihtout-

Upogebia- and Parasitized-treatments did not significantly differ from one another and 

between seasons. dSi fluxes in Healthy-treatment were significantly higher in summer than in 

winter and were 1.4 and 1.8-fold higher than in Parasitized-treatment during winter and 

summer, respectively. 

4�� Discussion 

Parasitism can have detrimental effects on their host physiological state by affecting 

their growth, reproduction, behaviour and even their survival (Hatcher et al., 2012; Mouritsen 

and Poulin, 2002). Depending on the functional identity and activity of host species, parasite 

infection could have broad implications in ecosystem processes and properties. Recent studies 

have suggested that infection of engineer species could also have a determinant role in 

community structure. For instance, Mouritsen and Poulin (2005, 2010) showed that infection 

of the cockles (Austrovenus stutchburyi) foot tissue by trematodes reduced its burrowing and 

movement ability, thereby reducing the bioturbation intensity and affecting overall the 

structure of the associated benthic community. However, very few studies have documented 

the effects of parasitism of engineer species on ecosystem functioning (Mouritsen and Poulin, 

2010; Thomas et al., 1998), which still remain poorly understood. In this study, we quantified 

the indirect implications of the bopyrid ectoparasit Gyge branchialis on benthic ecosystem 

functioning through its influence on the engineering behaviour of its host, the burrowing mud 

shrimp Upogebia pusilla.  

�� Influence of the parasite at the organism-level 

During winter, parasitized specimens of Upogebia pusilla were not visible enough 

from the side of the thin aquaria to allow for an accurate estimation of average time budget. 

However, since the visibility of the burrow lumen in experimental enclosures was directly 

related to burrowing activity, the reduced visibility of parasitized specimens somehow 

suggested that they were less active than healthy ones.  

During summer,the proportion of time allocated to each behaviour could be 

quantified and compared between Healthy- and Parasitized-treatments. Hence, the proportion 

of time devoted to both ÒBurrowingÓ and ÒVentilatingÓ activities were significantly reduced 

by the presence of Gyge branchialis whilst the duration of periods of total immobility 
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increased. There are several well-documented examples of parasite-induced modification of 

host behaviour (Moore, 2002; Mouritsen and Poulin, 2005; Poulin, 1994; Reisinger and 

Lodge, 2016; Sato et al., 2012; Thomas et al., 1998). Most of these studies focused on the 

behavioural consequences of Helminth parasites infestation in the second intermediate host, 

probably because behaviour alteration could be expected since these parasites are transmitted 

through predation (Poulin, 1994). Since U. pusilla is the definitive host of G. branchialis (the 

bopyrid sexually reproduce in its mud shrimp host) it is unlikely that the bopyrid parasite 

intentionally alters its host behaviour in a way that enhance its susceptibility to be preyed, as 

it will be prejudicial for the parasite itself. The few studies that have focused on bopyrid 

infestation effects on their host activity have also shown strong reduced activity level in 

parasitized shrimp (activity level was between 2.2 and 8.5-folds lower in parasitized 

Palaemonetes pugio as compared to healthy ones (Bass and Weis, 1999) and 2-folds lower in 

parasitized Synalpheus elizabethae as compared to heatlhy ones (McGrew and Hultgren, 

2011)). Such an effect is not surprising given that other studies have shown a detrimental 

impact of bopyrid parasite on its host metabolism rate (Anderson, 1977, 1975; Hughes, 1940; 

Nelson et al., 1986). However, it is worth mentioning that during ourstudy, reduced 

metabolic rate in parasitized mud shrimp did not affect host respiration and excretion (Figure 

3B.4A and B) which is consistent with the findings of Nelson et al. (1986). These authors 

found that despite the energy burden of the bopyrid Argeia pauperata, the respiration rate of 

the grass shrimp Crangon franciscorum was not affected by the parasite. Therefore, the 

energy demand of the parasite is most likely drawing on the energy that would normally be 

devoted to the mud shrimp activity and particularly to ÒBurrowingÓ and ÒVentilatingÓ. 

�� Consequences on ecosystem functions 

The reduced activity-level in parasitized mud shrimp resulted in low bioturbation 

levels as indicated by significant lower sediment reworking and bioirrigation rates in 

parasitized relatively to healthy mud shrimp both during winter and summer experiments 

(Figure 3B.2 and 3). Sediment reworking rates measured in Without-Upogebia treatment 

were nil during both seasons, indicating that luminophores displacement in Healthy- and 

Parasitized-treatments was only due to mud shrimp behaviour. It is worth noting that the 

sediment of Without-Upogebia treatment in sediment reworking experiments did not contain 

any macrofauna specimens since the sediment was sieved. It is thus difficult to draw any 

sound ecological conclusion from the differences between treatments with and without mud 
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shrimp. Conversely, sediment of this treatment in bioirrigation experiments was kept intact 

and thus contained macrofauna specimens. Although sediment reworking and bioirrigation 

are induced by different behaviour (burrowing versus ventilating), they are both directly 

related to the organism traits (Kristensen et al., 2012). In this sense, the relative slight 

differences in bioirrigation rate between Without-Upogebia- and Parasitized-treatment 

observed during winter and summer (as compared to the one between Without-Upogebia- and 

Healthy-treatment) can be extrapolated to the sediment reworking rate. Therefore, our results 

suggest that parasitized mud shrimp only marginally contribute to sediment bioturbation 

whereas healthy mud shrimp largely contribute to its increase during summer. 

Our results demonstrate that reduced bioturbation activity caused by bopyrid 

infestation led to a lower influence of the mud shrimp on organic matter mineralisation and 

nutrients turnover. Bioturbation positively impact organic matter mineralisation efficiency by 

active transport of organic particles and injection of oxygen into the sediment (Kristensen, 

2000; Meysman et al., 2006). By doing so, bioturbating species modulate resources 

availability (i.e. organic matter) and abiotic conditions (i.e. redox potential) for 

microorganisms, which in turn affect microbial-mediated biogeochemical activity (Kristensen 

et al., 2012). Our results support this rational since healthy mud shrimp significantly enhanced 

oxygen and nutrient fluxes at the sediment-water interface (Figure 3B.4). Moreover, (1) mud 

shrimp respiration only accounted for 60 and 42% of its contribution to TOU in Healthy-

treatment during winter and summer, respectively and (2) mud shrimp excretion accounted 

for the 98 and 48% of its contribution to NH4
+ flux in Healthy-treatment during winter and 

summer, respectively. The NO3
- uptake observed during the two seasons (Figure 3B.4) 

suggested that the presence of healthy mud shrimp enhance N removal processes (e.g. 

denitrification, anammox). Conversely, parasitized mud shrimp have reduced ability to 

maintain and ventilate their burrow as compared to healthy ones (Figure 3B.1, 2 and 3), 

which limit oxygen availability within the sediment and, thereby, reduce organic matter 

mineralisation capacity of the sediment. Furthermore, our results suggest that the impact of 

parasitized mud shrimp on TOU and NH4
+ fluxes was mostly direct (i.e., results from mud 

shrimp own respiration and excretion) and weakly contribute to indirect effects (i.e., 

stimulation of microbial organic matter mineralization processes, Figure 3B.4). NO3
- fluxes 

in the presence of parasitized mud shrimp were consistently close to zero (i.e., production and 

consumption processes offset each other) and did not differ from the ones without mud 

shrimp (Figure 3B.4), suggesting that parasitized mud shrimp do not affect NO3
- production 
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or consumption processes. As opposed to TOU, NH4
+ and NO3

-, dSi is not directly involved 

in organic matter mineralisation. Bioturbating activity may however affect dSi flux across the 

sediment-water interface by accelerating dSi exchange through porewater (Ullman and Aller, 

1989) and destabilising porewater gradient, which may enhance silicate dissolution rates 

(Reimers and Wakefield, 1989). Therefore the absence of significant difference in dSi flux 

between Parasitized- and Without-Upogebia-treatments (Figure 3B.4) confirms that 

parasitized mud shrimp do not significantly contribute to sediment bioturbation (see above) 

unlike healthy ones. 

In conclusion, our experiments revealed that bopyrid infestation affect mud shrimp 

behaviour, which have strong cascading effect on microbial driven biogeochemical activity, 

resulting in lower benthic oxygen and nutrients fluxes across the sediment surface. Since 

engineer species are defined as organisms that influence resource flows to other species 

(Jones et al., 1994), our results strongly suggest that bopyrid infestation attenuate engineering 

effects of U. pusilla individuals. At the natural population scale and considering a parasite 

prevalence of 21% (Pascal et al., 2016a), the present study demonstrates that G. branchialis 

indirectly influences ecosystem functioning in Arcachon Bay. For instance, in an U. pusilla 

natural population in summer as compared to a population containing only healthy specimens, 

sediment reworking rates were between 16.4 and 17.2% lower, bioirrigation rate decrease of 

13.8%, leading to a reduction of 6.6 % of the TOU (Table 3B.3). Given (1) that burrowing 

organisms (Meysman et al., 2006; Kristensen et al., 2012) and particularly Thalassinidean 

mud shrimp (see review by Pillay and Branch, 2011) are considered as ecosystem engineer 

and (2) the ubiquity of parasites (Combes, 2001), the results reported in this study can be 

applied over large coastal areas where burrowing organisms occur. Finally, beyond the 

indirect effect of bopyrid parasite on sedimentary processes documented here, such infestation 

might have far-reaching effects on higher trophic level since Thalassinidean mud shrimp are 

suspected to modulate energy flow to nektonic species (Pillay et al., 2008, 2012). While the 

influence of none letal parasites on ecosystem functioning have been largely overlooked, this 

study proves that more subtle effects of parasites play a substantial role in ecosystem 

functioning. 
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Table 3B.3 : Average (± SE) sediment reworking rates (biodiffusion, Db and bioadvection, 
Vb), bioirrigation rate (Q) and oxygen (TOU) and nutrients benthic fluxes (NH4

+, NO3
- and 

dSi) in Without-Upogebia-, Healthy- and Parasitized-treatments. The column entitled 
ÒPopulationÓ correspond to the average values expected for a natural population with 21 % of 
infested mud shrimp (Pascal et al. 2016a). The difference (in italic) of the values calculated 

for a natural population relatively to a healthy population has been computed. Note that Q has 
been standardized for a mud shrimp density of 144 ind m-2 as for flux measurements 

 Without-Upogebia Healthy Parasitized Population Difference (%) 
Winter      

      
Db (cm2 y-1) 0.0 ± 0.0 83.0 ± 21.2 18.0 ± 3.5 69.4 16.4 
Vb (cm y-1) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 0.0 

Q (L m-2 d-1) 7.9 ± 0.9 28.7 ± 1.2 13.2 ± 0.6 25.4 11.3 
TOU (mmol m-2 d-1) 21.0 ± 0.3 56 ± 3.3 40 ± 1.3 52.6 6.0 
NH4

+ (mmol m-2 d-1) 1.7 ± 0.2 3.6 ± 0.4 3.6 ± 0.2 3.6 0.0 
NO3

- (mmol m-2 d-1) 0.1 ± 0.2 -0.8 ± 0.3 0.1 ± 0.1 -0.6 23.6 
dSi (mmol m-2 d-1) 1.6 ± 0.1 2.2 ± 0.1 1.6 ± 0.1 2.1 5.7 

      
Summer      

      
Db (cm2 y-1) 0.0 ± 0.0 1079.5 ± 212.6 237.8 ± 64.5 902.7 16.4 
Vb (cm y-1) 0.0 ± 0.0 235.6 ± 60.1 42.8 ± 18.7 195.1 17.2 

Q (L m-2 d-1) 12.0 ± 1.2 79.2 ± 3.2 27.1 ± 1.7 68.3 13.8 
TOU (mmol m-2 d-1) 44.6 ± 9.6 111.5 ± 6.6 76.7 ± 6.1 104.2 6.6 
NH4

+ (mmol m-2 d-1) 1.5 ± 0.1 5.8 ± 0.4 3.3 ± 0.4 5.3 9.1 
NO3

- (mmol m-2 d-1) 0.3 ± 0.2 -2.0 ± 0.2 -0.4 ± 0.1 -1.7 16.8 
dSi (mmol m-2 d-1) 1.1 ± 0.1 3.3 ± 0.6 1.8 ± 0.2 3.0 9.5 



 

149 

Synth•se et perspectives





Synth•se et perspectives 

151 

De mon point de vue, la principale originalitŽ de mon travail de th•se rŽside dans le 

fait quÕil constitue une Žtude intŽgrŽe du r™le dÕune esp•ce clŽ, Upogebia pusilla, dans le 

fonctionnement de son Žcosyst•me (i.e., les herbiers intertidaux de phanŽrogames marines). 

Pour ce faire, mon travail a explicitement associŽ : (1) lÕŽtude comportementale de cet 

organisme, (2) la caractŽrisation et la quantification des processus de bioturbation, incluant le 

remaniement sŽdimentaire et la bioirrigation, engendrŽs par ses diffŽrents comportements 

(fouissage, locomotion, ventilation), et (3) lÕŽvaluation des effets de cette bioturbation intense 

sur la dynamique biogŽochimique du compartiment benthique et les Žchanges de solutŽs ˆ 

travers lÕinterface eau-sŽdiment. LÕinfluence de la saisonnalitŽ et du parasitisme sur ces 

diffŽrentes interactions a Žgalement ŽtŽ ŽvaluŽe. 

Mon manuscrit comprend quatre articles scientifiques consacrŽs respectivement ˆ 

lÕŽtude : (1) du lien entre le comportement dÕU. pusilla, le remaniement sŽdimentaire qui en 

rŽsulte et ses consŽquences sur la dynamique de lÕoxyg•ne dissous au sein et autour de son 

terrier, (2) de lÕinfluence de lÕactivitŽ de cette esp•ce sur la bioirrigation du sŽdiment et les 

flux dÕoxyg•ne et de nutriments ˆ lÕinterface eau-sŽdiment, (3) de lÕinteraction h™te-parasite 

entre U. pusilla et Gyge branchialis ainsi que des effets de cet ectoparasite sur lÕŽtat 

physiologique de son h™te et (4) des consŽquences de cette interaction sur le fonctionnement 

des Žcosyst•mes ˆ herbier du bassin dÕArcachon. Le premier article a rŽcemment ŽtŽ soumis ˆ 

la revue Marine Ecology Progress Series. Les deux suivants ont respectivement ŽtŽ publiŽs en 

2016 dans les revues Journal of Experimental Marine Biology and Ecology et Marine 

Biology. Le quatri•me sera prochainement soumis pour publication.  

La synth•se qui va suivre a pour objectif de rappeler les principaux rŽsultats obtenus et 

de prŽsenter les principales perspectives qui en dŽcoulent. Elle est structurŽe en cinq 

paragraphes consacrŽes respectivement au/ˆ : 

-! Comportement dÕUpogebia pusilla 

-! LÕactivitŽ de bioturbation dÕUpogebia pusilla 

-! LÕinfluence dÕUpogebia pusilla sur la dynamique biogŽochimique sŽdimentaire 

-! R™le indirect du parasitisme dans le fonctionnement des Žcosyst•mes c™tiers via 

son influence sur le comportement des esp•ces ingŽnieures 

-! Une conclusion gŽnŽrale sur le r™le des crustacŽs thalassinidŽs dans le 

fonctionnement Žcologique et biogŽochimique des herbiers de phanŽrogames 

marines et plus gŽnŽralement des Žcosyst•mes c™tiers.  
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1! Comportement de lÕesp•ce ingŽnieure Upogebia pusilla. 

1.1!  Objectifs et principaux rŽsultats acquis 

Les objectifs spŽcifiques de la partie de mon travail de th•se portant sur lÕanalyse 

comportementale visaient tout dÕabord ˆ Žtablir lÕŽthogramme de cette esp•ce. Cela a consistŽ 

ˆ identifier finement (i.e., avec une haute rŽsolution temporelle) lÕensemble des 

comportements dÕU. pusilla et ˆ quantifier prŽcisŽment la proportion de temps qui leur Žtait 

respectivement allouŽe. Il sÕagissait ensuite dÕestimer les effets des principaux facteurs 

environnementaux, ˆ la fois abiotiques (i.e., ceux en lien avec la saisonnalitŽ) et biotiques 

(i.e., en lien avec le parasitisme) sur le comportement dÕU. pusilla. Cependant, le 

comportement des thalassinidŽs est particuli•rement difficile ˆ Žtudier en raison du mode de 

vie cryptique de ces organismes et de leur grande mobilitŽ. CÕest probablement pour cette 

raison que les Žtudes comportementales prŽalables les concernant se sont essentiellement 

concentrŽes sur les activitŽs de ventilation et dÕexpulsion de sŽdiment hors du terrier, toutes 

deux observables depuis la surface du sŽdiment. Le principal dŽfi pour atteindre ces objectifs 

consistait donc ̂  pŽnŽtrer au sein m•me de la colonne sŽdimentaire pour observer U. pusilla 

dans son terrier mais en sÕassurant de ne pas engendrer de perturbations qui pourraient altŽrer 

son comportement. Des techniques expŽrimentales innovantes basŽes sur lÕutilisation 

dÕaquariums plats couplŽes ̂ de lÕanalyse dÕimage ont ŽtŽ dŽveloppŽes ces derni•res annŽes 

au sein du laboratoire EPOC. Ces techniques ont dŽmontrŽ leur efficacitŽ pour Žtudier le 

comportement dÕorganismes endogŽs tel que les bivalves Abra spp. (e.g., GrŽmare et al., 

2004; Maire et al., 2007b; Bernard et al., 2016). Cependant, U. pusilla est un organisme bien 

plus gros et bien plus mobile que ces bivalves. Au dŽbut de ma th•se jÕai donc mis au point 

des enceintes expŽrimentales adaptŽes ˆ la taille dÕU. pusilla et aux dimensions de son terrier 

(i.e., des aquariums suffisamment profonds pour permettre aux individus de se dŽplacer mais 

Žgalement suffisamment Žtroits pour pouvoir les observer ˆ lÕintŽrieur de leur terrier). Les 

dimensions suivantes : 25 (largeur) " 1.9 (Žpaisseur) " 50 (hauteur) cm ont ŽtŽ retenues. 

Enfin, jÕai dŽterminŽ, ˆ partir dÕune sŽrie de sŽquences vidŽo haute frŽquence (24 Hz), la 

frŽquence et la durŽe dÕacquisition minimales requises pour identifier et quantifier la totalitŽ 

des comportements dÕU. pusilla, sans perdre dÕinformation. LÕacquisition dÕimage (0,1 Hz 

pendant 72 h) a ŽtŽ rŽalisŽe dans lÕobscuritŽ, sous lumi•re infra-rouge, afin de ne pas altŽrer le 

comportement des individus ŽtudiŽs. 
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A partir de lÕanalyse dÕenregistrements vidŽo (1488 heures au total) permettant 

dÕobserver prŽcisŽment le comportement de 24 individus au sein de leur terrier, quatre grands 

types de comportements ont pu •tre identifiŽs : 

¥! La locomotion : correspond au dŽplacement et retournement de lÕindividu dans 

son terrier sans quÕil ne transporte de sŽdiment. 

¥! La ventilation : correspond ˆ lÕirrigation du terrier. LÕeau du terrier chargŽe en 

solutŽs rŽduits est remplacŽe pŽriodiquement par de lÕeau surnageante riche en 

oxyg•ne. Le courant dÕeau entrant est crŽŽ par le battement rŽgulier des 

plŽopodes. 

¥! Le fouissage : lÕindividu interagit directement avec la matrice sŽdimentaire lors 

de la construction et de la maintenance de son terrier. Il peut ainsi creuser, 

mŽlanger et compacter du sŽdiment le long de la paroi du terrier, en transporter 

dÕune galerie ˆ une autre ou bien encore le dŽposer ˆ lÕextŽrieur de son terrier. 

¥! Le repos : lÕorganisme reste quasiment immobile. Aucun mouvement nÕest 

dŽtectŽ ˆ lÕexception des mouvements des antennes. 

 

La quantification du temps allouŽ ˆ chaque comportement a montrŽ que les deux 

principaux chez U. pusilla sont la ventilation (de 14,1 ˆ 42,9 % du temps total 

dÕenregistrement) et le fouissage (de 20,7 ˆ 36,7 % du temps). Chez les individus sains, il a pu 

•tre mis en Žvidence que la proportion de temps allouŽe ˆ ces deux comportements est 

soumise ˆ des variations saisonni•res significatives. Ainsi, le temps dŽdiŽ ˆ la ventilation est 

3,6 fois plus important en ŽtŽ quÕen hiver. De m•me, le temps consacrŽ au fouissage est 

multipliŽ par 1,5 entre ces deux saisons. LÕaugmentation de la proportion de temps allouŽ ̂ la 

ventilation rŽsulte dÕune diminution de lÕintervalle entre deux pŽriodes de ventilation 

successives qui passe de 42 min en moyenne en hiver ˆ seulement 10 min en moyenne en ŽtŽ. 

