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Figure 4: Température moyenne annuelle de surface de la mer entre 1971 et 2000. Le gradient de couleur
correspond aux températures estimées (en °C), (Tiré de NOAA 2002)

La région intertropicale, située entre 23,5° de latitude Nord et 23,5°C de latitude
Sud, est la zone la plus chaude de la surface du globe. La température moyenne annuelle de
I’air varie seulement entre 25 et >35°C (Figure 3) tandis que la SST moyenne annuelle
oscille entre 22 et 29 °C (Figure 4). La production primaire annuelle est, en général,
relativement plus élevée dans la zone équatoriale (> 0,8 4 0,2 g de carbone.m'z.jour") alors
qu’elle peut étre relativement faible en s’approchant des tropiques (> 0,1 a 0,4 g de

carbone.m'z.jour'l, Figure 5).
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Figure 5: Moyenne annuelle de la production primaire estimée par la respiration (en grammes de
carbone.m-2.jour) avec le modéle physico-biogéochimique du Hadley Center Ocean Carbon Cycle

(HardOCC, en haut) et les données de Longhurst et al. (1995) obtenues par radiométrie multicanal a
balayage de type Coastal Zone Color Scanner (CZCS, en bas) (Tiré de Palmer & Totterdell 2001)
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Enfin, les zones subtropicales (40° a 23,5° de latitude au Nord et au Sud) sont des
régions de plus faibles productivités (Marafion et al. 2000, Palmer & Totterdell 2001). A
I’instar des hautes latitudes, la production primaire moyenne annuelle oscille entre < 0,4 a <
0,1 g de carbone.m™ jour (Longhurst et al. 1995, Palmer & Totterdell 2001, Figure 5). Dans
ces régions relativement chaudes (entre 15 et 35°C de moyenne annuelle, Figure 3), la SST
moyenne annuelle oscille entre 16 et 27°C (Figure 4). Malgré la variabilité temporelle, la
croissance du phytoplancton est plus ralentie dans les régions tropicales et subtropicales de
I’Océan Atlantique que dans les régions tempérées (Palmer & Totterdell 2001). Maraiion et
al. (2000) ont estimé que le phytoplancton en région tropicale et subtropicale atteignait
seulement 16% de son taux de croissance maximale. Ainsi, les océans tropicaux sont des
zones couramment oligotrophes ou les invertébrés marins doivent faire face a la limitation
en nourriture et sa microrépartition (Eckert 1995, Maraiién et al. 2000, Palmer & Totterdell
2001).

Dans cette étude, nous allons discuter de ’effet de [’apport nutritionnel et du stress
thermique sur la production de larves, notamment sur la stratégie maternelle adoptée en
fonction de ces facteurs en région tropicale. Parce que la ressource trophique peut y étre
limitée et la température suffisament élevée pour accroitre sérieusement le taux de mortalité
des orgasnismes intertidaux, surtout en émersion (Thiyagarajan et al. 2000)., nous
suggérons que ces éléments sont déterminants lors du recrutement. De nombreux articles
ont été publiés en milieu tempéré sur les facteurs affectant la survie des larves d’invertébrés
marins et I’accumulation des réserves énergétiques, tels les lipides (Whyte et al. 1992,
Pernet et al. 2003, Langdon et al. 2004, Sewell 2005, Tremblay, Cartier, et al. 2007, Gagné
et al. 2010, Génard et al. 2011, Toutpoint 2011, Toupoint et al. 2012) mais trés peu
concernent le milieu tropical. |

Nous avons ciblé la balane Chthamalus bisinuatus (Pilsbry) comme modéle
biologique car elle est I’organisme dominant les zones intertidales supérieures le long des
cotes rocheuses du Sud-Est du Brésil (région tropicale) avec un recouvrement du substrat

allant de 50 & 80% (Christofoletti et al. 2010). Elle peut cependant étre en compétition avec



une autre espece de balane, Tetraclita stalactifera, ou des bivalves comme la moule
Brachidontes solisianus (Eston et al. 1986, Christofoletti et al. 2010, Kasten & Flores 2013)

.Les balanes sont des organismes sessiles qui croissent directement sur le substrat ol
elles sont fixées (Anderson 1994). Elles sont aussi majoritairement suspensivores et se
nourrissent grace a leurs cirres en forme de panaches. Ces cirres vont effectuer des
battements avec un rythme plus ou moins soutenu selon le besoin nutritionnel. Les balanes
vont ainsi capturer les particules alimentaire contenues dans I’écoulement d’eau générée
par le battement des cirres (Anderson 1994, Anderson & Buckle 1983). La coquille qui
entoure le corps de la balane est composée du rostre, de deux plaques latérales, de la caréne
et deux plaques carino-latérales (Figure 6). Au sommet de ces plaques, on retrouve
I’opercule dont le diamétre peut étre mesuré pour suivre la croissance de I’organisme
(Otway & Anderson 1985). L opercule reste fermé durant I’émersion mais s’ouvre lorsque
’individu est immergé, afin de se nourrir et de se reproduire (Anderson 1994). La plupart
des balanes sont hermaphrodites et vont se reproduire durant I’immersion avec les

individus avoisinants.

Figure 6: Schéma de la balane tropicale Chthamalus bisinuatus (a gauche, Farrapeira et al. 2009) et structure et
morphologie type d’une balane, exemple de la balane Balanus trigonus (a droite, tiré de Anderson 1994) : (a)
vue apicale; (b) vue latérale gauche; (¢) opercule, corps et branchies. br = branchie; ¢ = caréne; ¢l = catino-
latérale; cr = rostre; 1 = latérale; op = opercule; pr = prosoma; s = scutum; tergum; tdi = depresseur du tergum
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Les balanes sessiles font partie de ces espéces marines avec un cycle de vie
complexe (Figure 7). Elles sont soumises & deux phases larvaires : le stade nauplius et le
stade cypris (Lee & Kim 1991, Chan 2003). Le premier nauplius natatoire est dispersé dans
le plancton et mue six fois jusqu’au stade cypris. Ensuite, la cypris se spécialise dans
I’exploration du substrat, se lie a celui-ci ou elle se métamorphose en adulte (Lewis 1975,
Barnes & Achituv 1981, Lee & Kim 1991, Anderson 1994). Comme les cypris ne
s’alimentent pas, la quantité de réserve en énergie a ce stade avancé dépend de I’histoire
embryonnaire (maternelle) et de ’alimentation des nauplii (pélagique) (Holm et al. 2000,

Thiyagarajan et al. 2002).
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Figure 7: Cycle de vie typique d'une balane. Aprés la libération d’un nauplius, cing stades larvaire vont suivre. Au
sixi¢éme stade, le nauplius se métamorphose en larve cypris. Aprés une phase d’exploration du substrat, la cypris se
fixe ¢t se métamorphose en jeune adulte (tiré de Pechenik et al. 1998)

Le cycle de vie court et le recrutement effectif tout au long de I’année (Eston et al.
1986) de la balane Chthamalus bisinuatus facilitent la manipulation et la mise en place

d’un modele expérimental. De plus, cette espéce se situe dans une zone ol les ressources



phytoplanctoniques peuvent €tre faibles (Eckert 1995, Marafién et al. 2000, Palmer &
Totterdell 2001, Kasten & Flores 2013) et le stress thermique important (Tanaka & Duarte
1998, Kasten & Flores 2013). En effet, dans cette région, des températures au-dessus de
36°C ont ¢t€ enregistrées sur les roches recouvertes de balanes a la marée base (Figure 6,
A; Kasten & Flores 2013). Régulierement les températures dépassent 45°C pendant deux
heures (communication personnelle Kasten et Flores). Or, il a été démontré que les balanes
adultes subissent une température a I’intérieur de leur coquille 15% supérieure a celle
enregistrée sur les rochers (Chan et al. 2006). Des prélévements de chlorophylle-a effectués
dans cette région révéle une concentration moyenne de 1,2 ug.I"' etvariant entre prés de 0,4
a plus de 2,4 pgl'. Ce qui confirme la limitation et la variabilité de la ressource
phytplanctonique, suggérant le caractére oligotrophique de cette zone (Figure 6, B).
Néanmoins, des précautions doivent étre prises dans |’interprétation de ces résultats car
I’échantillonnage s’est déroulé seulement sur 30 jours. La récolte de données sur une
échelle de temps plus longue donnerait une estimation plus précise de laproduction de

ressource dans cette région.
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Figure 8: Variables environnementales enregistrécs entre le 29 janvier et le 1°" mars 2011 le long de la
cote de Sao Sebastiio. (A) Températures moyennes et extrémes, au 97.5éme centile (P97.5) sur la
surface rocheuse ou les populations de balanes C. bisinuatus étaient établies. (B) Concentration en
chlorophylle a £ erreur type. La ligne pointillée correspond a la valeur moyenne (tiré de Kasten &