La durŽe moyenne dÕune sŽquence de ventilation reste par contre relativement constante (~ 7 

min) quelle que soit la saison. La durŽe de lÕintervalle moyen entre deux pŽriodes successives 

de fouissage diminue Žgalement entre lÕhiver (~ 46 min) et lÕŽtŽ (~ 13 min) de m•me que la 

durŽe moyenne dÕune sŽquence (de 13 min en hiver contre seulement 7 min en ŽtŽ). 

RŽciproquement, la proportion moyenne du temps allouŽ au repos diminue par un facteur 2.9 

entre lÕhiver et lÕŽtŽ. Cette diminution rŽsulte simultanŽment dÕune rŽduction de la durŽe des 

pŽriodes dÕimmobilitŽ qui passe de 17 min en moyenne en hiver ˆ 8 min en moyenne en ŽtŽ et 

de lÕintervalle entre deux pŽriodes successives (19 min en moyenne en hiver contre 32 min en 
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moyenne en ŽtŽ). Le comportement de locomotion ne reprŽsente quant ˆ lui que 2 % du temps 

total et nÕest pas significativement influencŽ par la saisonnalitŽ. 

Si le comportement des crevettes de vase parasitŽes par Gyge branchialis a pu •tre 

ŽtudiŽ de mani•re prŽcise en ŽtŽ (voir ci-dessous), cela nÕa en revanche pas pu •tre le cas en 

hiver. En effet, lors des expŽriences hivernales, lÕactivitŽ de fouissage des individus parasitŽs 

Žtait trop faible pour quÕune proportion satisfaisante de lÕintŽrieur du terrier soit visible depuis 

les deux faces des aquariums plats. Cette observation tend nŽanmoins ˆ confirmer lÕhypoth•se 

dÕune rŽduction importante de lÕactivitŽ de fouissage des individus parasitŽs puisque dans les 

m•mes conditions les individus sains Žtaient parvenus ˆ creuser des terriers suffisamment bien 

dŽveloppŽs pour que lÕintŽrieur des galeries soit visible. LÕŽtude comportementale effectuŽe 

durant la saison estivale confirme cette hypoth•se. Ces rŽsultats montrent, en effet, une 

rŽduction moyenne par un facteur 3,1 de lÕactivitŽ des individus parasitŽs par rapport aux 

individus sains. Cette diminution dÕactivitŽ se traduit par des proportions de temps allouŽes 

aux comportements de fouissage et de ventilation, respectivement, 1,8 et 2,3 fois infŽrieures 

en moyenne chez les individus parasitŽs que chez les individus sains. 

1.2! Perspectives 

LÕŽtude comportementale dÕU. pusilla a ŽtŽ rŽalisŽe en utilisant des techniques 

dÕimagerie. Cette technologie non invasive a aussi lÕavantage de permettre lÕenregistrement 

dÕune grande quantitŽ dÕinformation (i.e., hautes rŽsolutions spatiale et temporelle) qui peut 

•tre analysŽe et rŽ-analysŽe a posteriori. Ce point est particuli•rement intŽressant pour limiter 

lÕinvestissement humain sur de telles expŽriences et ainsi pouvoir effectuer des Žtudes 

comportementales en continu sur plusieurs jours voir semaines ou mois. LÕanalyse des 

sŽquences dÕimages enregistrŽes reste cependant assez fastidieuse et pro parte subjective. Une 

premi•re Žtape de semi-automatisation a ŽtŽ franchie au cours de mon travail de th•se gr‰ce ˆ 

une collaboration avec lÕŽquipe de dŽveloppeurs du laboratoire EPOC. Un module permettant 

lÕidentification et la quantification semi-automatique des comportements chez les crustacŽs 

fouisseurs est dŽsormais fonctionnel et disponible (Romero-Ramirez et al., 2016, Annexe 

IV). Des optimisations sont cependant nŽcessaires pour atteindre un meilleur taux 

dÕidentification des diffŽrents comportements et finalement passer ˆ une automatisation 

compl•te de lÕanalyse comportementale chez les thalassinidŽs.  
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Au cours de ce travail, jÕai Žgalement ŽtudiŽ lÕinfluence des variations saisonni•res et 

du parasitisme sur le comportement dÕU. pusilla en dŽterminant des proportions de temps 

allouŽes ̂ chaque comportement ˆ diffŽrentes saisons. Une voie restant ˆ explorer est la 

mesure de lÕintensitŽ de lÕactivitŽ pour chaque comportement. Cela nŽcessitera en outre 

dÕidentifier des proxy quantitatifs de chaque comportement. Par exemple, lÕintensitŽ de 

lÕactivitŽ de ventilation pourrait •tre quantifiŽe via la mesure de la frŽquence de battement des 

plŽopodes. Il me paraitrait aussi particuli•rement intŽressant de considŽrer dÕautres facteurs 

environnementaux susceptibles dÕaffecter le comportement des thalassinidŽs. Nickell et 

Atkinson (1995) ont par exemple mis en Žvidence des changements de rŽgimes trophiques en 

fonction de la disponibilitŽ en mati•re organique. Il me semblerait donc pertinent de tester 

lÕinfluence de la quantitŽ et de la qualitŽ de la mati•re organique disponible sur le mode de 

nutrition (et le comportement associŽ) des crevettes de vase. 

En vu de passer ˆ des expŽrimentations en milieu naturel, il semble aussi tr•s 

important de prendre en compte lÕeffet des interactions interspŽcifiques sur le comportement 

des thalassinidŽs qui sÕav•rent •tre des organismes territoriaux et assez agressifs. Lors des 

Žchantillonnages des crevettes de vase, la prŽsence dÕHeteromisys microps une esp•ce 

commensale de son terrier a ŽtŽ observŽe (Lavesque et al., 2016, Annexe V). La prŽsence de 

cette esp•ce peut potentiellement influencer le comportement dÕU. pusilla. RŽcemment, Moyo 

et al. (2017) ont en effet mis en Žvidence que la prŽsence dÕun symbionte (Betaeus jucundus) 

dans le terrier de Callichirus kraussi provoque une augmentation jusquÕˆ 50 % du temps 

allouŽ ˆ lÕexcavation de sŽdiment et rŽduit jusquÕˆ 30 % le temps consacrŽ ˆ la ventilation du 

terrier. Ces auteurs estiment que cette interaction est susceptible dÕinfluencer le r™le de ce 

thalassinidŽ dans le fonctionnement de lÕŽcosyst•me quÕil colonise. De la m•me mani•re, la 

prŽsence dÕun prŽdateur tel que la raie Raja clavata (Saglam et Bascinar, 2008) peut modifier 

le comportement de ces crustacŽs endogŽs et leur activitŽ de bioturbation. Un tel effet a dŽjˆ 

ŽtŽ rapportŽ chez le bivalve Macoma balthica en prŽsence du prŽdateur Crangon crangon 

(Maire et al., 2010). 

Une des difficultŽs rencontrŽes lors de cette partie de ma th•se sur lÕanalyse 

comportementale est liŽe ̂  la dŽpendance de la technique dÕimagerie utilisŽe ˆ la visibilitŽ de 

lÕorganisme dans son terrier. En effet, il est rare dÕavoir acc•s ˆ la totalitŽ de la lumi•re du 

terrier et les rŽsultats peuvent •tre fortement biaisŽ si lÕorganisme est trop souvent cachŽ (> 15 

% du temps). Afin de sÕaffranchir de ce facteur limitant, une mŽthode prometteuse consiste ˆ 

mesurer les variations de pression engendrŽes par les activitŽs hydrauliques des organismes 
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dans le sŽdiment (Wethey et Woodin, 2005). Cette mŽthode a dŽjˆ montrŽ son efficacitŽ pour 

diffŽrencier plusieurs types de comportements chez le thalassinidŽ Neotrypaea californiensis 

(Volkenborn et al., 2012). Le laboratoire EPOC sÕest dotŽ dÕun Žquipement de ce type. Les 

premiers tests ont montrŽ que la permŽabilitŽ du sŽdiment colonisŽ par U. pusilla permettait 

lÕutilisation de tels capteurs et quÕil Žtait possible de distinguer 4 patrons de variations de 

pression liŽs ˆ ses diffŽrents comportements. Une Žtape de validation, couplant lÕutilisation 

des capteurs de pression et les techniques dÕanalyse dÕimage utilisŽes lors de mon travail de 

th•se, est maintenant nŽcessaire pour relier explicitement activitŽ comportementale et patron 

de variation de pression. In fine, cette mŽthode pourrait permettre de mesurer in-situ avec une 

tr•s haute rŽsolution spatiale et temporelle tous types dÕactivitŽ biologique engendrant des 

variations de pression au sein de la matrice sŽdimentaire. 

2! La bioturbation induite par Upogebia pusilla 

2.1! Objectifs 

Les objectifs spŽcifiques de la partie de mon travail consacrŽe ˆ lÕŽtude de la 

bioturbation dÕUpogebia pusilla consistaient ˆ Žtudier les processus de remaniement 

sŽdimentaire et de bioirrigation engendrŽs par ses activitŽs. Il fallait dans un premier temps 

caractŽriser et quantifier ces deux processus. Il paraissait ensuite important de quantifier les 

variations saisonni•res du taux de bioturbation dÕU. pusilla ainsi que lÕimpact du parasitisme. 

Il sÕagissait, enfin, de relier prŽcisŽment les deux composantes de la bioturbation aux 

comportements qui les gŽn•rent. LÕŽtude du remaniement sŽdimentaire et de la bioirrigation a 

ŽtŽ rŽalisŽe en utilisant des mŽthodes expŽrimentales spŽcifiques dŽtaillŽes ci-dessous dans 

deux sous-paragraphes distincts. 

2.2! Le remaniement sŽdimentaire 

2.2.1! Principaux rŽsultats acquis 

Chez les thalassinidŽs le remaniement sŽdimentaire avait jusquÕalors ŽtŽ ŽvaluŽ ˆ 

partir dÕune approche dite de mesure du Ç sediment turnover È qui consiste ˆ estimer la 

quantitŽ de sŽdiment expulsŽ ˆ lÕextŽrieur du terrier au cours dÕun intervalle de temps donnŽ. 

Mon travail sur le comportement dÕU. pusilla a permis de mettre en Žvidence lÕimportance du 

comportement de fouissage intervenant au sein de la matrice sŽdimentaire mais nÕinduisant 

pas forcŽment dÕŽjection de sŽdiment ˆ lÕextŽrieur du terrier. Une grande partie du sŽdiment 
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remaniŽ lors de la construction et la maintenance du terrier est en fait simplement dŽplacŽe 

puis compactŽe contre la paroi du terrier. Ce remaniement de subsurface est susceptible 

dÕavoir une influence majeure sur le devenir de la mati•re organique particulaire prŽsente 

autour de la paroi du terrier en lÕexposant ˆ des conditions oxiques ou, au contraire, en 

dŽpla•ant dans des zones anoxiques la mati•re organique labile introduite au sein des galeries. 

Il paraissait ainsi indispensable de caractŽriser et de quantifier prŽcisŽment ce remaniement 

sŽdimentaire de subsurface. La premi•re partie de mon travail a donc consistŽ ˆ mettre en 

place un dispositif expŽrimental permettant dÕaccŽder ˆ une vision globale du transport 

particulaire induit par U. pusilla. Afin de lier explicitement le remaniement sŽdimentaire avec 

un ou plusieurs comportements dŽcrits ci-dessus, ce dispositif devait Žgalement permettre 

lÕanalyse comportementale. LÕutilisation combinŽe de luminophores, dÕaquariums plats et de 

techniques dÕanalyse dÕimage avait dŽjˆ ŽtŽ utilisŽe pour relier le comportement dÕorganismes 

endogŽs aux processus de remaniement sŽdimentaire qui en rŽsultent (Maire et al., 2007a). 

Les dimensions du terrier dÕU. pusilla Žtant particuli•rement grandes par rapport aux 

structures biologiques classiquement ŽtudiŽes (e.g., Maire et al., 2006; Bernard et al., 2016), il 

Žtait nŽcessaire de trouver le meilleur compromis entre la rŽsolution des images et la 

superficie de la zone ŽtudiŽe. Le champ de prise de vue devait en effet nŽcessairement 

comprendre la totalitŽ du terrier ainsi que les monticules de sŽdiment formŽs ˆ proximitŽ de 

ses ouvertures. A lÕinstar du protocole dŽveloppŽ par Maire et al. (2007c) pour Žtudier 

lÕactivitŽ de lÕannŽlide polych•te dŽposivore tentaculaire Eupolymnia nebulosa, la solution 

adoptŽe a consistŽ ˆ juxtaposer puis ˆ fusionner les images de deux zones adjacentes prises ̂ 

un intervalle de temps tr•s court. 

LÕanalyse des images de 30 aquariums, chacun suivis pendant 30 jours, a permis de 

caractŽriser les diffŽrents patrons de remaniement sŽdimentaire et de les quantifier. Trois 

patrons ont pu •tre identifiŽs : un premier ˆ la surface du sŽdiment via lÕexpulsion hors du 

terrier de sŽdiment excavŽ (P1), un deuxi•me sous lÕinterface eau-sŽdiment via lÕintroduction 

dans le terrier et le transport vers le bas de particules sŽdimentaire issues de la surface (P2), et 

enfin, un troisi•me ˆ lÕintŽrieur du terrier via la compaction et dŽcompaction de sŽdiment 

contre la paroi (P3). Deux mŽthodes ont ŽtŽ mises en Ïuvre pour quantifier ces diffŽrentes 

composantes du remaniement sŽdimentaire. Le remaniement sŽdimentaire associŽs aux 

patrons P1 et P3 a tout dÕabord ŽtŽ quantifiŽ en effectuant des mesures directement sur les 

images afin dÕestimer les volumes de sŽdiment remaniŽs par U. pusilla au-dessus et en-

dessous de lÕinterface eau-sŽdiment. JÕai ainsi pu estimer quÕen moyenne, le remaniement 
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sŽdimentaire qui a lieu sous la surface du sŽdiment correspond ˆ 75 % du remaniement 

sŽdimentaire total. Il apparait ainsi de mani•re claire que les mŽthodes jusquÕici utilisŽes chez 

les thalassinidŽs (qui mesurent en fait seulement P1) sous-estiment fortement le remaniement 

sŽdimentaire total induit par ces organismes, pourtant dŽjˆ considŽrŽs comme les 

bioturbateurs les plus efficaces (CadŽe, 2001). 

La deuxi•me mŽthode de quantification du remaniement sŽdimentaire a consistŽ ˆ 

estimer indirectement (via la modŽlisation dÕun profil de concentrations de luminophores) des 

coefficients de remaniement sŽdimentaire. Les composantes verticales des patrons P1 et P2 

ont ŽtŽ modŽlisŽes en utilisant un mod•le de transport bioadvectif-biodiffusif. Ce mod•le a 

permis dÕobtenir ˆ la fois un coefficient de bioadvection (Vbv) correspondant ˆ la vitesse de 

dŽp™t de sŽdiment expulsŽ hors du terrier sur la surface du sŽdiment (P1) et un coefficient de 

biodiffusion (Dbv) correspondant au transport vertical de luminophores de la surface vers le 

fond du terrier (P2). Bien quÕil soit dŽlicat de comparer des coefficients de remaniement 

sŽdimentaire obtenus ˆ partir de mŽthodologies diffŽrentes, il appara”t que les Vbv et Dbv 

mesurŽs lors de mon travail se situent parmi les plus ŽlevŽs jamais enregistrŽs pour des 

invertŽbrŽs benthiques. Ces rŽsultats sugg•rent quÕU. pusilla est une esp•ce qui remanie le 

sŽdiment de mani•re particuli•rement intense. Le troisi•me patron (P3), qui correspond ˆ un 

transport perpendiculaire par rapport ˆ la paroi du terrier, a quant ˆ lui une rŽsultante 

principalement horizontale du fait de la morphologie gŽnŽrale du terrier en forme de Ç U È. Ce 

patron a ŽtŽ modŽlisŽ en utilisant un mod•le de transport biodiffusif simple permettant 

dÕobtenir un coefficient de biodiffusion (Dbw). Il apparait que le Dbw est approximativement 

100 fois infŽrieur au Dbv. En dÕautres termes, le remaniement sŽdimentaire vertical est 

largement supŽrieur ˆ celui intervenant horizontalement. Ce rŽsultat peut paraitre surprenant 

au premier abord mais il est cohŽrent avec la diffŽrence de dimension entre lÕŽpaisseur de la 

couche remaniŽe le long de la paroi du terrier (qui est typiquement de lÕordre du demi-

centim•tre) et la profondeur du terrier (qui elle est dÕune vingtaine ou trentaine de centim•tre). 

Quels que soit la mŽthode utilisŽe, les volumes estimŽs et les coefficients de remaniement 

sŽdimentaire obtenus Žtaient plus importants en ŽtŽ, intermŽdiaires au printemps et plus 

faibles en hiver. Des expŽriences identiques ont ŽtŽ effectuŽes sur des individus parasitŽs et 

ont montrŽ des taux de remaniement sŽdimentaire de 4,5 ˆ 5,5 fois infŽrieurs par rapport aux 

individus sains. 

Afin dÕŽtablir un lien explicite entre le comportement dÕU. pusilla et le remaniement 

sŽdimentaire induit, des expŽriences dÕŽtudes comportementales ont ŽtŽ effectuŽes 
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simultanŽment avec celles consacrŽes ˆ lÕŽtude du remaniement sŽdimentaire. LÕutilisation 

dÕun mod•le de rŽgression multiple mÕa ainsi permis de mettre en Žvidence une corrŽlation 

positive entre la proportion de temps allouŽe au comportement de fouissage et le volume total 

de sŽdiment remaniŽ. Ce rŽsultat sugg•re que chez U. pusilla, le remaniement sŽdimentaire 

rŽsulte principalement du comportement de fouissage. 

2.2.2! Perspectives 

La principale perspective dŽcoulant de ce travail consiste ˆ Žtudier le remaniement 

sŽdimentaire dÕU. pusilla ˆ partir dÕexpŽriences conduites in situ. Ceci a dŽjˆ ŽtŽ effectuŽ en 

utilisant des enceintes expŽrimentales positionnŽes dans le sŽdiment (e.g., Bernard et al., 

2014) ou bien un profileur sŽdimentaire (SPI, e.g., Solan et al., 2004b). Cependant ces 

mŽthodologies devraient lˆ encore •tre adaptŽes aux dimensions du terrier dÕU. pusilla. 

En attendant, il serait intŽressant dÕŽtudier le remaniement sŽdimentaire dÕU. pusilla 

en trois dimension. En effet, lÕutilisation dÕaquariums plats limite lÕŽvolution de lÕorganisme 

dans un espace ˆ deux dimensions alors quÕen milieu naturel, U. pusilla Žvolue dans un 

espace ˆ trois dimensions. De ce fait, il est probable que les coefficients de remaniement 

sŽdimentaire obtenus par modŽlisation et plus particuli•rement ceux concernant les 

composantes verticales (i.e., P1 et P2) soient surestimŽs. Afin dÕobtenir des rŽsultats le plus 

proche possible de la rŽalitŽ, lÕorganisme ŽtudiŽ devrait pouvoir Žvoluer dans un espace en 

trois dimensions. Ce type dÕŽtude est envisageable en utilisant des mŽthodes de tomographie 

assistŽe par ordinateur (CAT-scan) comme rŽalisŽ par Rosenberg et al. (2008). Cela suppose 

toutefois de pouvoir adapter cette technique aux dimensions du terrier dÕU. pusilla, aussi bien 

au niveau de lÕŽchantillonnage (i.e., disposer dÕune enceinte suffisamment grande pour 

prŽlever le terrier entier mais aussi dÕavoir les moyens dÕextraire la grande quantitŽ de 

sŽdiment entourant le terrier) quÕau niveau de la mesure (i.e., disposer dÕun appareil 

permettant de scanner la totalitŽ de lÕŽchantillon). Cela pose Žgalement la question du type de 

traceur ˆ utiliser afin quÕil puisse •tre diffŽrencier des particules les plus denses tels que les 

dŽbris coquillŽs. 

DÕautre part, dans cette Žtude le remaniement sŽdimentaire dÕU. pusilla a ŽtŽ ŽtudiŽe 

apr•s la construction dÕun terrier complet (i.e., avec deux ouvertures ˆ la surface du 

sŽdiment). Il serait maintenant intŽressant dÕŽtudier le remaniement sŽdimentaire lors de la 

construction du terrier. Il est vrai que ce processus est certainement relativement court de par 

la nature permanente ou semi-permanente des terriers de thalassinidŽs, cependant, il nÕest pas 



Synth•se et perspectives 

 160 

irrŽaliste que ces terriers prŽsents en zones intertidales ou peu profonde puissent 

pŽriodiquement sÕeffondrer suite ˆ une perturbation environnementale (e.g., fort courant, 

tentative de prŽdation) ce qui nŽcessite sa reconstruction immŽdiate. 

Les rŽsultats obtenus lors de ce travail, et particuli•rement ceux correspondant au 

volume de sŽdiment expulsŽ hors du terrier soul•vent la question du devenir de ce sŽdiment. 

En effet, il est extr•mement rare dÕobserver des monticules de sŽdiment associŽs aux terriers 

dÕU. pusilla ˆ marŽe basse dans le bassin dÕArcachon. Cette observation sugg•re que la force 

des courants de marŽe y est suffisante pour remettre en suspension la totalitŽ du sŽdiment 

expulsŽ hors du terrier. Une perspective intŽressante de mon travail consisterait par 

consŽquent ˆ Žtudier lÕinfluence dÕU. pusilla sur lÕŽrodabilitŽ du sŽdiment et son r™le dans la 

remise en suspension de sŽdiment ˆ lÕŽchelle de la lagune. Dans ce but, une collaboration avec 

le Dr. Francis Orvain a ŽtŽ initiŽe. Une expŽrience dÕŽrodimŽtrie en canal a ŽtŽ effectuŽe 

durant lÕŽtŽ 2016 et les premiers rŽsultats devraient •tre rapidement disponibles. 

2.3! La bioirrigation dÕUpogebia pusilla. 

2.3.1! Principaux rŽsultats acquis 

A ma connaissance, cette Žtude est la premi•re ˆ mesurer lÕintensitŽ de la bioirrigation 

au sein dÕun herbier de phanŽrogames marines. Elle est Žgalement la premi•re ˆ mesurer ex-

situ des taux dÕirrigation du sŽdiment (i.e., transport dÕeau interstitielle et solutŽs dissous) en 

prŽsence dÕun thalassinidŽ. Pour ce dernier point, elle se dŽmarque donc des Žtudes 

antŽrieures qui se sont essentiellement concentrŽes ˆ mesurer des taux de ventilations (i.e., 

volume dÕeau surnageante transportŽ par lÕorganisme dans son terrier) (Dworschak, 1981; 

Koike et Mukai, 1983; Astall et al., 1997). Afin de quantifier la bioirrigation du sŽdiment, jÕai 

mesurŽ la vitesse de dissipation dÕun traceur soluble fluorescent (lÕuranine) dans lÕeau 

surnageante dÕune enceinte expŽrimentale. Cette mŽthode a lÕavantage dÕ•tre non destructrice 

et non invasive. Elle permet de ce fait dÕaccŽder ˆ une vision dynamique du processus de 

bioirrigation. Cette approche mÕa en outre permis de dŽtecter deux phases dans la dynamique 

de dŽcroissance du traceur dans lÕeau surnageante. Une premi•re dŽcroissance tr•s rapide, 

dÕune durŽe dÕenviron 30 minutes, suivie dÕune deuxi•me dŽcroissance plus lente durant le 

reste de lÕexpŽrience. La premi•re phase de dŽcroissante a ŽtŽ attribuŽe principalement au 

mŽlange entre lÕeau surnageante et celle du terrier. Comme ce mŽlange ne correspond pas ˆ 

proprement parler ˆ de la bioirrigation, la pŽriode dÕenviron 30 minutes correspondante nÕa 
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pas ŽtŽ prise en compte dans la mesure du taux de bioirrigation. Ce taux a ensuite ŽtŽ estimŽ 

en ajustant un mod•le aux donnŽes de concentration du traceur. 

Au total, 48 incubations de 72 h chacune ont permis dÕŽvaluer lÕinfluence dÕUpogebia 

pusilla sur la bioirrigation du sŽdiment. Les rŽsultats obtenus montrent que le taux de 

bioirrigation des sŽdiments vŽgŽtalisŽs du bassin dÕArcachon est 2,9 ˆ 5 fois plus ŽlevŽ en 

prŽsence dÕU. pusilla selon la saison. La variation saisonni•re qui semble principalement liŽe 

ˆ la tempŽrature est significative. LÕinfestation par Gyge branchialis affecte aussi 

significativement son taux de bioirrigation qui est en moyenne 2,2 fois moins important en 

hiver et 2,9 fois moins important en ŽtŽ pour les individus infectŽs que pour les individus 

sains. 

Il nÕa pas ŽtŽ possible dÕŽtablir un lien explicite entre le comportement dÕU. pusilla et 

sa bioirrigation. La taille des sondes ˆ fluorescence utilisŽes pour quantifier la bioirrigation ne 

permettait pas en effet de combiner leur utilisation ˆ celle des aquariums plats. Par 

consŽquent, seul un lien qualitatif a pu •tre mis en Žvidence. Pour ce faire, jÕai utilisŽ une 

optode ̂ oxyg•ne beaucoup plus fine qui pouvait •tre introduite dans un aquarium plat ce qui 

mÕa permis dÕenregistrer simultanŽment le comportement dÕU. pusilla et le niveau de 

saturation en oxyg•ne dans lÕeau surnageante. Les courbes dŽcrivant les variations 

temporelles des concentrations en oxyg•ne au cours du temps prŽsentent une forme typique 

en escalier avec lÕalternance de pŽriodes de faible et de forte consommation dÕoxyg•ne. La 

synchronisation des donnŽes comportementales ˆ celles des teneurs en oxyg•ne montre que 

les fortes diminutions de la concentration en oxyg•ne dissous sont systŽmatiquement et 

uniquement associŽes ˆ un ŽvŽnement de ventilation. Cette observation confirme que chez U. 

pusilla le processus de bioirrigation est principalement liŽ au comportement de ventilation 

m•me si une activitŽ de fouissage intense qui conduit ˆ lÕaccumulation de produits rŽduits 

dans le terrier stimule le dŽclenchement dÕune pŽriode de ventilation et donc indirectement un 

Žpisode de bioirrigation lui m•me ayant une incidence forte sur la dynamique biogŽochimique 

sŽdimentaire (cf. paragraphe 3 LÕinfluence dÕUpogebia pusilla sur la dynamique 

biogŽochimique du sŽdiment). 

2.3.2! Perspectives 

Il est important de noter que toutes les mesures de bioirrigation rŽalisŽes au cours de 

mon travail lÕont ŽtŽ avec un type de sŽdiment unique, celui de la station rŽfŽrence (Ç La 

N•gue È). Or dans le bassin dÕArcachon par exemple, il sÕav•re quÕU. pusilla est capable de 
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coloniser un large spectre de faci•s sŽdimentaires intertidaux, depuis des vases assez fines en 

fond de bassin jusquÕˆ des sŽdiments vaseux tr•s ensablŽs ˆ proximitŽ des passes. La 

condition sine qua non pour la prŽsence des crevettes Žtant que la matrice sŽdimentaire soit 

suffisamment stable pour permettre lÕŽlaboration dÕun terrier profond sur du long terme. De 

mani•re gŽnŽrale, mais particuli•rement dans les vases les plus fines, cette stabilitŽ est 

conditionnŽe dans le bassin dÕArcachon par la prŽsence des phanŽrogames et le 

dŽveloppement dÕun syst•me rhizomial et racinaire dense. LÕintensitŽ de la bioirrigation Žtant 

fortement dŽpendante des caractŽristiques du sŽdiment (i.e., granulomŽtrie, porositŽ, tortuositŽ 

et surtout permŽabilitŽ), il serait intŽressant dÕeffectuer des mesures similaires de transport 

des solutŽs dissous le long dÕun spectre granulomŽtrique (et donc de porositŽ et de 

permŽabilitŽ) le plus large possible afin de mieux comprendre la relation entre caractŽristiques 

du sŽdiment, attŽnuation des pressions hydrauliques gŽnŽrŽes par lÕactivitŽ de ventilation et 

flux ˆ travers la paroi du terrier et ˆ lÕinterface sŽdiment-eau. Ce travail para”t indispensable 

pour une extrapolation ˆ lÕŽchelle de lÕŽcosyst•me des mesures dÕactivitŽs et de bioturbation 

(e.g., Žvaluation du potentiel bioirrigateur) dÕun organisme mod•le rŽalisŽes en laboratoire. 

La mŽthode utilisŽe dans mon travail de th•se a lÕavantage de donner une idŽe prŽcise 

de la vitesse ˆ laquelle les Žchanges entre lÕeau surnageante et lÕeau interstitielle se font. 

Cependant elle ne permet pas de savoir jusquÕˆ quÕelle profondeur et sur quelle distance ont 

lieu ces Žchanges. Ce point est particuli•rement important puisquÕen plus dÕapporter de 

lÕoxyg•ne dans des zones qui en Žtaient dŽpourvues, la bioirrigation provoque Žgalement le 

transport de composŽs dissous rŽduits (e.g., NH4
+, dSi) vers la surface du sŽdiment (Chennu et 

al., 2015; Rao et al., 2014; Wethey et al., 2008). Ces nutriments deviennent ensuite 

disponibles pour des organismes photosynthŽtiques ˆ la surface du sŽdiment augmentant ainsi 

leur productivitŽ (Chennu et al., 2015). Par consŽquent, la bioirrigation peut indirectement 

induire une augmentation des ressources organiques ˆ la surface du sŽdiment. Il serait par 

consŽquent tr•s intŽressant dÕŽtudier sur quelles distances sÕexerce lÕinfluence hydraulique 

dÕU. pusilla. En utilisant une optode planaire et lÕoxyg•ne comme traceur, Volkenborn et al. 

(2012) ont observŽ quÕen fonction de la permŽabilitŽ du sŽdiment lÕoxyg•ne pouvait pŽnŽtrer 

de quelques millim•tres ˆ plusieurs centim•tres dans le sŽdiment autour du terrier de 

Neotrypaea californiensis. LÕutilisation de capteur de pression a montrŽ que lÕactivitŽ 

hydraulique dÕArenicola marina Žtait dŽtectable jusquÕˆ 50 cm de son point dÕorigine 

(Wethey et al., 2008). Delefosse et al. (2015) ont dŽveloppŽ une mŽthode permettant 

dÕobserver en trois dimensions lÕinfluence dÕorganismes sur lÕirrigation du sŽdiment. Cette 
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mŽthode utilise un syst•me hybride dÕimagerie mŽdicale (PET/CT) permettant dÕobtenir une 

description ˆ la fois qualitative et quantitative de la bioirrigation. LÕutilisation dÕune de ces 

mŽthodes permettrait dÕŽvaluer la zone dÕinfluence (hydraulique) dÕU. pusilla. 

Comme pour le comportement et le remaniement sŽdimentaire, lÕobjectif final est de 

pouvoir mesurer la bioirrigation induite par U. pusilla en milieu naturel. Ceci pourrait •tre 

envisagŽ ̂ lÕaide de chambres benthiques con•u spŽcifiquement pour prendre en compte les 

dimensions dÕun terrier. Une telle approche a dŽjˆ ŽtŽ utilisŽe pour Žtudier in-situ lÕinfluence 

de Trypaea australiensis sur lÕirrigation du sŽdiment (Webb et Eyre, 2004). Cependant leur 

protocole expŽrimental, combinant lÕutilisation dÕune cloche benthique et le suivi de la 

concentration dÕun traceur dissous injectŽ dans cette enceinte expŽrimentale, ne permet pas 

dÕindentifier spŽcifiquement lÕinfluence du thalassinidŽ sur lÕirrigation du sŽdiment par 

rapport ˆ celle dÕautres facteurs environnementaux (e.g., courant de marŽe). LÕutilisation de 

capteurs de pression pourrait Žgalement donner des informations clŽs sur lÕinfluence dÕU. 

pusilla sur les transports advectifs dÕeau interstitielle. Cela consisterait ̂  mesurer les 

variations de pression en diffŽrents points du sŽdiment autour des terriers afin de crŽer une 

carte 3D isobarique et dÕŽvaluer la progression de la pression induite par la ventilation de 

lÕorganisme dans son terrier. Le transport advectif dÕeau interstitielle serait ensuite dŽterminŽ 

ˆ partir dÕun mod•le issu de la rŽgression entre les mesures de pressions, leurs distances par 

rapport ˆ la structure biogŽnique dÕintŽr•t (zone de ventilation privilŽgiŽe) et caractŽristiques 

physiques du sŽdiment. 

3! Influence dÕUpogebia pusilla sur la dynamique biogŽochimique du 

sŽdiment 

3.1! Objectifs et principaux rŽsultats 

Le premier objectif spŽcifique de la composante de mon travail portant sur la 

dynamique biogŽochimique du sŽdiment consistait tout dÕabord ˆ quantifier lÕinfluence 

dÕUpogebia pusilla sur les Žchanges dÕoxyg•ne, la reminŽralisation de la mati•re organique et 

les flux de nutriments au travers de lÕinterface eau-sŽdiment. Il Žtait ensuite important 

dÕŽvaluer la variabilitŽ saisonni•re de ces interactions ainsi que lÕinfluence du parasitisme sur 

ces diffŽrents processus et flux biogŽochimiques. Un dernier objectif consistait ˆ Žtudier plus 

finement la dynamique de lÕoxyg•ne au sein du terrier dÕU. pusilla et de la relier 

explicitement aux diffŽrents comportements de cette esp•ce. Pour ce faire, jÕai utilisŽ des 
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aquariums plats et positionnŽ une micro-optode ˆ lÕintŽrieur du terrier. La principale difficultŽ 

a consistŽ ˆ positionner le capteur sans endommager la structure du terrier ni entraver les 

dŽplacements dÕU. pusilla. JÕai pour cela utilisŽ un micromanipulateur qui mÕa permis de 

positionner dŽlicatement la partie sensible du capteur ˆ lÕintŽrieur du terrier et ˆ exactement 2 

mm de sa paroi. Une fois le capteur installŽ, une camŽra a ŽtŽ placŽe face ˆ lÕaquarium pour 

Žvaluer de mani•re synchrone la dynamique temporelle du niveau de saturation en oxyg•ne 

dans le terrier et le comportement dÕU. pusilla. 

Avec un total de 48 enceintes expŽrimentales chacune incubŽe 5 fois, mes rŽsultats 

montrent de mani•re gŽnŽrale que les flux dÕoxyg•ne et de nutriments sont tous stimulŽs par 

lÕactivitŽ de bioturbation dÕU. pusilla. La consommation totale dÕoxyg•ne par le sŽdiment 

(TOU) est de 2,4 ˆ 2,7 fois plus importante en prŽsence quÕen lÕabsence dÕU. pusilla. En hiver 

la respiration par U. pusilla reprŽsente la totalitŽ de cette augmentation contre seulement 43 % 

au printemps et 36 % en ŽtŽ. Ce rŽsultat met en Žvidence lÕimportance de lÕinfluence de 

lÕactivitŽ de bioturbation dÕU. pusilla sur la dŽgradation de la mati•re organique effectuŽe par 

les microorganisme au printemps et en ŽtŽ. De la m•me mani•re, le relargage dÕammonium 

par le sŽdiment est de 2,1 ˆ 3 fois plus important en prŽsence quÕen lÕabsence dÕU. pusilla. Ce 

rŽsultat indique (1) une stimulation des processus dÕammonification, et (2) une augmentation 

de la libŽration de lÕammonium piŽgŽ dans lÕeau interstitielle via les activitŽs de ventilation et 

de fouissage du crustacŽ. LÕimpact le plus important de la bioturbation dÕU. pusilla porte 

certainement sur le flux de nitrate. LorsquÕU. pusilla est absente, les processus de production 

et de consommation des nitrates sont dÕŽgale intensitŽ rŽsultant en un flux net quasi-nul. En 

revanche, les processus de consommation de nitrate (e.g., dŽnitrification ou potentiellement 

DNRA) par les microorganismes sont fortement stimulŽs par la prŽsence des crevettes de vase 

comme lÕindique la consommation de nitrate jusquÕˆ 13,8 fois plus importante en prŽsence 

quÕen lÕabsence dÕU. pusilla. Enfin, le relargage de silice par le sŽdiment est Žgalement 

largement stimulŽ (multipliŽ par un facteur 2.9 ˆ 5) par la bioturbation dÕU. pusilla.  

La totalitŽ des flux ŽtudiŽs prŽsentent des variations saisonni•res significatives. En 

prŽsence dÕU. pusilla, le TOU est par exemple 3,8 fois plus important en ŽtŽ quÕen hiver. Ce 

m•me facteur multiplicatif est de 1,7 pour le flux dÕammonium, de 12,5 pour le flux de 

nitrates, et de 8,2 pour les flux de silice. La prŽsence du parasite Gyge branchialis affecte 

Žgalement lÕinfluence dÕU. pusilla sur les Žchanges de mati•re et dÕŽnergie ˆ lÕinterface 

sŽdiment-eau. En effet, lorsque parasitŽe par un bopyre, la crevette de vase ne stimule ni le 

flux de nitrate ni celui de silice qui sont similaires ˆ ceux observŽs dans un sŽdiment o• elle 
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est absente. Seuls le TOU et le relargage dÕammonium sont alors significativement impactŽ 

(augmentation par un facteur 1,9 et 2,2, respectivement). Cependant, ces stimulations sont 

principalement directes (i.e. via sa propre respiration et excrŽtion) et nÕinfluence donc 

probablement pas lÕactivitŽ microbienne contrairement aux individus sains. 

A partir de lÕanalyse couplŽe des enregistrements vidŽo et de micro-optode (360 

heures dÕenregistrement au total), lÕimpact de chaque comportement sur la dynamique de 

lÕoxyg•ne dissous au sein du terrier a pu •tre ŽtudiŽ. Ainsi, le comportement de fouissage et 

dans une moindre mesure celui de locomotion induisent une dŽcroissance de la saturation en 

oxyg•ne au sein des galeries du terrier. Cette dŽcroissance est due ˆ la consommation 

dÕoxyg•ne par les microorganismes et, lors des phases de fouissage, ˆ lÕoxydation des 

composŽs rŽduits qui Žtaient stockŽs dans le sŽdiment. Seul le comportement de 

ventilation conduit rapidement ˆ une augmentation de la saturation en oxyg•ne de lÕeau du 

terrier. LÕalternance de ces diffŽrents comportements conduits ˆ une forte variabilitŽ spatiale 

et temporelle des teneurs en oxyg•ne dissous au sein (1) de lÕeau du terrier et (2) de lÕeau 

interstitielle situŽe ˆ proximitŽ de ce dernier (via les processus de bioirrigation). Mes rŽsultats 

ont montrŽ quÕune valeur seuil comprise entre 12 et 25 % de saturation en oxyg•ne dans lÕeau 

du terrier au niveau de lÕorganisme dŽclenche un comportement de ventilation. 

�� Perspectives 

Les rŽsultats obtenus lors de ce travail, et particuli•rement ceux concernant le flux de 

nitrate, sÕav•rent diffŽrents de ceux obtenus lors dÕŽtudes prŽcŽdentes conduites sur dÕautres 

esp•ces de thalassinidŽs. Ces derni•res ont en effet toutes rapportŽ une production de nitrate 

par le sŽdiment (Papaspyrou et al., 2004; Webb et Eyre, 2004; DÕAndrea et DeWitt, 2009). Il 

est classiquement reconnu que lÕactivitŽ des thalassinidŽs stimule le processus de 

dŽnitrification via lÕaugmentation des apports de NO3
- issu de la nitrification (i.e., stimulation 

du couplage nitrification-dŽnitrification) (Howe et al., 2004; Jordan et al., 2009; Laverock et 

al., 2011). La stimulation de ce processus ne permet cependant pas dÕexpliquer la 

consommation du nitrate observŽe lors de mon travail. En effet, la consommation de nitrate 

par le sŽdiment dans le bassin dÕArcachon indique que le processus de nitrification ne suffit 

pas pour soutenir ˆ lui seul les processus dÕŽlimination dÕazote (e.g., dŽnitrification et 

anammox). Cette production insuffisante de nitrate peut •tre expliquŽe par la prŽsence de 

lÕherbier qui, par le dŽveloppement dÕun rŽseau de racines et de rhizomes dense, stabilise le 

sŽdiment et rŽduit sa permŽabilitŽ. En limitant de ce fait la circulation de lÕeau interstitielle, 



Synth•se et perspectives 

 166 

les phanŽrogames limitent lÕŽpaisseur de la couche oxique du sŽdiment pouvant supporter le 

processus de nitrification. Il serait, par consŽquent, intŽressant dÕŽtudier lÕorganisation, la 

diversitŽ et lÕactivitŽ des communautŽs microbiennes associŽs aux sŽdiments colonisŽs ˆ la 

fois par lÕherbier de zost•re naine et par U. pusilla. Mes rŽsultats laissent en effet envisager 

une organisation et/ou un fonctionnement des communautŽs microbiennes particulier dans ce 

type dÕenvironnement. Il serait Žgalement intŽressant de dŽterminer quels processus 

dÕŽlimination dÕazote ont lieu ˆ proximitŽ des terriers dÕU. pusilla via, par exemple, 

lÕutilisation de techniques dÕÇ isotope pairing È (e.g., Howe et al., 2004; Jordan et al., 2009). 