Flores 2013) -
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Chthamalus bisinuatus est donc une espece idéale pour tester ’effet du faible apport
nutritif et de 1’élévation de la température sur les invertébrés marins. Dans ces conditions
défavorables, la plasticité de la reproduction pourrait permettre un réponse alternative
adaptée, qui n’améliorerait pas nécessairement la chance de survie de la descendance, si le
risque de mortalité de I’adulte est trop élevé (Kasten & Flores 2013). Kasten & Flores
(2013) ont montré que ’apport en nourriture et la température sont positivement corrélés a
la libération de nauplii dans les conditions naturelles, selon des mécanismes différents. En
effet, il semblerait que le mécanisme impliqué dans le premier cas soit une réponse a une
limitation en nourriture et dans le second cas, une réponse physiologique rapide menant a
un investissement terminal vers la reproduction (Kasten & Flores 2013). Nous proposons
différentes hypotheéses a tester, pour analyser le partage des ressources dans les balanes
adultes lors de la production de larves dans des conditions environnementales contrastées,
en s’appuyant sur une série d’expérimentations en laboratoire. Dans cette étude, des
populations de C. bisinuatus ont été élevées selon quatre traitements expérimentaux
différents, en combinant des niveaux d’apport nutritionnel (élevé et faible) et de stress
thermique (stressé et non stressé). Des mesures de survie et de conditions physiologique
des adultes et des larves ont permis d’identifier les réponses parentales qui pourraient étre
avantageuses dans un environnement tropical hostile. Nous avons utilisé la méthode des
profils en acide gras pour €valuer la qualité physiologique des adultes et de larves. La
condition physiologique d’un organisme dépend de son alimentation et notamment des
lipides qu’il va accumuler car ces derniers sont la source énergétique majeure,
particulierement chez les larves (Whyte et al. 1989, 1991, Delaunay et al. 1993, Soudant,
Marty, Moal, & Samain 1996, Nevejan et al. 2003, Bergé & Barnathan 2005, Pernet et al.
2005). Les lipides, principalement composés d’acides gras, peuvent étre séparés en deux
grands groupes: les lipides polaires (principalement composés de phospholipides, PL) et les
lipides neutres (principalement composés de triacylglycérols, TAG). Les PLs constituent la
structure primaire des membranes alors que les TAGs, regroupés sous forme de
gouttelettes, constituent les réserves énergétiques de 1’organisme (Waldock & Holland

1978, Gallager & Mann 1986, Delaunay et al. 1993, Lee et al. 2006). Les TAG sont
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généralement positivement reliés a la survie et au succés de la métamorphose des
invertébrés benthiques (Thiyagarajan et al. 2002, Pernet & Tremblay 2004, Tremblay,
Olivier, et al. 2007). Ainsi, nous considérons que le contenu en acides gras de la fraction
neutre des lipides est un bon indice de la qualité de larves, mais également de la quantité de

réserves énergétique accumulée chez un adulte (Fraser 1989).