DÕautres part, lÕensemble de mes expŽriences dÕincubations ont ŽtŽ conduites avec du 

sŽdiment naturel colonisŽ par un herbier de zost•re naine mais ˆ lÕobscuritŽ. Il me paraitrait 

maintenant intŽressant dÕeffectuer des incubations en conditions de lumi•re contr™lŽes pour 

Žvaluer lÕinfluence dÕU. pusilla sur les flux benthiques lorsque lÕherbier est 

photosynthŽtiquement actif et ˆ diffŽrent niveaux dÕactivitŽ. 

De mani•re gŽnŽrale, il est important de noter que ces rŽsultats portant sur lÕinfluence 

dÕUpogebia pusilla sur la bioirrigation du sŽdiment et les flux dÕoxyg•ne et de nutriments ˆ 

lÕinterface benthique correspondent ˆ une densitŽ unique de 144 ind. m-2. Cette densitŽ est du 

m•me ordre de grandeur que celle ŽvaluŽe pour des populations dÕU. pusilla en Adriatique 

(Dworschak, 1987b) et dÕU. pugettensis dans la baie dÕOregon (DÕAndrea et DeWitt, 2009). 

Elle est par contre supŽrieure ˆ la densitŽ maximale observŽe dans le bassin dÕArcachon (37 

ind. m-2). Il serait en consŽquence intŽressant dÕeffectuer des expŽriences semblables ˆ celles 

prŽsentŽes dans ce travail mais en utilisant des enceintes expŽrimentales plus grandes qui 

permettraient de tester lÕinfluence de la densitŽ des crustacŽs sur les flux benthiques. 

De la m•me mani•re, ces expŽriences ont ŽtŽ rŽalisŽes en utilisant, indŽpendamment 

de leur sexe, des organismes adultes dÕune longueur totale comprise entre 40 et 50 mm. Cette 

gamme de taille dÕindividus adultes est la plus frŽquente dans le bassin dÕArcachon 

puisquÕelle reprŽsente plus de 70 % des individus ŽchantillonnŽs durant ma th•se. Il serait 

toutefois judicieux (dans un but dÕextrapolation ˆ lÕŽchelle des populations) dÕŽvaluer 

lÕimportance de la taille mais aussi du sexe dÕU. pusilla dans les processus de bioturbation 

ainsi que dans lÕintensitŽ des Žchanges de solutŽs entre eau interstitielle et surnageante. JÕai 

effectuŽ une expŽrience de ce type en fin de th•se et les rŽsultats seront prochainement 

analysŽs. 
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In fine, et comme pour lÕensemble des expŽriences effectuŽes durant ma th•se, il serait 

intŽressant dÕaborder le transfert vers lÕin-situ. En raison des dimensions dÕun terrier de 

thalassinidŽ et de la prŽsence de multiples ouvertures, les techniques classiques de mesure des 

flux biogŽochimiques totaux consistant ˆ positionner une chambre benthique ˆ la surface du 

sŽdiment sont difficilement utilisables. En pratique, du fait des dimensions des terriers des 

thalassinidŽs, il est en effet difficile de sÕassurer de la bonne ŽtanchŽitŽ du syst•me. Les 

techniques dÕEddy corrŽlation (Berg et al., 2003) permettraient de mesurer les flux dÕoxyg•ne 

ˆ lÕinterface eau sŽdiment ˆ la fois in-situ et ˆ une Žchelle spatiale suffisamment grande pour 

tenir compte de lÕimpact des populations dÕU. pusilla. Cet instrument a lÕavantage dÕ•tre non 

invasif. Le laboratoire EPOC sÕest dotŽ dÕun tel instrument, il est donc envisageable de le 

dŽployer pour effectuer ce type de mesures. 

5! R™le indirect du parasitisme dans le fonctionnement des Žcosyst•mes 

c™tiers via son influence sur une esp•ce ingŽnieure 

LÕensemble des rŽsultats portant sur lÕeffet du parasitisme par Gyge branchialis 

montre un impact significatif de ce parasite sur son h™te Upogebia pusilla. En effet, 

lÕinfestation par ce parasite provoque une modification du comportement du crustacŽ et 

affecte nŽgativement lÕintensitŽ de son activitŽ de bioturbation. Les rŽpercussions de cette 

baisse dÕactivitŽ sont considŽrables puisque les Žchanges dÕoxyg•ne et de nutriments au 

travers de lÕinterface eau-sŽdiment diminuent alors drastiquement. LÕŽvaluation de lÕinfluence 

de ce parasite sur le fonctionnement global de lÕŽcosyst•me a nŽcessitŽ en amont une Žtude 

permettant dÕacquŽrir une vue dÕensemble de lÕŽtat des populations dÕU. pusilla dans le bassin 

dÕArcachon et du niveau de prŽvalence de G. branchialis. Cette Žtape sÕav•re indispensable 

pour passer du niveau de lÕorganisme ˆ celui de lÕŽcosyst•me. Il a ainsi ŽtŽ montrŽ quÕˆ 

lÕŽchelle du bassin dÕArcachon, 21 % des individus dÕU. pusilla Žtaient infestŽs par le bopyre. 

Sur la base de cette prŽvalence moyenne, jÕai pu estimer que la diminution des taux de 

remaniement sŽdimentaire et de bioirrigation de la population dÕU. pusilla en lien avec le 

parasitisme pouvait atteindre 16,4 et 13,8 %, respectivement. La diminution de la 

consommation totale dÕoxyg•ne par le sŽdiment (proxy du taux de reminŽralisation) a quant ˆ 

elle ŽtŽ ŽvaluŽe ˆ 6,6 %. La capacitŽ de reproduction dÕU. pusilla est elle aussi 

considŽrablement affectŽe par ce parasite. 89 % des m‰les infestŽs Žtaient en effet fŽminisŽs et 

aucune femelle infestŽe nÕŽtait ovig•re. LÕensemble de mes rŽsultats met ainsi en Žvidence le 

fait que G. branchialis conditionne fortement le niveau dÕinfluence dÕU. pusilla sur le 
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fonctionnement des Žcosyst•mes benthiques et cela de deux mani•res diffŽrentes. 

Premi•rement, le cožt ŽnergŽtique rŽsultant de la nutrition du parasite au dŽtriment de son 

h™te et la limitation de la capacitŽ de reproduction de ce dernier rŽsultant dÕun effet de 

castration am•ne G. branchialis ̂ contr™ler indirectement ˆ la fois la taille et la dynamique de 

la population de son h™te. Deuxi•mement, en altŽrant le comportement de son h™te, G. 

branchialis limite lÕintensitŽ de son activitŽ de bioturbation et par consŽquent lÕinfluence de 

cette derni•re sur la dynamique biogŽochimique sŽdimentaire et le couplage pŽlagos-benthos. 

Le parasitisme des esp•ces ingŽnieures apparait donc comme un facteur clŽ du 

fonctionnement des Žcosyst•mes benthiques. 

Dans le prolongement direct des mon travail, il serait important de mieux comprendre 

comment, dÕun point de vue physiologique, la prŽsence du bopyre conduit ˆ la stŽrilisation 

des femelles et, m•me si cela a ŽtŽ ŽtudiŽ chez dÕautres esp•ces, ˆ la castration et fŽminisation 

des m‰les. Afin de clarifier lÕeffet du bopyre sur la capacitŽ des individus infestŽs ˆ se 

reproduire, il sÕagirait essentiellement dÕŽtudier lÕintŽgritŽ des gonades des organismes m‰les 

et femelles infestŽs par ce parasite. DÕautre part, il a ŽtŽ rapportŽ plusieurs types de parasite 

chez Upogebia pusilla (Dworschak, 1988), dont la plupart sont des endoparasites. 

Contrairement ˆ Gyge branchialis qui est un ectoparasite bien visible, les endoparasites (tels 

que les mŽtacercaires de trŽmatodes) sont difficilement dŽcelables sans effectuer dÕŽtude 

prŽcise qui consiste bien souvent ˆ dissŽquer (et donc ˆ tuer) lÕorganisme. Il serait par 

consŽquent tr•s intŽressant de dŽterminer si dÕautres organismes (bivalves, annŽlides, 

plathelminthes, É) parasitent effectivement U. pusilla dans le bassin dÕArcachon et le cas 

ŽchŽant dÕŽvaluer leurs influences individuelles ou combinŽes sur le comportement dÕU. 

pusilla.  

De mani•re plus gŽnŽrale, mes rŽsultats mettent en Žvidence lÕimportance des effets 

Ç cachŽs È du parasitisme via la rŽduction du niveau dÕactivitŽ dÕune esp•ce ingŽnieure qui lui 

sert dÕh™te sur le fonctionnement des Žcosyst•mes. Compte tenu de lÕubiquitŽ ˆ la fois des 

esp•ces ingŽnieures et des parasites dans les environnements c™tiers, il semble 

particuli•rement important de multiplier ce genre dÕŽtude sur les consŽquences fonctionnelles 

des relations esp•ces ingŽnieures-parasites. 
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6! Conclusion gŽnŽrale : r ™le dÕUpogebia pusilla dans le fonctionnement 

Žcologique et biogŽochimique des sŽdiments vŽgŽtalisŽs du bassin 

dÕArcachon 

LÕensemble de mes rŽsultats montre clairement quÕUpogebia pusilla est une esp•ce 

bioturbatrice tr•s efficace qui influence fortement la dynamique biogŽochimique ˆ lÕinterface 

eau-sŽdiment. Il convient cependant de replacer ces rŽsultats dans le contexte gŽnŽral de ma 

th•se qui consistait ˆ Žvaluer le r™le dÕU. pusilla dans le fonctionnement Žcologique et 

biogŽochimique des Žcosyst•mes vŽgŽtalisŽs du bassin dÕArcachon. Lors dÕune Žtude visant ˆ 

Žtudier le remaniement sŽdimentaire des 20 premiers centim•tres (i.e. sans prendre en compte 

U. pusilla) dÕun sŽdiment colonisŽ par Zostera noltei, Bernard et al. (2014) ont estimŽ un 

coefficient de biodiffusion (Db) compris entre 0,4 et 18,1 cm2 an-1. Bien quÕils ne soient pas 

directement comparables du fait des diffŽrents mod•les utilisŽs et des diffŽrentes 

mŽthodologies employŽes, les importantes diffŽrences observŽes entre ces coefficients de 

biodiffusion et ceux estimŽs pour U. pusilla (qui peuvent atteindre 1158 cm2 an-1) sugg•rent 

que cette crevette de vase est lÕesp•ce dominante de ces habitats en terme de remaniement 

sŽdimentaire. DÕautre part, toujours sans considŽrer U. pusilla, Delgard et al. (2016) avaient 

considŽrŽ que la macrofaune benthique nÕinfluen•ait que faiblement les variations 

saisonni•res de consommation dÕoxyg•ne par le sŽdiment. Mes rŽsultats sugg•rent au 

contraire que : (1) la prŽsence dÕU. pusilla stimule fortement la consommation dÕoxyg•ne par 

le sŽdiment et, (2) son influence sur les TOUs prŽsente une forte dynamique saisonni•re. 

Compte tenu du lien positif entre lÕherbier de zost•re naine et U. pusilla (Annexe I), la 

rŽgression de lÕherbier a donc incontestablement des rŽpercussions bien plus importantes et 

bien plus complexes que celles estimŽes jusquÕˆ prŽsent via la disparition de lÕesp•ce 

ingŽnieure U. pusilla qui lui est Žtroitement associŽe. 

Il est cependant important de garder ˆ lÕesprit que les rŽsultats prŽsentŽs dans ce 

travail ont ŽtŽ obtenus expŽrimentalement et ne refl•te donc certainement que de mani•re 

imparfaite les processus ayant rŽellement lieu en milieu naturel. De nombreuses perspectives 

ont ŽtŽ avancŽes dans cette synth•se et sont prŽsentŽes dans un schŽma bilan (Figure S.1). La 

plupart consistent en des extensions (ajout de facteurs environnementaux supplŽmentaires) ou 

des amŽliorations (optimisation ou changement des mŽthodes utilisŽes) des expŽrimentations 

ex-situ permettant ˆ la fois de mieux apprŽhender lÕactivitŽ dÕU. pusilla mais aussi dÕŽvaluer 

au mieux lÕinfluence des diffŽrents facteurs environnementaux sur cette activitŽ. LÕensemble 
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de ses perspectives Ç intermŽdiaires È (Figure S.1) permettra in fine de passer ˆ des 

expŽrimentations in-situ qui permettront de dŽterminer avec prŽcision lÕimportance du r™le 

jouŽ par U. pusilla dans le fonctionnement Žcologique et biogŽochimique des Žcosyst•mes 

vŽgŽtalisŽ du bassin dÕArcachon. 
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Figure S.1 : ReprŽsentation schŽmatique de lÕarticulation des principaux rŽsultats obtenus durant mes travaux de th•se (bulle ˆ fond blanc) et des 

principales perspectives qui en dŽcoulent (bulles ˆ fond bleu). 
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Annexe I : Positive interaction between seagrass (Zostera noltei) and burrowing 

mud shrimp (Upogebia pusilla), a preliminary field study 

Introduction  

Recreational fishermen in Arcachon bay have long known that the highest abundances of 

their favorite bait, the mud shrimp Upogebia pusilla locally called ÒmachotteÓ, are found in 

intertidal seagrass meadows. This preliminary work was aiming at testing the hypothesis that this 

endobenthic thalassinid crustacean species is indeed positively interacting with the dwarf grass 

Zostera noltei and, if so, to determine what are the main reasons of this association. The 

methodology used to test this hypothesis and the first results are presented below in the form of a 

short note. 

Materials and methods 

Study site 

Located on the French Atlantic coast, Arcachon Bay (44¡40ÕN, 1¡10ÕW; Fig. 1) is a macro-

tidal lagoon (tide range: 0.9 Ð 4.9 m) of 180 km2 connected to the ocean by a narrow channel (2 - 3 

km wide for about 12 km long). The inner part (156 km2) consist mostly in intertidal areas (115 

km2), which are covered by large Zostera noltei meadows (70 km2) considered as the largest dwarf 

grass meadow in Europe (Auby and Labourg 1996; Plus et al. 2010). The bay receives freshwater 

inputs from the Òcanal des ŽtangsÓ located in the North part and mostly from the Leyre River 

situated in the south-eastern part. Water temperature seasonally fluctuates between 6 and 25 ¡C and 

salinity between 27 and 36 (Auby et al. 2011). 

Sampling procedure 

Fifteen intertidal stations spread across Arcachon Bay were investigated in June 2014 

(Figure AI.1). At each station, one small (3 cm inner diameter, 10 cm long) and nine large (9.4 cm 

inner diameter, 25 cm long) sediment cores were collected by hand, using transparent acrylic tubing 

(15 and 40 cm long, respectively) for further sediment characteristics analyses. A vertical 

photograph of the sediment surface was consistently taken within three 50 ' 50 cm squares to 
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estimate the mean leaf coverage at low tide. A sample of seagrass (including roots and rhizomes) 

was also collected using a 25 ' 25 cm hand corer and placed in a plastic bag to prevent material loss 

during transport.  

 
Figure AI.1 : Location of the sampling sites in Arcachon Bay (ARO: Arouillet; BOU : Bourrut; 
CLA : Le Cla; DRO: Drole; GAR : Garr•che; GER: Germanan; GRA: Graveyron; HOS : Les 

Hosses; MOU : Les Moussettes; NEG : La N•gue; PAS : Passant; REO : La RŽousse; SAL: Salos; 
TES : Le Tes; TEY : Le Teychan) and the reference point (REF) from which the distance from the 

sea was measured. Light grey: ocean and subtidal area; Dark grey: intertidal area; White: land; 
Green spots: location with U. pusilla; Black spots: location without U. pusilla 

 

The average density of Upogebia pusilla was determined by counting burrows within three 

4 ' 4 m squares randomly positioned over the mudflat. To identify interconnected galleries of a 

single burrow we used a bait piston pump, which was positioned on one opening and then gently 

operated to induce a water jet through all other burrow holes. Additionally, the maximal mud 

shrimp density was similarly measured within a 1 ' 1 m square positioned within the highest 

burrow density area. At the same time, about 55 mud shrimp were collected using the bait piston 

pump and immediately isolated in individual plastic bags to avoid aggression and appendage loss. 

They were brought back to the laboratory, where the muscle of five of them was collected, pooled 

and then grounded into powder using a ball mill after being freeze-dried. The other mud shrimp 

were anesthetized by cold (15 min at -18 ¡C) before being preserved in 4 % formaldehyde. 
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Sediment characteristics and seagrass biomass 

The median grain diameter (D50) of the 20 first centimetres of the sediment column was 

assessed using a laser microgranulometer (MALVERN¨ Master sizer S). 

 The sediment porosity was assessed by slicing a large sediment core every 5 mm from the 

top to 2 cm depth, every 10 mm between 2 and 10 cm depth and every 50 mm between 10 and 20 

cm depth. Each sediment slice was weighed and immediately frozen. The loss of water was 

measured after freeze-drying and corrected for sea salt content. 

The sediment permeability was measured in small sediment cores by the Òconstant head 

methodÓ, which consists in measuring the flow of water through the sediment matrix at a given 

hydraulic pressure (Klute and Dirksen 1986). The hydraulic conductivity (K in m s-1) was calculated 

using equation (1): 

K = (V ! L) / (h ! A ! t)  (1) 

Where V is the volume of water collected (m3) over a given time period T (s), L is the sediment core 

length (m), h is the height of the water column (pressure head, m), A is the surface area of the 

sediment-water interface  (m2) and t is the duration of water collecting. 

The permeability (k in m2) was then calculated using equation (2): 

k = (K ! m) / (d ! g)  (2) 

Where K is the hydraulic conductivity (m s-1), m is the porewater viscosity (g m-1 s-1), d is the water 

density (g m-3) and g is the gravity (= 9.81 m s-2). 

The Total Nitrogen (TN) and Organic Carbon content (OC) was measured on homogenized 

freeze-dried samples used for porosity calculation (see above), with an automatic CN analyser 

(ThermoFinnigan Flash EA2000 Series). For OC measurements, the sediment was previously 

acidified with 2M HCl (overnight at 50¡C) to remove carbonates. The isotopic ratio of the surface 

sediment (0-0.5 cm depth) and the sediment column (15-20 cm depth) were analysed using an 

isotope ratio mass spectrometer (Isoprime, GV instrument) connected to the CN analyser. 

According to the recommendation of the IUPAC, isotopic data are expressed in the conventional 

delta notation (Coplen 2011): 

! "# $%&'()* +or !", - %&'()* +. + / %&'()* 0 +/ %1&23&43 5 6  (3) 
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where R = 13C/12C or 15N/14N and the references were Vienna Pee Dee Belemnite limestone (V-

PDB) for ( 13C and atmospheric N2 for ( 15N. Analytical uncertainties were < 0.2 ä for ( 13C and 

( 15N and < 0.2 mol mol-1 for C:N ratio.  

Seagrass dry weights (± 0.1 mg) were assessed after freeze-drying. 

Upogebia pusilla analyses 

Mud shrimp Total length (TL) was measured from the tip of the rostrum to the tip of the 

telson and rounded down to the last millimetre. Sex was determined based on the presence or 

absence of gonopore and pleopod 1 (Pinn et al. 2001; Ubaldo et al. 2014; Pascal et al. 2016). 

Individual dry weights (DW, ± 0.1 mg) were assessed after 48 h at 60 ¡C. 

Mud shrimp nitrogen and carbon contents were measured on mud shrimp muscle powders 

without acidification using the same protocol as for sediment (see above). Carbon and nitrogen 

stable isotope were used to determine the main food sources of Upogebia pusilla after fractionation-

correction of 2 ä for (13C and 4 ä for ( 15N (Yokoyama et al. 2005). 

Data analysis 

Differences in mud shrimp density, individual TL and individual DW between stations were 

assessed using one-way ANOVAs. The main ecological factors responsible for the significant 

differences were then identified using stepwise regressions. Six environmental parameters were 

considered: the median grain size, the sediment porosity, the sediment C:N ratio, the seagrass 

biomass, the mean altitude of the station and the distance to the ocean. This last value was obtained 

by measuring the linear distance between a given station and a reference point (Figure AI.1) 

located at the entrance of the bay. Sediment total nitrogen and organic carbon contents were not 

taken into account because of their strong collinearity with C:N ratio (variance inflection factor > 

10). The sediment permeability was also removed from the analyses because of a lack of variability 

between the 15 studied stations. Differences in ( 13C and ( 15N in mud shrimp between surficial 

sediment and sediment column were assessed using one-way ANOVAs. .  

For all statistical analyses, a posteriori t tests corrected using the Holm-Sidak procedure 

(HS t test) was used to assess differences among factors, whenever necessary. Data normality was 

tested using Shapiro-Wilk test and variance homogeneity using BartlettÕs test. Statistical analyses 

were performed on untransformed data. 
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Results 

Upogebia pusilla densities 

Among the 15 sampled stations, Upogebia pusilla occurred in 12 and was then consistently 

associated with Zostera noltei (Table AI.1). Among the three sites where U. pusilla was absent, one 

was vegetalized while the two others were not (i.e., bare sediment) (Table AI.1). Mud shrimp 

density significantly varied between stations (Table AI.2). Stepwise multiple linear regression 

analyse showed that 56 % of this variation could be explained by the seagrass DW with a positive 

relationship between these two variables (Table AI.3). It is worth noting that the station 

ÒGermananÓ is the only one characterized by a high seagrass DW but a low mud shrimp density. 
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Table AI.1 : Mean (± SD) values of Upogebia pusilla and environmental variables in each station. The variation coefficients associated with vertical 
variability are given in brackets 

 

 RŽousse Cla Drole Hosses Graveyron Moussettes N•gue Tes Germanan Garr•che Bourut  Teychan Arouillet  Salos Passant 

Upogebia 
pusilla 

               

Mean density 6.8 ± 0.7 5.7 ± 0.2 0.0 2.9 ± 0.4 0.0 2.5 ± 0.5 4.9 ± 0.6 2.6 ± 1.1 0.4 ± 0.1 1.6 ± 0.1 2.4 ± 0.0 4.1 ± 1.7 0.0 0.0 0.2 ± 0.1 

Max density 39.0 34.0 0.0 17.0 0.0 14.0 23.0 22.0 3.0 9.0 15.0 19.0 0.0 0.0 1.0 

Mean length 
(mm) 

43.1 ± 5.6 46.3 ± 5.2 -- 43.8 ± 5.9 -- 43.5 ± 4.4 44.2 ± 5.7 42.0 ± 7.1 -- 43.9 ± 5.6 44.6 ± 5.4 46.1 ± 5.6 -- -- 42.5 ± 4.4 

Mean DW (g) 0.4 ± 0.2 0.4 ± 0.1 -- 0.4 ± 0.1 -- 0.4 ± 0.1 0.5 ± 0.2 0.3 ± 0.2 -- 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 -- -- 0.3 ± 0.1 

N (% DW) 11.9 12.1 -- 11.8 -- 12.2 12.8 12.3 11.8 12.8 12.6 11.5 -- -- 12.4 

C (% DW) 43.6 43.0 -- 43.4 -- 41.8 44.2 43.0 42.1 45.8 43.0 44.2 -- -- 44.2 

C:N 
(Mol/Mol) 

4.3 4.2 -- 4.3 -- 4.0 4.0 4.1 4.2 4.2 4.0 4.5 -- -- 4.1 

Habitat                 

D50 (! m) 109.4 85.2 28.2 173.5 24.7 130.4 133.7 131.5 23.0 154.5 163.1 191.9 76.7 92.4 31.3 

TN (% DW)  0.1 (9.8) 0.1 (13.3) 0.1 (8.0) 0.0 (11.4) 0.1 (6.9) 0.1 (19.1) 0.1 (15.6) 0.1 (13.0) 0.3 (6.7) 0.1 (20.6) 0.1 (16.8) 0.1 (17.4) 0.1 (11.4) 0.3 (6.3) 0.1 (5.27) 

OC (% DW) 0.9 (10.6) 0.9 (13.2) 1.3 (8.4) 0.2 (13.1) 1.4 (7.2) 0.4 (21.3) 0.5 (20.3) 0.7 (16.8) 2.7 (7.5) 0.8 (23.8) 0.7 (16.7) 0.5 (21.5) 1.1 (11.8) 2.6 (4.9) 0.6 (7.7) 

C:N 
(Mol/Mol) 

14.3 (3.0) 11.6 (3.5) 11.6 (3.6) 8.7 (6.4) 12.2 (2.6) 10.9 (4.8) 11.3 (7.9) 12.1 (5.8) 11.5 (1.5) 11.4 (3.4) 11.8 (2.4) 9.0 (4.2) 11.1 (2.9) 12.0 (3.0) 13.2 (3.9) 

Porosity 
(Volume ratio) 

0.6 (15.5) 0.6 (9.6) 0.7 (4.5) 0.4 (8.3) 0.7 (6.2) 0.5 (8.5) 0.5 (9.0) 0.5 (9.7) 0.8 (6.3) 0.5 (16.6) 0.5 (12.0) 0.5 (10.8) 0.6 (10.3) 0.8 (3.9) 0.5 (3.8) 

PermŽability 
(m") 

1.55E-14 2.92E-14 1.94E-13 3.53E-12 3.26E-13 6.47E-14 8.51E-12 1.29E-13 4.45E-14 6.95E-14 6.94E-13 3.04E-14 1.17E-13 8.54E-14 8.73E-14 

Seagrass DW 
(g m-2) 

35.6 34.3 0.0 23.0 0.0 18.7 32.7 15.5 40.6 13.2 20.6 30.2 7.5 0.0 5.1 

Altitude (m)  -0.7 -0.9 1.2 -0.6 0.2 -1.0 -0.2 0.2 0.6 -0.6 -0.1 0.1 0.1 0.1 0.4 

Distance to 
Ocean (m) 

4546 7829 9439 5187 10262 8185 7788 7476 10328 9358 9667 9321 11524 11284 11745 
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Table AI.2 : ANOVA results of station effects on Upogebia pusilla mean density, individual 
total length (TL) and individual dry weight (DW). 

Source df MS F P value 
Density     
Station 10 13.880 36.095 < 0.001 

Residual 22 0.385   
     

TL     
Station 9 118.413 3.753 < 0.001 

Residual 650 32.554   
     

DW     
Station 9 0.152 7.392 < 0.001 

Residual 650 0.0206   
     

!  13C      
Station 2 10.632 26.178 < 0.001 

Residual 37 0.406   
     

!  15N     
Station 2 72.748 517.687 < 0.001 

Residual 37 0.141   

 

Upogebia pusilla total length and dry weight 

The average TL and individual DW of mud shrimp significantly differed between the 

12 inhabited stations (Table AI.2). Stepwise multiple linear regression showed that 88 % of 

this spatial variation could be explained by the sediment C:N ratio, the seagrass DW and the 

distance to the ocean. The relationship between the mud shrimp total length and the C:N ratio 

was positive whist it was negatively correlated with the seagrass DW and the distance to 

ocean (Table AI.3). Similarly, mud shrimp DW significantly differed between stations. 69 % 

of this spatial variation could be explained by seagrass DW with a positive relationship 

between these two variables (Table AI.3). 
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Table AI.3 : Stepwise multiple linear regression results of environmental variables involved in the prediction of Upogebia pusilla mean density, 
individual total length (TL) and individual dry weight (DW). The absence of coefficient indicates that variable is not included in the model. * indicates 

significant factor effect 

 

Dependent variable Density  TL  DW 
Analyse of variance           

R2 0.56  0.88  0.69 
F 17.719  15.044  17.856 

p value < 0.001*  0.003*  0.003* 
      

Correlation of environmental variables         
 Coefficient F p value  Coefficient F p value  Coefficient F p value 

Constant 0.0315 -- --  41.176 -- --  0.268 -- -- 
D50 -- 2.213 0.159  -- 1.285 0.300  -- 0.0245 0.880 
C/N -- 0.302 0.591  -0.331 7.957 0.030*  -- 0.0636 0.807 

Porosity -- 3.469 0.053  -- 0.938 0.370  -- 0.371 0.559 
Seagrass 0.118 17.7199 < 0.001*  0.137 33.143 0.001*  0.00467 17.856 0.003* 
Altitude -- 0.0176 0.896  -- 0.0169 0.901  -- 1.002 0.346 

Distance to ocean -- 3.337 0.056  0.000415 14.030 0.010*  -- 0.539 0.484 
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 Isotopic analyses 

Upogebia pusilla muscle showed relatively constant isotopic signatures within 

Arcachon Bay (Figure AI.2). ! 13C signature was slightly but significantly higher (HS t test, t 

= 6.904 and 5.542, p < 0.001 in both cases relatively to sediment surface and sediment 

column, respectively) in U. pusilla than in both, sediment surface and sediment column (-17.7 

± 0.4 vs. -18.9 ± 0.6 and -18.5 ± 0.8 ä for U. pusilla, sediment surface and sediment column, 

respectively). ! 15N signature was significantly higher (HS t test, t = 25.061 and 30.501, p < 

0.001 in both cases relatively to sediment surface and sediment column, respectively) in U. 

pusilla than in both, sediment surface and sediment column (8.9 ± 0.4 vs. 5.2 ± 0.3 and 4.4 ± 

0.4 ä for U. pusilla, sediment surface and sediment column, respectively). Both sediment 

surface and sediment column showed constant isotopic signatures over Arcachon Bay (Fig. 

AI.2). However, sediment surface and sediment column had different isotopic signature. 

Indeed, ! 15N composition was significantly higher in sediment surface than in sediment 

column (HS t test, t = 5.662, p < 0.001) whereas ! 13C composition was similar between 

sediment surface and sediment column (HS t test, t = 1.418, p = 0.165). 

 
Figure AI.2 : Biplot showing ! 13C and ! 15N ration of Upogebia pusilla specimens, U. 

pusilla specimens minus isotopic fractionation, sediment surface, sediment column. Data for 
phytoplankton, microphytobenthos, macroalgues, degraded seagrass, seagrass + epiphyte, and 

continental particulate organic matter in Arcachon Bay came from Dubois et al. 2012 and 
FELIBA project (V. DAVID & N. SAVOYE, unpublished data) 
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Discussion 

One of the major concerns in ecology is to understand the mechanisms that structure 

natural communities and to determine why and how the mean density of a given species is 

likely to strongly vary between apparently closely related areas. In Arcachon Bay, the spatial 

distribution and abundance of Upogebia pusilla seems to be tightly dependent on the presence 

of Zostera noltei (field observations). More precisely, stepwise multiple linear regressions 

showed that the mud shrimp density is also significantly linked to the seagrass biomass (Table 

3). This result may appear surprising at first since numerous previous studies investigating 

interactions between thalassinid crustaceans and seagrasses consistently report negative 

interactions (Brenchley 1981; Brenchley 1982; Suchanek 1983; Dumbauld and Wyllie-

Echeverria 2003; Siebert and Branch 2005; Siebert and Branch 2006; Siebert and Branch 

2007; Berkenbusch et al. 2007; Pillay and Branch 2011; Pillay et al. 2011). On one hand, 

through their intense bioturbation activity, thalassinidean species increase sediment 

erodability and resuspension thereby strongly reducing water clarity and photosynthetic 

capacities of seagrasses. On the other hand, seagrass roots and rhizomes enhance sediment 

stability, compactness and silt content which, altogether, limit the locomotion and burrow 

construction of large endobenthic species including burrowing crustaceans. However, Siebert 

& Branch (2005) observed a clear positive interaction between Zostera capensis and the mud 

shrimp Upogebia africana. They have hypothesized that this filter-feeding species may 

directly benefit (1) from the stabilisation of the sediment column by the seagrass for the 

construction of their burrow but also (2) indirectly from the exclusion of the deposit-feeder 

Callianassa kraussi, which may disrupt their burrows. In Arcachon Bay, any other mud 

shrimp species has been found neither in vegetated or bare intertidal sediment (Blanchet 2004; 

Blanchet et al. 2004). Therefore, it is very unlikely that the relatively high densities of U. 

pusilla observed in seagrass meadows may result from the exclusion of another mud shrimp. 

The most probable hypothesis is that seagrasses provide the sediment stability required for the 

construction of (semi-)permanent burrows, one of the main features of filter-feeding 

thalassinideans. Moreover, seagrass leaves attenuate the hydrodynamic intensity above the 

seafloor that traps suspended particles and enhances sedimentation rates of small organic 

particles (Ganthy et al. 2014). This positive relationship could also be partly explained by a 

trophic link in some species which directly or indirectly (via microbial gardening) feed on 

seagrass senescent material (Vonk et al. 2008). However, isotope measurements show that in 
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Arcachon bay seagrass is not the main food source of U. pusilla but rather phytoplankton, 

microphytobenthos and sedimented organic matter (Figure AI.2).  

Conversely, Z. noltei may benefit from sediment oxygenation caused by burrow 

ventilation, which also avoid reduced toxic accumulation (e.g., sulphides) in porewaters 

(Suykerbuyk et al. 2012). The burying of seagrass seeds by sediment turnover may also 

reduce predation threat and facilitating their germination (Delefosse and Kristensen 2012). 

The station ÒGermananÓ is the only one where a positive relationship between U. pusilla and 

Z. notei is not obvious. Indeed, the mud shrimp density is low compared to other stations 

exhibiting well developed seagrass meadows. Two hypotheses may explain this particular 

singularity: (1) the seagrass biomass is there too high (the highest among the 15 sampled 

stations) so that, the shoot-root system binds the sediment and thus hinders the construction of 

deep burrows (Siebert and Branch 2006) and (2) the high altitude (the highest among the 12 

stations with U. pusilla) lead to prolonged daily desiccation periods which thus drastically 

reduce filter-feeding opportunities (Cottet et al. 2007). Our results also revealed a positive 

relationship between seagrass biomass and U. pusilla TL and DW which could highlight that 

a stable sedimentary habitat may facilitate mud shrimp filter-feeding as reducing the 

proportion of time devoted to burrow maintenance (Siebert and Branch 2005).  

In conclusion, this study provide circumstantial evidence for a positive effect of Z. 

noltei on U. pusilla as (1) they shared the same distribution, (2) mud shrimp is absent in bare 

mudflats, (3) mud shrimp (i) density (ii) TL and (iii) DW are positively linked to the seagrass 

biomass This positive relationship seems mainly due to the direct effect Z. noltei on the 

sediment stability. 
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Annexe II : Moulages de terrier in-situ 

MŽthode 

Des moulages de terriers ont ŽtŽ effectuŽs in-situ sur le site de Òla N•gueÓ en Aožt 

2014. De la rŽsine polyester (Soromap) a ŽtŽ placŽ dans des sachets congŽlations (~500 mL). 

Le catalyseur (volume = 5 % du volume de rŽsine) a ŽtŽ placŽ dans un pilulier le temps du 

transport. Une fois sur site, des ouvertures de terriers dÕUpogebia pusilla ont ŽtŽ sŽlectionnŽes 

alŽatoirement sur une zone dÕenviron 100 m2. Avant de verser la rŽsine, le catalyseur a ŽtŽ 

versŽ dans le sachet congŽlation et mŽlangŽ de mani•re homog•ne ˆ la rŽsine. Enfin, le 

mŽlange Ç RŽsine + Catalyseur È a ŽtŽ versŽ dans une des ouvertures du terrier ˆ lÕaide dÕun 

entonnoir. Les ouvertures associŽes au terrier ont ŽtŽ repŽrŽes en observant lÕeau sÕŽchapper 

hors du terrier au fur et ̂ mesure que de la rŽsine y Žtait introduite. De la rŽsine a ŽtŽ versŽe 

jusquÕˆ ce que lÕensemble du terrier en soit rempli. Les moulages de terriers ont ŽtŽ rŽcupŽrŽs, 

ˆ la main, environ deux jours plus tard. Au laboratoire, la profondeur, lÕŽtendu horizontale et 

le diam•tre des terriers ont ŽtŽ mesurŽs. Enfin, le nombre dÕouverture et de chambre de 

retournement ont ŽtŽ comptŽes.  

   
Figure AII.1 : Trois photographies de moulages de terrier prisent sur papier milimŽtrŽ (un 

carrŽ = 1 cm)
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Table AII.1 : Measurements of burrow horizontal spreading, depth, diameter and count of burrow openings and turning chambers assessed on resin cast 
of Upogebia pusilla burrow. Gray line (resin cast number 5) corresponds to a juvenile burrow; associated values are not taking into account in the 

computing of average (± SD) values. 

Number 
Horizontal 
spreading 

(cm) 
Depth (cm) Burrow openings Turning chambers 

Burrow diameter 
(cm) 

Turning chamber 
diameter 

(cm) 
1 85,9 28,3 3 5 1,6 ± 0,1 2,5 ± 0,2 
2 55,9 20,9 2 3 1,5 ± 0,1 2,4 ± 0,2 
3 18 48,6 2 5 1,7 ± 0,4 2,6 ± 0,4 
4 19 36,6 2 4 1,6 ± 0,1 2,2 ± 0,5 
5 9,6 12,5 2 7 0,6 ± 0,0 1,4 ± 0,3 
6 54,8 30,4 3 8 1,7 ± 0,1 2,9 ± 0,5 
7 33,2 40,5 3 4 1,6 ± 0,1 2,6 ± 0,4 
8 31,6 29 4 5 1,4 ± 0,2 2,3 ± 0,5 
9 21,2 34,3 2 4 1,5 ± 0,1 2,9 ± 0,2 
10 37,1 35,1 2 3 1,3 ± 0,1 2,9 ± 0,2 
11 34,2 22,5 2 5 1,4 ± 0,0 2,5 ± 0,5 

Moyenne 39,1 ± 21,1 32,6 ± 8,3 2,5 ± 0,7 4,6 ± 1,4 1,5 ± 0,1 2,6 ± 0,2 
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Annexe III  : Relations biomŽtriques 

 

Cette annexe correspond au Ç supplementary material È citŽ dans le chapitre 3 Ð Partie 

A : Ç Dynamics of the Upogebia pusilla-Gyge branchialis marine host-parasite system È 

(Ç Appendix 3A.1 È). Ces donnŽes ont ŽtŽ publiŽes avec lÕarticle scientifique correspondant 

dans la revue Marine Biology (2016, 163 : 195 ; doi : 10.1007/s00227-016-2969-9) 
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Table AIII.1 : Biometry relationships for U. pusilla according to sex categories. Different 
lines in sex category indicate significant between sex categories differences (ANCOVA, p < 
0.05) in the considered biometric relationship. AFDW: Ash-free Dry Weight of total shrimp 

(g); CL: Cephalo-thoracic carapace Length (mm); DW: total shrimp Dry Weight (g); DW2pr: 
Dry Weight of 2 Prodactylus; MM: Male; FF: Female; FM: Feminized Male; FW: total Fresh 

Weight (g); Lpl: Length of pleopod (mm); Lpr: Length of prodactylus (mm); TL: Total 
Length (mm); Wpr: Width of prodactylus (mm) 

Sex categories Biometric relationship N r! 
MM logDW = 3.067logTL - 5.467 170 0.77 
FF logDW = 2.610logTL - 4.780 394 0.67 
FM logDW = 2.947logTL - 5.369 38 0.62 
    
MM CL = 0.549TL - 5.996 41 0.70 
FF CL = 0.431TL - 1.772 93 0.62 
FM No data   
    
MM Lpr = 0.172TL - 0.095 138 0.59 
FF Lpr = 0.080TL + 2.640 277 0.37 
FM Lpr = 0.102TL + 0.095 37 0.53 
    
MM Wpr = 0.126TL - 1.267 138 0.63 
FF & FM Wpr = 0.043TL + 0.874 310 0.45 
    
MM No pleopod   
FF & FM Lpl = 0.094TL + 0.171 362 0.54 
    
MM logDW2pr = 3.619logTL - 7.126 34 0.75 
FF & FM logDW2pr = 2.358logTL - 5.313 93 0.35 
    
MM & FF AFDW = 0.758DW -0.011 132 0.95 
FM No data   
    
MM FW = 4.796DW + 0.402 23 0.86 
FF FW = 4.352DW + 0.528 57 0.72 
FM No data   
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Annexe IV : Romero-Ramirez et al. 2016 

 

Development and validation of a video analysis software for 

marine benthic applications 

A. Romero-Ramirez, A. GrŽmare, Guillaume Bernard, Ludovic Pascal, Olivier Maire, J.C. 

Duch•ne 

University of Bordeaux - CNRS, EPOC, UMR 5805, F33120 Arcachon, France 

 

 

 

 

Article publiŽ dans la revue Journal of Marine System5 

162:4-17,2016 ; doi : 10.1016/j.jmarsys.2016.03.003  

                                                

5 Ce manuscrit correspond ˆ la version acceptŽe de lÕarticle et prŽsente des diffŽrences mineures par rapport ˆ la 
version ŽditŽe. Cette derni•re est disponible sur le site de lÕŽditeur : 
http://www.sciencedirect.com/science/article/pii/S0924796316300057 
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Abstract 

Our aim in the EU funded JERICO project was to develop a flexible and scalable 

imaging platform that could be used in the widest possible set of ecological situations. 

Depending on research objectives, both image acquisition and analysis procedures may 

indeed differ. Up to now the attempts for automating image analysis procedures have 

consisted of the development of pieces of software specifically designed for a given objective. 

This led to the conception of a new software: AVIExplore. Its general architecture and its 

three constitutive modules: AVIExplore Ð Mobile, AVIExplore Ð Fixed and AVIExplore Ð 

ScriptEdit are presented. AVIExplore provides a unique environment for video analysis. Its 

main features include: (1) image selection tools allowing for the division of videos in 

homogeneous sections, (2) automatic extraction of targeted information, (3) solutions for 

long-term time-series as well as large scale image acquisition, (4) real time acquisition and in 

some cases real time analysis, (5) a large range of customized image-analysis possibilities 

through a script editor. The flexibility of use of AVIExplore is illustrated and validated by 

three case studies: (1) Coral identification and mapping, (2) Identification and quantification 

of different types of behaviors in a mud shrimp, and (3) Quantification of filtering activity in a 

passive suspension-feeder. The accuracy of the software is measured comparing with visual 

assessment. It is: 90.2 %, 82.7%, and 98.3% for the three case studies, respectively. Some of 

the advantages and current limitations of the software as well as some of its foreseen 

advancements are then briefly discussed. 

! !
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Software availability 

Name: AVIExplore  

First available: 2015 

Language: Microsoft Visual C# and C++ 

Requirements: 

 -Hardware: Pentium PC or equivalent with at least 2GB of RAM 

 -Software: Microsoft Windows 7. Microsoft Framework v4.5. The AVI standard is 

used and the compression format selected is Microsoft MPEG4 Version 2  

Software size: 77Mb 

Availability: on request to authors  

Free for research and educational purposes.  

!

! !
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1.! Introduction 

Imaging technologies are currently used to address different questions related to 

marine benthic ecology (see Solan et al., 2003 for review) including: (1) the assessment of 

benthic biodiversity (Mallet and Pelletier, 2014; Spencer et al., 2005), (2) the study of faunal 

composition (Cuvelier et al., 2012; Duffy et al., 2014), (3) habitat mapping (Williams et al., 

2012), (4) the characterization and quantification of behaviors and biological activities 

(GrŽmare et al., 2004; Jordana et al., 2000; Maire et al., 2007a; Matabos et al., 2011; Matabos 

et al., 2015), (5) the quantification of sediment reworking (Bernard et al., 2012; Maire et al., 

2007b),  and (6) ecological quality assessment (Rosenberg et al., 2009).  

Imaging is a non-destructive technique that: (1) allows for the saving of initial raw 

information and thus for potential re-analysis, and (2)  records both visible benthic organisms 

and other biological/ biogeochemical parameters resulting from biological activity such as the 

apparent Redox Potential Discontinuity on Sediment Profile Images (Romero-Ramirez et al., 

2013). The reasons for choosing imaging technologies differ depending on the aim of each 

study. As an example, benthos and epibenthos sampling strategies at deep seabed present 

some difficulties (Jamieson et al. 2013): (1) the use of trawls and sleds does not allow for 

quantitative samplings,  (2) the use of traps and suction samplers result in biased samplings 

resulting from differences in feeding regimes and motility, and (3) the use of grabs and box 

corers is complicated by the use of long wires and possible heteregoneities in sediment 

penetrability. Furthermore there are several designs for sampling epibenthos and their 

efficiencies are substrate-dependent (i.e. beam trawls for soft bottoms or suction samplers for 

hard bottoms). None of the sampling gears are recommended as a standard for a quantitative 

epibenthos assessment across all substrate types (Rees and Service, 1993). Moreover, some 

species from the epibenthos community are very mobile, making them difficult to capture 

when sampling. In this context, video and image analysis has proven to be an alternative and 

sometimes the only (i.e. hydrothermal vents,(Cuvelier et al., 2012)) in situ tool adequate to 

assess the epibenthos at all substrate types in a qualitative and/or quantitative manner. 

In or ex situ imaging devices for benthic surveys can be deployed from different 

platforms (Smith and Rumohr, 2013), which can be divided into two main types: static 

platforms such as benthic landers (Roberts et al., 2005), and (2) mobile platforms such as 

Remote Operated Vehicles (ROV) or Autonomous Underwater Vehicles (AUV). Each type of 

platform provides image sequences with their own specificities that have to be taken into 
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account during processing. Both static and mobile platforms produce series of images often 

acquired under different light conditions (especially when deployed in shallow waters) 

because of: (1) changes in water turbidity, (2) changes in the intensity of natural light, and/or 

(3) the development of biofilms. In addition the series of images derived from mobile 

platforms need to be geo-referenced to produce sound habitat mapping. 

Although the use of automated image acquisition systems is clearly currently 

spreading worldwide (Mallet and Pelletier, 2014), corresponding analyses are still most often 

achieved manually/visually (Cuvelier et al., 2012; Matabos et al., 2011; Sarrazin et al., 1997; 

Spencer et al., 2005; Vertino et al., 2010). Significant efforts have been made to automatically 

or semi-automatically process isolated images using either generic (Birchenough et al, 2012; 

de Moura Queir—s et al., 2011) or specific software (Teixid— et al., 2011; Romero-Ramirez et 

al., 2013). With the arrival of newer video sensors, the tendency towards increasing video 

duration, image resolution and time frequency acquisition, makes corresponding image 

analysis very time-consuming (Edgington et al., 2006). Locating sequences of images 

containing important information would lighten this task (Lebart et al. 2003). Moreover, the 

complexity of the information contained in each image makes it highly operator-dependent 

(Cuvelier et al., 2012; Germano et al., 2011). There have been some attempts to generate 

automated image-analysis procedures (Aguzzi et al., 2011; Edgington et al., 2006; Kannappan 

and Tanner, 2013; Lebart et al.,2003; Mane and Pujari, 2014; Nowak et al., 2008; Romero-

Ramirez et al., 2013; Teixid— et al., 2011). These have included both the automatic detection 

(Aguzzi et al., 2011; Edgington et al., 2006; Kannappan and Tanner, 2013) and in some cases 

even the identification of large epibenthic organisms on videos using either fixed (Aguzzi et 

al., 2011) or mobile cameras (Edgington et al., 2006). Given the large variety of possible 

applications of imaging in benthic ecology, a flexible software, which could provide users 

with an assistance for the widest possible set of all applications is however clearly still 

missing. 

One of the aims of the JERICO project (http://www.jerico-fp7.eu/) was to develop the 

use of image analysis techniques to monitor a large set of biological components and 

processes recorded either at high frequency and/or over large scales using automated or semi-

automated procedures. In this context, we report here on the AVIExplore software that 

provides a unique flexible environment for automated video analysis. AVIExplore proposes 

different interfaces to analyze videos originating from imaging devices set on mobile and/or 

fixed platforms. The principal features of AVIEplore are: (1) to provide image selection tools 
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allowing for the division of videos in homogeneous subsections, (2) to allow for the automatic 

extraction of targeted information, (3) to propose solutions for long-term time-series as well 

as large scale image acquisition, (4) to allow for real time acquisition and in some cases real 

time analysis, (5) to provide a large range of customized image-analysis possibilities through 

a script editor. This paper presents the principles and the structure of the AVIExplore 

software. Its capacities are also illustrated via the presentation of several case studies for 

which it has already been used.  These include an: (1) automated search for coral colonies in a 

video recorded using a mobile imaging platform, (2) automated behavior identification of 

Upogebia pusilla within the sediment column of a thin aquarium based on a video recorded 

using a fixed device, and (3) automated assessment of temporal changes in the filtering 

activity of a passive suspension feeding benthic species based on a video of the sediment 

surface recorded with a fixed device. 

2.! AVIExplore  software description 

2.1.!Generalities and common features 

AVIExplore is a software that allows acquisition and analysis of standardised AVI 

videos. It presents a graphical user interface (Figure AIV.1) that allows access to three 

different modules:  

 
Figure AIV.1 : AVIExplore graphical user interface: (1) AVIExplore Ð Mobile module, (2) 
AVIExplore Ð Fixed module, (3) AVIExplore Ð ScriptEdit module, (4) summary of system 

characteristics, (5) extension files for future versions, and (6) software manual and 
information. 
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(1) AVIExplore - Mobile. This module allows the extraction of information from 

videos taken with moving sensors and cameras. It has two working modes: real time and 

recorded video. 

(2) AVIExplore - Fixed. This module allows for the survey of activity on surfaces by 

using videos taken with a fixed camera. It has two working modes: real time and recorded 

video. 

(3) ScriptEdit. This module can be seen as a tool that allows writing and testing scripts 

in view of their use in the other two AVIExplore modules. It is however a standalone module 

that can be used to compute data from videos or images.  

The three modules of AVIExplore use a similar internal structure (Figure AIV.2). 

Images are extracted from video sources; each incoming image being called ÔOrigin ImageÕ. 

The result of applying an operation (for example contrast enhancement) on an ÔOrigin ImageÕ 

is saved as a ÔWork ImageÕ. If the user needs to apply a second operation, he can either save it 

as ÔSecondary Work ImageÕ or rewrite on the initial ÔWork ImageÕ. In order to speed up 

operations, it is possible to work with greyscale images, which are then saved as a ÔGrey 

ImageÕ. Operations can be bidirectional as a ÔWork imageÕ can become an ÔOrigin ImageÕ. 

However, in this case, this transformation is not reversible as the return to the initial ÔOrigin 

imageÕ is impossible. A mask is a tool used to select a subset of pixels in an image. These 

masks can be directly drawn by the user or computed using a script. Binary hexadecimal 

masks are used as internal structures to store intermediate information. They can be saved and 

loaded using an external file (*.msk). Other Regions Of Interests (ROIs) can also be drawn by 

the user and saved in a different external file (*.roi). ROIs can be converted in internal binary 

regions for computations. 
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Figure AIV.2 : Internal structure of AVIExplore. Origin, work and secondary work images 
are 24 bit bitmaps for color images and video frames. Gray images are 8 bit images. Regions 

of interest (ROIs) and masks are structures saved in external files, wich can be loaded on 
demand. Op: operation 

 

External files are similar within the three modules. They gather different types of 

information (Figure AIV.3): (1) the AVI input file (main input), (2) script files to process 

images (processing), (3) ROI files to store working areas (service), (4) mask files to get fast 

mask loading (service), (5) data and companion files to store intermediate results 

(information), (6) time and position files which can be of interest for image tracking collected 

with mobile carriers (information), and (7) export information in text files. 
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Figure AIV.3 : External files generated by AVIExplore. Continuous arrows refer to files that 

must to be loaded by the user. Dashed arrows refer to files automatically loaded by the 
software. 

 

The graphic user interfaces of each of the three modules share a similar structure with: 

(1) a displayed window, (2) a strip menu, and (3) a scrollbar for video timing. However, 

depending on the module, the functionalities present on the left side of the window may differ 

(Figure AIV.4). 

 
Figure AIV.4 : AVIExplore Ð Mobile, AVIExplore Ð Fixed and AVIExplore Ð ScriptEdit 

moduleÕs general graphic user interface: (1) video display window, (2) strip menu, (3) video 
time scrollbar, and (4) area differing between modules. 

AVIExplore can be used for different purposes namely: (1) image acquisition, (2) 

testing of image-analysis procedures and image analysis per se (Figure AIV.5). The user may 
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consider AVIExplore real time acquisition mode (which is present within both the 

AVIExplore - Fixed and the AVIExplore - Mobile modules) for acquiring a video to be 

analyzed with another module. During testing, different functions can be tried out in order to 

optimize and automatize the image-analysis procedure, which will then be applied to a whole 

acquisition sequence or a batch of acquisition sequences. The AVIExplore - ScriptEdit 

module indeed allows for saving and then loading back any of the so-tested scripts 

 
Figure AIV.5 : Interactions between different modules and modes of AVIExplore.  

 

2.2.�� The AVIExplore Real Time acquisition mode 

Real time acquisition can be achieved for both mobile and fixed platforms through 

AVIExplore - Mobile and AVIExplore - Fixed modules. The main advantages of monitoring 

real time acquisition using AVIExplore are: (1) an absolute control of image frequency 

acquisition, (2) the possibility for real time video treatments, which includes the possibility of 

applying different filters to incoming images as well as the use of masks and the selection of 

objects. The user may then choose to directly save results and no longer original images, 

which can prove valuable when using acquisition memory limited devices. There is however a 

clear limitation for real time analyses: the flow of incoming images cannot be interrupted. 

Processing time must therefore remain less than the time lag between consecutive images. As 

a consequence, computing loops online is not possible. This can be avoided by saving the 

original video and analyzing it afterwards.   

2.3.�� The AVIExplore Ð Mobile module  

AVIExplore - Mobile handles both the video to be analyzed and a geolocalization file, 

which is used to locate each image and associated identified objects in space. Sophisticated 

Remotely Operated Vehicles (ROVs) usually produce this file when acquiring images but 
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other mobile acquisition carriers do not. If the information concerning the location of the 

images is available through another way (e.g. a Log book), the user can generate a 

geolocalization file by himself. If not, the user can still proceed with image-analysis but in 

this case, identified objects will not be geographically located. The corresponding format for 

the geolocalization file is specified on Table AIV.1. 

Table AIV.1 : Format of Geolocalization File: (1) Explanation, (2) Example 
Number of images 1340  

Date and time [mm/dd/yyyy 
hh:mm:ss.ss] 

10/14/2007 21:35:04.10 

Complementary information Device info 
Date and time [mm/dd/yyyy 

hh:mm:ss.ss] Latitude 
Longitude Depth  

10/14/2007 21:35:04.10     39,5655667     18,4361983     548 
10/14/2007 21:35:09.10     39,5655667     18,43618         548   

É 
(1) (2) 

 

The first step when analyzing a video is to extract its images (Figure AIV.6A). When 

using AVIExplore, it is recommended to first proceed with a global scene analysis. This 

procedure extracts features (Table AIV.2) from the images and generates a companion file 

containing relevant metadata, which are used for a fast comparison between images.  This 

process allows for the identification of common: (1) properties, and (2) objects between 

images. It can be used to define sections of the original video where the presence of the same 

specific object is suspected and which therefore can be processed using the same image 

analysis procedure (script). The values of the extracted features can be exported on a text file 

for post-treatment. Object detections can be done either on this module or on the Script Editor 

module. The section on AVIExplore - ScriptEdit module describes the type of extracted 

information that can be exported. 
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Figure AIV.6 : A: AVIExplore Ð Mobile: Typical flowchart of a video obtained with a 

mobile device, B: AVIExplore Ð Fixed: Typical flowchart of a video obtained with a fixed 
device. 
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Table AIV.2 : List of extracted features by the AVIExplore - Mobile module. In (1-6) i,j are 
the horizontal and vertical coordinates in the Greylevel Co-occurrence Matrix, P is the cell 

value. 

! !

List of Extracted Features Description 
Number of objects (SURF) The number of objects found on an image when using 

ÒSpeeded Up Robust FeatureÓ for object detection  
Object size (SURF) The size of objects found on an image when using ÒSpeeded 

Up Robust FeatureÓ for object detection 
Spatial moment Weighted average of the intensities of the image pixels 

Variance Mean variance of the greyscale image 
Hu1 First Hu moment for pattern recognition (Hu, 1962) 
Hu2 Second Hu moment for pattern recognition (Hu, 1962) 

Angular second moment 
(GLCM) 

Also known as uniformity, it is the sum of squares of entries 
in the greylevel co-occurrence matrix (GLCM) (1): 

! "#$%&' ( )
"#$* +   

Energy (GLCM) Square root of the angular second moment 
Entropy (GLCM) Amount of information of the image needed for the image 

compression, it represents spatial disorder (2):  
,! "#$ -. ! "#$

' ( )
"#$* +  

Contrast (GLCM) Measure of the intensity contrast between a pixel and its 
neighbor over the whole image.  Sum of squares variance in 

the GLCM (3):  ! "#$%/0, 12&' ( )
"#$* +    

Dissimilarity (GLCM) Measure that defines the variation of grey level pairs (pixel 
and its neighbor)  in an image (4):% ! "#$%0, 1' ( )

"#$* +  
Inverse Difference Moment 

(GLCM) 
Also called homogeneity.  Measures of the closeness of the 

distribution of elements in the GLCM to the GLCM diagonal 

(5):  
34#5

6 7 8
57 8

6 7 8
47 8

) 9 / "( $2:  

Mean_i (GLCM) The mean based on the reference pixels ("i)  
Mean_j (GLCM) The mean based on the neighbor pixels  ("j ) 

Variance_i (GLCM) 
Variance_j (GLCM) 

Measures the dispersion around the mean, of values within 
the GLCM (#i,#j) 

Correlation (GLCM) Measure of how correlated a pixel is to its neighbor over the 

whole image (6):  ! "#$
"( ; 4 $( ; 5

<4
: 9 <5

:

' ( )
"#$* +   

Hue The Hue histogram 
R The red channel histogram 
G The green channel histogram 
B The blue channel histogram 

Grey The greylevel histogram 
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2.5.! The AVIExplore - Fixed module 

This module allows for surveying biological activity based on videos collected using a 

fixed carrier either in or ex situ. The analysis of a fixed video starts by extracting its images, 

which are then subtracted between each other (Figure AIV.6B). Three different types of 

subtraction are proposed: (1) ÔPreviousÕ, (2) ÔGapÕ, and (3) ÔReference imageÕ. When the 

ÔpreviousÕ type is selected, the subtraction is carried out between all pairs of consecutive 

images. When the ÔGapÕ type, the subtraction is carried out between all pairs of images 

separated by a fixed number of images. When the ÔReference imageÕ type is selected, the 

subtraction is always carried out between the current and a fixed reference image (which 

usually corresponds to the start of the recording and/or to a zero level of activity). Subtraction 

results can be expressed in three different modes: (1) absolute values, (2) positive values and 

(3) negative values. Both the type of subtraction and its combination with other parameters 

(Table AIV.3) must be adjusted by the user depending on image quality and desired analyses, 

although some default values are proposed. The user may choose to focus on some areas of 

the images by drawing a ROI or a mask. Image subtractions are then only achieved within the 

selected area and no longer in the whole image. At the end of the analysis a ÔData FileÕ is 

created and loaded. The ÔData FileÕ is a binary file that can be understood as a metadata 

companion file which allows the user to directly visualize the subtraction results. On this 

module, the user can choose to export those results obtaining two different text files. The first 

file includes for each image the position (barycenter) and size (number of pixels) of each 

isolated region where the subtraction result is bigger than the specified threshold. The second 

file provides the mean position (barycenter and standard deviation) and the total size (total 

number of pixels) of all the regions where the subtraction result is bigger than the specified 

threshold found on an image. The section describing the AviExplore - ScriptEdit module 

provides more examples of the extracted information that could be exported. 
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Table AIV.3 : List of parameters to select for analyzing when using the AVIExplore - Fixed 
module 

Parameters 
to adjust 

Description 

Diff Mode Type of subtractions 
diffType Expression of subtraction 

Th Threshold for subtraction difference 
Min Sz Minimum size of search objects 
Max Sz Maximum size of search objects 
Use ROI Use of a drawn region of interest 
Use Mask Use of a drawn Mask 

Gap  Number of images between subtraction  
Reference image number 

 

2.6.!The AVIExplore Ð ScriptEdit module 

The AVIExplore Ð ScriptEdit module allows writing and testing scripts, which can 

later be used in another AVIExplore module. However the AVIExplore Ð ScriptEdit module 

is also a standalone program that can proceed with the complete analysis of a video and 

produce a result file. Available functions and commands that can be used within this module 

can be divided into:  

(1) Video management and visualization functions.  

(2) Image processing operations. Some of these operations allows for: color filtering, 

image segmentation, edge detection, image and histogram equalization, morphological 

processing and noise removal. 

(3) Looping. Set of commands that allow applying one operation to a set of images.  

(4) Export and log. Functions that allow either to have a log or a result text file. 

(5) Masks and ROIs. Set of functions allowing the use of masks and ROIs within a 

script. Those masks and ROIs can either be the result of an image processing operation or 

designed by the user.  

The detailed description of the high number of functions available is provided in the 

AVIExplore manual, which is embedded in the software and available online 

("##$%&&'''()$*+(,-.*/0)1,2(3/&450)2($"$6715 893/:$18)9);<)+*.4*+<1=4)2$7*/) ).  
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Depending on the scope of the analysis, dedicated searches must be carried out to 

identify/classify objects. The user can choose which information to export, some examples 

are: the number of objects on an image, the surface and the perimeter of each object, the width 

and the length of the minimum bounding rectangle of an object, the position of each object, 

the mean and standard deviation of all the positions and surfaces of all the objects on an 

image. 

The ScriptEdit module proposes a functionality to help the user write scripts. This 

functionality provides the users with the parameters required by all specific functions. The 

current version of the software includes examples of object detection and identification 

routines (needed for the mobile module) to help the user building their own scripts and to 

provide insights on which kind of operations are relevant to obtain specific information. 

Scripts can be saved within a Microsoft access database and then become easily accessible for 

subsequent analyses. The AVIExplore Ð ScriptEdit module has a complementary utility for 

video edition, including: (1) cropping, (2) reducing duration, (3) reducing resolution, (4) 

changing frame frequency acquisition, (4) extracting images, and (5) building a video from 

extracted images.  

3.! Case studies 

3.1.! AVI-Explore Ð Mobile: Mapping of deep corals 

3.1.1.! General context  

In the last decade live deep-water corals have been reported in the Ionian Sea at the 

Santa Maria de Luca (SML) Province (Taviani et al., 2005; Tursi et al., 2004). The most 

reported predominant species in this area are Lophelia pertusa and Madrepora oculata, both 

species present a multi-branch morphology that can provide ecological niches, refuges and 

substrates for a multitude of other species (Tursi et al., 2004). The SML Province contains 

living and dead isolated colonies of those deep-water corals as well as coral patches (Savini et 

al., 2005; Vertino et al., 2010). Different tools have been used to identify and characterize 

both macrofauna and habitats within the SML province (Mastrototaro et al., 2010; Tursi et al., 

2004, Savini and Corselli, 2010, Taviani et al., 2005).   

In this context, video imagery acquired with ROVs has been used to detect 

macrohabitat and determine main seafloor features that includes the percentage of 

recognizable dead and/or live coral colonies (Vertino et al., 2010). This last analysis was 

achieved but at a low spatial resolution and apparently by direct visual video observation 
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(Vertino et al., 2010). We report here on the use of the AVIExplore software to analyze 

another video collected in the same area. Our specific aims consisted in automatically: (1) 

detecting corals, and (2) differentiating between apparently dead and living coral patches. 

3.1.2.! Materials and methods 

The analyzed video was recorded with a remotely operated vehicle (ROV) Victor-

6000 during the MEDECO cruise, which took place aboard the French R/V Pourquoi Pas? 

This ROV was equipped with a SONY DXC990 3 CCD camcorder (resolution of 720x576 

pixels, frame rate of 25fps, duration 2 hours and 5 seconds). The study area covers 0.022 km!.  

The video contained a total of 180,133 images. Because of the deployment of an automatic 

flash device, overexposed images were removed every 298 images. A total of 179,529 images 

were thus considered for the analysis. The video was processed using the AVIExplore Ð 

Mobile module. A region of Interest (ROI) was created to exclude imbedded text from the 

analysis (Figure AIV.7). Two different scripts were executed to assess the surface of: (1) 

apparently dead and living corals within each image (Table AIV.4A), and (2) only apparently 

living corals within each image (Table AIV.4B). The main feature used to determine living 

corals was its white-color (Figure AIV.8). A visual assessment was completed on a 

subsection (1330 images) to validate the so-obtained results. Images were then visually 

classified as: images with corals and images without corals. A comparison between the two 

assessment modes (visual and automatized via AVIExplore) was achieved. Total accuracy 

was computed as the number of images for which both classification modes were similar 

divided by the total number of compared images. An analysis of the types of errors and their 

frequency of occurrence was also carried out. False positive errors corresponded to the fact 

that AVIExplore classified an image as containing corals whereas the same image was 

visually classified as not containing corals. False negative errors corresponded to the fact that 

AVIExplore classified an image as not containing corals whereas the same image was visually 

classified as containing corals.  
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Figure AIV.7 : Coral mapping case study: dissimilarities of Grey-Level Co-occurrence 

Matrix for each image of the video. Numbered vertical dashed lines indicate different images 
which are shown on the right. 1 and 2: images of the water-sediment interface, 3: image of the 

water-sediment interface at high altitude and 4: image of the water column. 
 
Table AIV.4 : Coral mapping case study: Details of the two scripts used to: detect, quantify 

the surface, visualize and save each analyzed image. For (A) apparently living and dead 
corals, and (B) apparently living corals. 

 

Living and dead corals Living corals 
 

openLogFile true 
repeat 0,NbImg 

 
getRawHSLMask 80,200,true,110,350, 

0.1,1.0,0.1,1.0 
CopyOriginToBinBuf 

DilateMask binBuf 
eraseMaskBlobs 1,600,100000 

fillBinBufHoles 140 
reloadCurAVIImage 

ShowMask Origin,binBuf,0 
CountPixelsInMask 1 

WriteOneINTTextValue 
saveJpeg (DirectoryFolder\),100 

showNextAVIImage 1 
 

endRepeat 
closeLogFile 

 

 
openLogFile true 
repeat 0,NbImg 

 
getRawHSLMask 50,200,true,110,350, 

0.1,1.0,0.1,1.0 
CopyOriginToBinBuf 

DilateMask binBuf 
eraseMaskBlobs 1,300,100000 

fillBinBufHoles 140 
reloadCurAVIImage 

BinarizeRGB 100,255,150,255,150,255, 
1,1,1,0,0,true,Mask,Origin,true 

CountPixelsInMask 0 
WriteOneINTTextValue 

saveJpeg (DirectoryFolder\),100 
showNextAVIImage 1 

 
endRepeat 

closeLogFile 
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Figure AIV.8 : Coral mapping case study: results of the execution of the two scripts on a 

single image. (A) Original image showing the delimitation of ROI in yellow, (B) image with 
white overlay covering apparently dead and living corals, and (C) image with a red overlay 

covering only apparently living corals.!
!

3.1.3.! Results 

The dissimilarity in the Grey-Level Co-occurrence Matrix (GLCM) computed from 

each image on the video was computed during the global scene analysis (Table AIV.2). This 

allowed us to identify (Figure AIV.7) a continuous sequence of images featuring high 

dissimilarity of their GLCM. The direct visualization of those images showed that they were 

recording the water column and no longer the water-sediment interface. They were thus 

discarded and only 161,000 images were considered for the identification of corals. An 

example of the results of the two executed scripts is shown in Figure AIV.8. These results 

were combined with the geolocalization file allowing for the mapping of apparently dead and 

apparently living coral colonies (Figure AIV.9). Agreement between images classified by the 

software and visually was achieved for 90.2% of the 1330 tested images. False positive and 

false negative error frequencies were 5.4 and 4.3%, respectively. Main sources of false 

positive errors were the presence of: (1) other megafauna, (2) fishes and (3) suspended 

sediment. Negative errors were mainly due to small corals and/or bad light conditions. Also, 

in some cases, corals were not so clearly visible but the human operator tended to infer their 

existence because the same corals could be seen on the previous image.  
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Figure AIV.9 : Coral mapping case study: Mapping of (A) apparently dead and living corals, 

and (B) apparently living corals!

 

3.2.! AVIExplore Ð Fixed: Identification and quantification of different types of 

behaviors in the mud shrimp Upogebia pusilla 

3.2.1.! General context  

Burrowing crustaceans are among the most efficient bioturbators inhabiting marine 

soft sediments (Pillay and Branch, 2011). These organisms dig large galleries deep (up to 1m) 

in the sediment column and therefore rework large amount of particles. They also strongly 

increase the rate of exchanges between the sediment column and the overlying water through 

the ventilation of their burrows (Coelho et al., 2000; Webb and Eyre, 2004). High frequency 

time series of ventilation by burrowing invertebrates have been collected both in situ using 

pressure  sensors (Volkenborn et al., 2012; Wethey and Woodin, 2005; Wethey et al., 2008) 

and ex situ using planar optodes (Volkenborn et al., 2007; Volkenborn et al., 2010; 

Volkenborn et al., 2012). Corresponding studies however remain largely descriptive since 

ventilation is highly dependent on animal behavior, which is very difficult to monitor in 

burrowing crustaceans because these organisms spend most of their time in their burrow. Up 

to now the description or the identification of different types of behaviors of burrowing 

crustaceans has only been achieved visually (Coelho et al., 2000; Dworschak, 1987; Stamhuis 

et al., 1996). The establishment of a quantitative relationship linking activity and sediment 

reworking, such as the one recently established by Maire et al., (2007d) for sediment 

reworking by the bivalve Abra ovata, is therefore still lacking for these bioturbators in spite of 

their potentially major role in the functioning of some coastal ecosystems. Here, we report on 

the use of AVIExplore to automatically assess and quantify different behaviors by the mud 



Annexe IV 

249 

shrimp Upogebia pusilla, which is common within the seagrass meadows of the Arcachon 

Bay (France). Our study is based on a video of a lateral view of a flat aquarium recorded in 

the laboratory.  

3.2.2.! Materials and methods 

Our experiment was carried out in a large flat aquarium (40 $ 25 $ 2 cm) filled with 

25 cm of natural sieved (0.5 mm mesh) sediment overlaid with 15 cm of aerated seawater. 

The sediment was left to settle for 48 h in the aquarium and the mud shrimp was introduced 1 

week prior the beginning of the video recording the experiment to fully establish its burrow. 

The video (duration: 13h 20min, frequency of image acquisition: 0.1Hz, resolution: 2560 $ 

1920 pixels) was then recorded under infra-red light using a "Eye camera (IDS¨) controlled 

by a computer. The visual analysis of this movie allowed for the identification of several 

types of behaviors, namely: ÔResting/ventilatingÕ, ÔBurrowingÕ and ÔWalkingÕ. During 

ÔResting/ventilatingÕ, the mud shrimp remains at the same location within its burrow and its 

movements are restricted (e.g. to abdomen contractions and pleopod beating). During 

ÔBurrowingÕ, the mud shrimp moves within its burrow but only over a limited distance and it 

occasionally displaces sediment. During ÔWalkingÕ, the mud shrimp moves within its burrow 

over large distances. During the present study, we used the AVIExplore Ð Fixed module to 

automatically analyze the video and to quantify these three behaviors. A ROI corresponding 

to the visible part of the burrow was first drawn (Figure AIV.10A). Each image was then 

subtracted from the preceding one and pixels featuring a positive differences higher than 30 

(threshold value on an overall scale between 0 and 255 set after preliminary trials) were 

identified. For each pair of consecutive images, the AVIExplore Ð Fixed module generated: 

(1) the number of pixels within the ROI differing between the two images, and (2) the 

barycenter of those pixels. A signal treatment combining these two pieces of information was 

then defined to assess the behavior of the mud shrimp at each given time of the monitoring 

(Figure AIV.11). If the shape of the signal related to the number of pixels modified between 

two images is flat or consists either in a single peak or consecutive isolated peaks, then the 

attributed behavior for the corresponding images is ÔResting/VentilatingÕ. If the signal has 

another shape, the range of positions of related pixels is used to differentiate between 

ÔBurrowingÕ (small range) and ÔWalkingÕ (large range).  
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Figure AIV.10 : Mud shrimp case study: (A) Example of an image extracted from the video 

with an ROI corresponding to the delimitation of the visible part of the burrow, (B) Automatic 
and (C) Visual assessment of the temporal changes in the occurrence of the three monitored 

behaviors: ÔResting/ventilatingÕ, ÔBurrowingÕ and ÔWalkingÕ 
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Figure AIV.11 : Mud shrimp case study: Combination of AVIExplore extracted features to 

assess the three different behaviors of Upogebia pusilla.!

 

The results were compared with those originating from a visual analysis of the video. 

Accuracy was assessed as the proportion of images which were attributed the same behavior 

by the two procedures. An error analysis is carried out to understand the sense of miss 

classified behaviors.  

!

!
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3.2.2.1.! Results 

Temporal changes in the occurrence of the three types of behaviors are shown in 

Figure AIV.10B. The mud shrimp spent most of its time (i.e., 70.1%) ÔResting/ventilatingÕ, 

versus 26.1% ÔBurrowingÕ and only 3.7% ÔWalkingÕ. These figures can be compared with 

those originating from the visual observation of the video: 67.5% ÔResting/ventilatingÕ, 30.2% 

ÔBurrowingÕ, and 2.3% ÔWalkingÕ. The total accuracy was 82.7% with higher discrepancies 

between the two methods corresponding to confusion between ÔBurrowingÕ with either 

ÔResting/ventilatingÕ (Table AIV.5). Except for ÔResting/ventilatingÕ, we observed that there 

was a lag of a few images between the end of each period of time corresponding to a given 

behavior as recorded visually and using AVIExplore. This discrepancy was attributed to 

differences in sensitivity between the sensor and the eye of the operator. When adjusting this 

lag for ÔBurrowingÕ and ÔWalkingÕ, there was only a slight improvement in the overall 

accuracy (83.7%). The existence of these lags therefore cannot be considered as the main 

source of discrepancies between automated and visual analyzes. Besides this general 

agreement, the analysis of the time series derived from automated and visual assessments 

clearly showed some difficulties in assessing positive ÔWalkingÕ and to a lesser extent positive 

ÔBurrowingÕ behaviors. 

Table AIV.5 : Mud shrimp case study: Frequency of occurrence of the different types of 
discrepancies between the visual and the automated analysis. 

  Visual Analysis 
  Resting or 

ventilating 
Burrowing Walking 

A
ut

om
at

ed
 A

na
ly

si
s ÔResting/ 

ventilatingÕ 
 
 

7.9 % 0.8% 

ÔBurrowingÕ 4.1 %  1.2 % 

ÔWalkingÕ 2.0% 1.1 %  

 

3.3.!AVIExplore Ð Fixed: Quantification of filtering activity in the passive 

suspension-feeding polychaete Ditrupa arietina 

3.3.1.! General context 

The composition of littoral benthic macrofauna show major temporal changes in the 

Gulf of Lions apparently in relation with climatic oscillation such as the North Atlantic 
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Oscillation (GrŽmare et al., 1998a; GrŽmare et al., 1998b) and the Western Mediterranean 

oscillation (Bonif‡cio, 2015). Within the Littoral Fine Sands community (Labrune et al., 

2008), the polychaete Ditrupa arietina is by far the species featuring the largest changes in 

abundances with densities between 0 and more than 11,000 individuals.m-2 (GrŽmare et al., 

1998b). This species may have an impact on carbon fluxes through: (1) the construction of its 

calcareous tusk-shaped tube (Medernach et al., 2000), and (2) nutrition. The corresponding 

impact depends on the intensity of filtering activity. Jordana et al. (2000) have therefore 

described and quantified the filtering activity of this species using a software specifically 

designed. During the present study, we use AVIExplore to analyze one of their videos and to 

show the ability of this new software to quantify the filtering activity of D. arietina in a 

completely automatized way. 

3.3.2.! Materials and methods 

The experimental setup is described in (Jordana et al., 2000). Briefly, worms were 

collected by dredging and kept in the laboratory in tanks filled with a thin layer of well-sorted 

fine sand supplied with running ambient sea water. During the experiment per se, 15 worms 

were geometrically positioned upward, with tube openings, 1 cm above the sediment surface 

(Figure AIV.12A) in a 60.3 x 40.3 x 20 cm aquarium filled with a 10cm thick layer of well 

sorted fine sand and 30 l of filtered seawater. Polychaete worm filtering activity was 

monitored during 9 h using a CCD-ICS059 AI video sensor (VLSI Vision Ltd¨) with an 

image frequency acquisition of 0.017 Hz.  The video was analyzed using the AVIExplore Ð 

Fixed module. Fifteen ROIs were drawn close to the shadow of the extremity of each tube, 

where the openings of gills crowns were most visible (Figure AIV.12B). A fixed reference 

image with all gill crowns fully retracted was subtracted from each current images. ÔDarkÕ 

pixels featuring negative differences lower than -30 (threshold fixed after preliminary trials) 

were identified and considered as indicative of gill crown deployment. They were summed for 

each ROI and the corresponding data were exported as text files. Filtering activity was 

defined as the ratio of the current number of ÔdarkÕ pixels divided by the maximum number of 

ÔdarkÕ pixels recorded at any given time within the corresponding ROI. Assuming, that 

maximal extension of the gill crown was achieved for all 15 worms during the observation 

period, this index allows for direct comparisons between worms irrespective of their size and 

position within the recorded field.  
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Figure AIV.12 : Passive suspension-feeder case study:  (A) Reference image showing the 
disposition of the 15 studied worms with their retracted gill-crowns, (B) Localization of the 

15 ROIs around the shadow of the top extremity of the tubes where extended gill-crowns (10 
worms) can be observed, (C) Temporal changes in individual filtering activities.!

 

Validation was achieved on one of the 15 specimens and accuracy was assessed as the 

proportion of images for which there was an agreement between visual and AviExplore 

assessment.    

3.3.3.! Results  

Temporal changes in the filtering activity of each of the 15 studied worms are shown 

in Figure AIV.12C. The general pattern and the degree of cycle were clearly worm 

dependent.  The level of synchronicity between individual worms was low since the number 

of simultaneously filtering worms varied between 2 and 13 and did not follow any clear 

pattern (Figure AIV.13A). The cumulated time devoted to filtration also varied strongly 

between individuals as indicated by the fact that, by the end of the 9 h monitoring period, the 

time spent filtering by each worm was between 1 h 33 min and 7 h 10 min. (Figure 
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AIV.13B). Overall, these results and conclusions are in full agreement with those of Jordana 

et al. (2000).  

 
Figure AIV.13  Passive suspension-feeder case study: (A) Temporal changes in the number 

of worms filtering (B) Temporal changes in individual cumulated filtering activities.!

 

Accuracy was 98.3%. A systematic error has been identified; the filtering activity of 

the analyzed specimen started one image before when visually assessed. 

4.! Discussion 

The increase of the use of imaging in benthic ecology has resulted in a high diversity 

of image acquisition modes (including mobile and fixed platforms as well as ex and in situ 

deployments) and image characteristics (stability or variability in illumination and image 

quality). Image analysis, especially when applied to video clearly constitutes a bottleneck 

when using imaging for ecological studies. Another possible flaw of this technique is that it 
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may prove highly operator-dependent due to the complexity of the information: (1) contained, 

and (2) to be extracted from each image (Cuvelier et al., 2012). Software developments may 

clearly help overcoming these two drawbacks. At present such developments have been 

mostly customized to specific acquisition procedures and ecological applications. Along this 

line, and within JERICO, our own research group has recently produced the SPIArcBase 

software, which is specifically dedicated to the processing of sediment profile images 

(Romero-Ramirez et al., 2013). The aim of the development of the AVIExplore is much more 

ambitious.  The goal is to provide a single platform flexible enough to automate the image 

analysis procedures requested by the largest possible sets of image acquisition platforms and 

ecological implications. In order to do so, we have followed a  three-pronged approach: (1) 

building two modules specifically designed to process the video acquired with mobile and 

fixed image acquisition platforms and to tackle associated ecological questions, and (2) 

providing a module specifically designed to elaborate and test new specific image analysis 

procedures, which could prove necessary to tackle specific ecological questions, and (3)  

leaving the software open to new developments through the possibility of including new 

libraries depending on their compatibility with the AVIExplore. The three case studies carried 

out aimed at showing the real flexibility of the AVIExplore software. The following 

discussion will show some of the advantages of having used the AVIExplore software based 

on the experiments gained during these trials. 

4.1.!The AVIExplore Ð Mobile module 

Edgington et al. (2006) emphasized the fact that the potential of ROVs and underwater 

observatories for collecting long-term observations is constrained by the time and effort to 

view and quantify the data. They thereby underlined the need for new software developments 

for processing videos obtained from mobile platforms. A first difficulty when processing 

those videos is that they often cover different habitats, which may correspond to very different 

images, which may therefore require different image analysis procedures.  Applying all of 

those procedures to the whole video may rapidly become time consuming and could possibly 

lead to significant errors as well. AVIExplore therefore offers the possibility of defining 

sections of videos that are composed of similar images, and therefore can be processed using 

the same script. This is based on image comparison achieved on the Grey-Level Co-

occurrence Matrix. Moreover, this procedure may prove useful even when a single habitat is 

monitored. This was the case during the coral mapping case study, where it facilitated the 

reduction of the number of analyzed images from 179,529 to 161,000 (i.e., by 10%) of the 
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images to analyze. The reason for that was that the video recorder was no longer recording the 

sediment water interface but the water column by the end of the video. We strongly believe 

that in the future, this procedure will also prove useful in defining section of videos 

characterized by dissimilarities due to various characteristics including:  light conditions, 

image quality levels, angle of view, contrast, clarity, and presence of objects.  

The AVIExplore Ð Mobile module also presents a high potential for assessment of 

benthic (mega)fauna. The visual assessment of benthic epibenthos is indeed often restricted to 

presence/absence data or to operator-dependent semi-quantitative data, which led Cuvelier et 

al. (2012) to plea for the development of automated image analysis procedures. A difficulty 

then consists in correcting the surfaces within the image to account both for the altitude and 

the inclination of the camera. During the ÔCoral mappingÕ case study, the surface of corals 

was only quantified as pixel! because the information regarding both sensor altitude and 

inclination were lacking. Should such information be available during future uses, we would 

recommend to proceed to appropriate corrections (e.g., as briefly described in Robert and 

Juniper, 2012) on the raw surface data exported by AVIExplore. Along the same line, during 

the ÔCoral mappingÕ study, we did not account for possible overlap between images. Here 

again, this could be handled through appropriate post-treatments (e.g. according to Morris et 

al., 2014) of AVIExplore exported raw surfaces.    

4.2.! The AVI Ð Explore Ð Fixed module 

The AVIExplore Ð Fixed module gathers the experience gained by our research group 

through the developments of pieces of software specifically designed to process videos in 

view of assessing movements and activities of several benthic invertebrates and communities 

(Bernard et al., 2012; Duch•ne et al., 2000; Duch•ne and Queiroga, 2001; Duch•ne and 

Rosenberg, 2001; GrŽmare et al., 2004; Hollertz and Duch•ne, 2001; Maire et al., 2007a; 

Maire et al., 2007c). In its present form the AVIExplore Ð Fixed module mainly involves 

image subtraction procedures, which can first be achieved between the current image and a 

fixed reference image. This procedure is especially appropriate for the quantitative assessment 

of activity as was for example the case in the ÔQuantification of filtering activity in the 

passive suspension-feeding polychaete Ditrupa arietinaÕ case study. However, when used 

alone, it is clearly limited in the recognition of different kinds of behavior, which would 

require a time-series analysis of the so-recorded activity, such as achieved during the mud 
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shrimp case study or by GrŽmare et al. (2004) for categorizing inhalant siphon activity by the 

deposit-feeding clams Abra ovata and A. nitida.  

The AVIExplore Ð Fixed module offers a much more straightforward possibility to 

assess movements and to categorize activities. It consist in achieving subtraction between 

each pair of consecutive (or separated by a constant lag) images. This procedure was used 

during the ÔIdentification and quantification of different types of behaviors in the mud shrimp 

Upogebia pusillaÕ case study. It generated a limited number of parameters including the 

distance of the barycenters of the pixels modified between two consecutive pairs of images, 

which proved efficient in attributing three different types of behavior to the mud shrimp 

Upogebia pusilla. However, we believe that the use of other features and/or machine learning 

algorithms may result on better classification results.  

One clear limitation of the proposed method was that we were not able to clearly 

distinguish between ÔRestingÕ and ÔventilatingÕ, which may result from a too low: (1) 

frequency acquisition (0.1 Hz) relative to the beating frequency of pleopods (0.5 Hz, LP 

personal observation), and (2) number of considered movement characteristics. Regarding this 

last point, a complexity of the number and characteristics of considered parameters (i.e., a 

holistic feature extraction approach) may certainly prove very useful as it has already been the 

case in several other imagery fields (Madhvanath and Govindaraju, 2001; Rodriguez et al., 

2007; Turk and Pentland, 1991).  

In its present forms the AVIExplore Ð Fixed module allows for the assessment of the 

trajectory of isolated objects/organisms through the plots of the position of consecutive 

barycenters of modified pixels identified by image subtraction. Such a capacity has proven 

useful in the assessment of swimming capacities in pelagic larvae of benthic organisms 

(Duch•ne and Nozais, 1994; Nozais et al., 1997). Benthic ecologists are nevertheless more 

and more interested in the study of individual movements occurring within groups of 

objects/organisms. Bernard et al. (2012) for example developed a specific application to 

monitor the individual displacement of fluorescent sediment particles (luminophores). This 

requires the elaboration of a complex research algorithm (involving both the analysis of 

distances and directions of movements between consecutive pairs of images), which are 

currently not included in the AVIExplore Ð Fixed module. Depending on the interaction with 

future users, we may integrate such an approach within later version of AVIExplore. 

!
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4.3.!The AVI Ð Explore Ð ScriptEdit module 

The Avi-ExploreÐScriptEdit module allows for the analysis, processing and 

visualization of videos and images. In its current version, it includes a large set of functions 

for analyzing individual images. As demonstrated during the present study, it already 

constitutes a powerful tool that can be used for different purposes, e.g.,: detection and 

quantification of organisms (see the Deep corals case study) and the detection/quantification 

of different kinds of activities. Other applications can be already foreseen such as: (1) the 

analysis of swimming (fishes and benthic invertebrate larvae) patterns, and (2) the study of 

specific processes such as the dynamics of benthic settlement and early recruitment.  

As it stands, the Avi-Explore Ð ScriptEdit module nevertheless does not allow for the 

quantitative assessment of some specific processes. As an example, recent imaging 

applications in benthic ecology have included the 2D analysis of sediment reworking, which 

requires the establishment of vertical profiles of luminophores concentrations. The first step 

of this procedure consists in defining the water-sediment interface, which can either be 

achieved manually or automatically (Romero-Ramirez et al., 2013). Its second step consists in 

flattening this interface (Maire et al., 2006), which consists in transferring its position to the 

first pixel row of each pixel column. At present, none of the corresponding procedures are 

included in the AVIExploreÐScriptEdit module. Here again, and depending on interactions 

with future users, we may integrate them within a later version of AVIExplore. 

! !
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ABSTRACT: 

Background 

The mysid Heteromysis (Heteromysis) microps is reported for the first time in the Bay of 

Biscay. During surveys carried out between March and September 2015 in Arcachon Bay, 

mysid specimens were fortuitously collected from Upogebia pusilla burrows. 

Results 

Details on morphology, colour pattern and behaviour of H. microps are provided. 

Conclusions 

Commensalism was frequently mentioned for Heteromysis species but never reported for H. 

microps. In this study, commensalism seems to be proved between the mysid and its host U. 

pusilla. 
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BACKGROUND 

The thalassinidean mud shrimp Upogebia pusilla (Petagna, 1792) occurs in high 

densities in intertidal flats in the NE Atlantic and in shallow lagoons in the Mediterranean 

Sea. As its Y-shaped burrows penetrates deep into the sediment (up to 1 m), this shrimp is 

considered an important ecosystem engineer (Jones et al., 1994; Pillay and Branch, 2011). 

Indeed, through its intense bioturbation activity, it greatly influences sedimentary 

biogeochemical processes and enhances fluxes across the sediment-water interface with 

knock-on effects on the whole benthic communities (Ziebis et al., 1996; DÕAndrea and 

DeWitt, 2009; Pascal et al. 2016). Upogebia also intensively ventilate their burrows through 

pleopod beating (Dworschak, 1981) for respiratory and trophic requirements (Sato et al., 

2001). Deep and well irrigated mud-shrimp burrows represent efficient refuges against 

predation for a variety of commensal species such as shrimps (e.g. Betaeus longidactylus 

Lockington, 1877) (Campos et al., 2009), pea crabs (e.g. Scleroplax granulata Rathbun, 

1894) (Campos, 2006), bivalves (e.g. Peregrinamor ohshimai Sh™ji, 1938) (Kato and Itani, 

1995), polychaetes (e.g. Hesperonoe hwanghaiensis Uschakov & Wu, 1959) (Sato et al., 

2001), phoronids (e.g. Phoronis pallida SilŽn, 1952) (Santaga, 2004) and goby fishes (e.g. 

Eutaeniichthys gilli Jordan & Snyder, 1901) (Henmi and Itani, 2014). During a recent study 

aiming at quantifying the influence of U. pusilla on porewater exchanges and nutrient cycling 

(Pascal et al. 2016), specimens of Heteromysis (Heteromysis) microps (G.O. Sars, 1877) were 

fortuitously collected in their burrows from tidal flats of Arcachon Bay, thus providing the 

opportunity for new observations on the morphology and behaviour of this rare species in 

European waters.  
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RESULTS 

 

SYSTEMATICS 

Family MYSIDAE Haworth, 1825 

Subfamily Heteromysinae Norman, 1892 

Genus Heteromysis S.I. Smith, 1873 

Subgenus Heteromysis (Heteromysis) S.I Smith, 1873 

Heteromysis (Heteromysis) microps (G.O. Sars, 1877) 

Type species: Heteromysis (Heteromysis) formosa Smith, 1873 

Material examined 

For the 68 specimens of H. microps collected, size and sex were determined. The sex-

ratio of the population was 2:3 (male:female). Brooding females were absent from March 

samples and represented 44.4% and 60% of the total females in July and September, 

respectively. The size range of individual BL was measured in each demographic category: 

5.59-9.27 mm (7.42 ± 1.10 mm; x% ± s) in males, 5.27-8.73 mm (6.44 ± 0.84 mm) in females 

and 6.99-9.44 mm (8.07 ± 0.87 mm) in brooding females. Juveniles were never collected 

during our survey.  
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Generic diagnosis (according to Wittmann, 2000) 

Heteromysinae with eyes normal. Appendix masculina representing a very small 

setose lobe or reduced to a setose ridge. Antennal scale usually short, setose all around, 

without or with a small apical article. Mouthparts normal; labrum not produced into a 

spiniform process. First thoracic endopod with a large endite on the basis, and smaller endites 

on ischium and merus (an additional small, conical endite may be present on the coxa, 

although rarely noted by previous authors). Third thoracic endopod subchela-like 

(gnathopod), with enlarged carpopropodus and strong dactylus. Carpopropodus of fourth to 

eighth thoracic endopods with 3-7 articles. Penis long and more or less cylindrical. Pleopods 

entire, reduced to small plates in both sexes; non-dimorphic (subgenus Heteromysis) or 

dimorphic (some other subgenera). Uropods normal, entire; exopod with setae all around; 

endopod without or in most species with stout setae along inner margin. Telson with stout 

setae on lateral margins; distinct apical cleft present, margins of cleft with a number of 

laminae. 

Description 

Based on two males (Arcachon Marine Station Collection), BL = 7.52 mm and 7.89 

mm, Arcachon Bay, March 2015.  

Antennal scale small, shorter than antennular peduncle. Sternal processes absent in 

females, present on second to eighth sternites in males: first anterior one with blunt bifid apex, 

subsequent ones with more or less acute bifid tip and the last posterior one very reduced and 

cone-shaped (Figure AV.2A). Endopod of thoracopod 3 (gnathopod) very robust, longer than 

cephalothorax, non-dimorphic; merus large, bearing 12 cuspidate setae on ventral margin of 

inner face (from 11 to 16 for other specimens), 9 cuspidate setae on ventral margin of outer 

face (from 8 to 11 for other specimens), 1 sub-distal seta on dorsal margin (Figure AV.2B), 
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ventrodistal part with an inner roundish lobe and an outer acute lobe between which 

carpopropodus folds down; carpopropodus with one pair of cuspidate setae at ventrodistal 

angle between which dactylus bends down to form a powerful subchela; dactylus with 3 long, 

tip-curved setae along outer face (Figure AV.2B). Pleopods normal, non-dimorphic. Telson 

cleft, with 1 stout seta on basal third of lateral margin, followed by a naked portion and then 9 

stout setae on distal half (7 to 10 stout setae on other specimens) (Figure AV.2C). Uropod 

endopod with 1 stout seta on proximal part of inner margin, near statocyst (Figure AV.2D). 

 
Figure AV.2 : Adult males of Heteromysis (Heteromysis) microps (G.O. Sars, 1877) from 

Arcachon Bay (Arcachon Marine Station collection: A: male, BL = 7.89 mm; B-D: male, BL 
= 7.52 mm). (A) lateral view. SP1: first sternal process; SP6: sixth sternal process; GA: 

genital appendage; (B) right thoracopod 3 endopod, inner view; (C) telson, ventral view; (D) 
right uropod, ventral view. Scale bars: 0.5 mm. 
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Remarks (based on Sars (1877) and Tattersall and Tattersall (1951)) 

Sars (1877) described only adult females and Tattersall and Tattersall (1951) described 

only a single adult male. All the data on females given by the last authors were depicted from 

Sars (1877). 

Telson: 

Tattersall and Tattersall (1951) re-described H. microps with a telson armed with 12-

14 stout setae on each side. The Arcachon specimens show no more than 11 stout setae (one 

near the base and 10 on the distal half) as first described by Sars (1877) in the original 

description of H. microps. 

Thoracopod 3:  

All t he Arcachon specimens bear 3 long setae on their dactylus. Tattersall and 

Tattersall (1951) mentioned the presence of two subdistal pairs of small stout setae as well as 

a pair of distal finger-like projections along the ventral margin of the carpopropodus 

(proximal article). However, in SarsÕs original description of this species (1877; Fig. 20-9), 

the subdistal stout setae are clearly more developed and the Ôdistal finger-like projectionsÕ are 

in fact represented as a pair of articulated stout setae (shorter than the other ones). Our own 

observations on Arcachon specimens confirm SarsÕs original interpretation (a pair of distal 

stout setae, not finger-like projections), but without two pairs of stout setae along the 

carpopropodus inner margin (rarely with one short pair). Tattersall and Tattersall (1951) 

mentioned the presence of 10 sensitive stout pedestal setae (probably 12 of these setae in 

SarsÕs original description) and one distal setal tuft along the merus inner margin. Such a setal 

tuft was not observed in Arcachon specimens and 11-16 sensitive stout pedestal setae were 

counted on their merus inner margin. Furthermore, setal ornamentation shows some slight 
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differences between right and left thoracopod 3 endopods, when considering a single 

specimen. 

Coloration 

As the specimens were observed alive after capture, new data on their colour pattern 

can be provided. General appearance orange (Figure AV.3A). Cornea brown-golden, 

surrounded by pink-red coloration (Figure AV.3B). Eyes and antennae iridescent (Figure 

AV.3B). Cephalon rust-coloured (Figure AV.3A). Rust-coloured chromatophores scattered 

dorsally and laterally over carapace and between 6th abdominal segment and telson. 

Appendages and uropods not pigmented. Eggs brown. The body coloration disappeared 

within a few minutes after fixation (alcohol or formalin). 

 
Figure AV.3 : Living male specimen of Heteromysis (Heteromysis)microps (G.O. Sars, 
1877) from Arcachon Bay (BL = 7.52 mm) (Arcachon Marine Station collection, same 

specimen as in Fig. 2 B-D). (A) lateral view; (B) anterior part.  



Annexe V 

275 

Geographical distribution and habitat 

Relatively rare species, from Norwegian coast to Mediterranean Sea (Tattersall and 

Tattersall 1951; Tattersall, 1967; Dauvin and Vallet, 1997). In coastal areas, from 6 to 33 m 

depth, on mud to pebble bottoms (Zouhiri et al., 1998), Posidonia oceanica (Linnaeus) Delile, 

1813 meadows (Wittmann, 2001) and, according to the present study, within burrows of U. 

pusilla in intertidal Zostera noltei meadows. 

DISCUSSION 

The genus Heteromysis is divided in 4 subgenera and is the most speciose of the 

Mysidae with 82 species currently considered valid (Mees, 2015). Only one species was 

previously mentioned from the southern Bay of Biscay: Heteromysis (Heteromysis) norvegica 

G.O. Sars, 1882, on bathyal bottoms (Frutos and Sorbe, 2014). Members of this genus are 

generally distributed in coastal warm-water regions and most of the species are restricted to 

small geographical areas (Fukuoka, 2005). This study reports on the first record of H. microps 

in the Bay of Biscay, and most importantly, its first record in association with another 

invertebrate species. Despite an important number of macrobenthic studies since the 1960s in 

Arcachon Bay (see Blanchet, 2004) and particularly in Z. noltei meadows (Blanchet et al., 

2004), H. microps was never found in that bay. Therefore, this mysid should not be 

considered as a new inhabitant of Arcachon Bay, and its absence in previous ecological 

studies can be explained by the lack of specific investigations on Upogebia pusilla burrows 

before 2015. H. microps is probably commensal with this burrowing shrimp. As it usually 

occurs on soft bottoms (Zouhiri et al., 1998) and in seagrass meadows (Wittmann, 2001), the 

association found in this study could be a local phenomenon. 

Coastal mysids, and particularly species belonging to the genus Heteromysis, are 

known to prefer complex habitats such as dense vegetation, shells and gravels or to live in 

association with different invertebrate species (Wittmann, 2008). Commensalism in the genus 
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Heteromysis was first demonstrated by Clarke (1955), describing an association between 

Heteromysis actiniae Clarke, 1955 and the sea-anemone Bartholomea annulata (Lesueur, 

1817) in Bahamas Islands (Tattersall, 1967). Heteromysis species are known to have various 

hosts like sponges, corals, gorgonians, sea anemones, brittle stars and hermit crabs inhabiting 

empty shells (Wittmann, 2008; Wittmann et al., 2014). In Arcachon Bay, Upogebia burrows 

provide peculiar microhabitats where mysids can live more safely against predation and 

environmental perturbations as well as against desiccation at low tide. 

According to Dworschak (1987), U. pusilla is primarily a filter-feeding species, 

generating a water flow into its burrow by pleopods beating. Astall et al. (1997) demonstrated 

that the mean irrigation rate into the burrows of Upogebia deltaura (Leach, 1815) and U. 

stellata (Montagu, 1808) were 149.5 ml.h-1 and 139.7 ml.h-1, respectively. The suspended 

material associated with water flow is driven to the ÒbasketÓ formed by the long setae beared 

by pereopods 1-2, then transferred to the mouthparts by maxilliped 3 (Dworschak, 2004). As 

H. microps is a suspension feeder (Mees, 2016), this species could take advantage of the 

particle flow generated by the Upogebia host within its burrow. This nutritional model has 

been previously reported by Vannini et al. (1994) for Heteromysis (Gnathomysis) harpax 

(Hilgendorf, 1878). This latter species is associated with hermit crabs belonging to the genus 

Dardanus Paul'son, 1875 and ingests suspended particles brought into the gill chamber by the 

host. According to Dworschak (1987), U. pusilla is also a deposit feeder via a ÔgardeningÕ 

behaviour. Indeed, this decapod can actively store detritus and plant fragments in the walls of 

its burrow, consuming them with their associated microflora. Mysids are also able to pick up 

detritus particles with their anterior thoracopods (Albertson, 2004). Unexpectedly, the huge 

thoracopod 3 of H. microps (a morphological peculiarity of this genus) does not appear to be 

related to a predator behaviour but could be used to consume the organic particles stored in 

Upogebia burrows. Furthermore, San Vicente and Monniot (2014) suggested that the enlarged 
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thoracopod endopods of Heteromysinae could be used as weapons. With the adoption of a 

symbiotic life in these taxa, it is suggested that these weaponries probably have played an 

important role in determining the behaviour and morphological evolution of such mysids 

(Vannini et al., 1993).  

CONCLUSIONS 

In this study, commensalism seems to be proved between the mysid and its host. As 

the mysid associate remains external and was never found in another habitat in Arcachon Bay, 

the association between H. microps and U. pusilla may be classified as obligatory 

ectocommensalism (Nardon and Charles, 2002; San Vicente and Monniot, 2014). H. microps 

seems to take advantage of the filter feeding and the gardening behaviour of U. pusilla. 

Furthermore, H. microps is clearly protected from predators within U. pusilla burrows. 

Further studies will be conducted to understand the behaviour of both species 

(laboratory experiments in thin aquariums, each colonized by one U. pusilla specimen). These 

mesocosm observations will allow answering different questions: (1) what is the behaviour of 

mysids during night time? Indeed, Heteromysis species become actively pelagic at night while 

they live sheltered during daytime (Tattersall, 1967; Wittmann, 2008); (2) are mysids able to 

breed within Upogebia burrows, thereby benefiting from some protection for their offspring?; 

(3) are mysids expulsed from burrows during the breeding period of U. pusilla? 

 

METHODS 

Study area 

Arcachon Bay is a 180-km! macrotidal coastal lagoon (maximum tidal range: 4.9 m) 

located on the south-western coast of France (Figure AV.1). This lagoon is connected with 

the Atlantic Ocean by a narrow channel and receives freshwater inputs in its south-eastern 
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part (Leyre River). It is characterized by large intertidal flats (115 km!), the lower parts of 

which are used for cupped oyster [Crassostrea gigas (Thunberg, 1793)] farming. Most of the 

intertidal area (46.2 km!) is covered by seagrass beds, Zostera noltei Hornemann, 1832 (Plus 

et al., 2010). In the inner lagoon, tidal channels represent an area of 71 km!, with 1.02 km! 

occupied by eelgrass beds, Zostera marina Linnaeus, 1753 (Plus et al., 2010).  

 
Figure AV.1 : Sampling site (ÒLe Navire BržlŽÓ) of Heteromysis (Heteromysis) microps 

(G.O. Sars, 1877) in Arcachon Bay (SW France). 

 

Material examined 

During surveys carried out between March and September 2015, 68 mysid specimens 

were fortuitously collected from Upogebia pusilla burrows (0-1 individual per burrow), using 

a bait piston pump and later on identified as Heteromysis (Heteromysis) microps according to 

the identification key published by Wittmann (2008) for Atlantico-Mediterranean species. 

Sampling was carried out at low tide within a homogeneous patch of Z. noltei at ÒNavire 

BržlŽÓ site (temperature from 7 to 21¡C, salinity from 21.9 to 32.8) (Figure AV.1). All 

specimens were examined under a Nikon SMZ25 stereomicroscope and photographed with a 

Nikon DS-Ri 2 camera, after anaesthetizing them with magnesium chloride (MgCl2). An 

image of one specimen was drawn with a Wacom Intuos 5 tablet, using Inkscape software 

(v.0.48). Body length BL was measured with the NIS-Elements Analysis software from the 

rostrum anterior margin to the telson apex.   
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