Le but principal du projet est de déterminer ’effet de la température et de I’apport
nutritionnel chez des balanes tropicales Chthamalus bisinuatus. Les objectifs spécifiques
sont donc de 1) caractériser et identifier les éléments nutritifs disponibles pour les balanes
dans le milieu naturel afin d’établir les différences de la ressource lipidique existantes avec
le mélange de microalgues ; 2) définir la dynamique d’accumulation des lipides chez la
balane adulte selon la disponibilit¢ de la nourriture pour connaitre la capacité
d’acclimatation et d’accumulation des adultes selon la ressource nutritive; 3) quantifier la
libération de larves, leur morphométrie et leur contenu lipidique selon I’apport nutritionnel
afin de définir I’effort reproductif des adultes et la qualité des larves produites et 4)
déterminer ’effet de I’apport nutritionnel et du stress thermique sur la qualité des larves
permettant de déduire la stratégie d’allocation maternelle de la ressource énergétique. Dans
ce projet, deux hypotheses vont étre testées. 1) ’apport en nourriture permet aux balanes
adultes de produire des larves de qualité élevée et 2) le stress thermique génére une ponte
précoce, produisant des larves de faible qualité. Ces résultats pourront apporter des
réponses sur les mécanismes adaptatifs de cette espece tropicale dominante dans les zones

intertidales supérieures de cette région.
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CHAPITRE 1

APPORT MATERNEL CHEZ LA BALANE TROPICALE : PLASTICITE DE
L’ALLOCATION DE LA RESSOURCE TROPHIQUE POUR LA
PRODUCTION LARVAIRE EN CONDITIONS DE CARENCE
NUTRITIONNELLE ET DE STRESS ENVIRONNEMENTAL

RESUME EN FRANCAIS DU PREMIER ARTICLE

Dans les régions tropicales, les espéces suspensivores ayant un cycle de vie ventho-
pelagique peuvent régulierement subir un important stress li€ a la dessiccation, affectant les
adultes. Ces espéces doivent également faire face & un apport nutritionnel limité, qui agit
aussi bien sur les adultes que les larves pélagiques, dit aux conditions oligotrophiques
fréquentes dans la colonne d’eau pres des  cdtes. L’exposition -a ces stress
environnementaux peut imposer un compromis entre la performance des adultes et la
reproduction. Les contraintes physiologiques sont susceptibles d’expliquer les tactiques de
cycle de vie lors d’un scénario défavorable. Cependant les parents sont aussi capables
d’utiliser les signaux environnementaux afin de manipuler I’allocation de la ressource aux
ceufs, ainsi que favoriser la performance des adultes ou la qualité de la progéniture. La
balane sessile Chthamalus bisinuatus est ’organisme le plus abondant de la zone intertidale
supérieure le long des cotes du Sud-Est du Brésil. Dans cette étude, nous avons élevé des
populations de C. bisinuatus selon quatre traitements expérimentaux, en combinant des
niveaux d’apport nutritionnel (faible et fort apport) et de stress thermique (stressé et non-
stressé). Des mesures de survie et de conditions physiologiques chez les adultes et les

larves ont ensuite été réalisées. Les objectifs étaient d’identifier les réponses parentales qui
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pourraient étre avantageuses dans un environnement intertidal tropical rude. Nos résultats
ont révélé que les larves produites par des meres non-stressées exposées a des apports
nutritionnels différents étaient similaires. Les adultes carencés produisent des larves dont le
contenu et le profil lipidique sont semblables a ceux des larves issues des adultes non-
carencés. Ces résultats suggérent que les meres peuvent compenser ce déficit nutritionnel et
allouer suffisamment de ressources a leur progéniture. Néanmoins, les populations stressées
produisent moins de larves. A ’ajout du stress thermique, les larves provenant d’adultes
limités en nourriture sont de qualité plus faible. Contre toutes attentes, nous avons observé

que les adultes retenaient les acides gras essentiels, au détriment de la production de larves.

Mots-clés : Chthamalus bisinuatus, effet maternel, acide gras, stress thermique,

apport nutritionnel

Ce premier article, intitulé « Maternal input in a tropical barnacle: plasticity in
trophic resource allocation for larval production in nutritional limitation conditions and
environmental stress » sera prochainement soumis dans la revue Marine Ecology Progress

Series.
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ABSTRACT

In tropical regions, intertidal filter-feeding species with an indirect life cycle may
frequently face severe desiccation stress, affecting adult benthic stages, and restricted food
supply, which may impact both adults and pelagic larvae due to frequent oligotrophic
conditions in the near-shore water column. Exposure to these environmental stressors may
enforce a trade-off between adult performance and reproductive output. Physiological
constraints can fully explain life-history tactics in an unfavorable scenario. However
parents may also use environmental cues to manipulate resource allocation to eggs, either
tavoring adult performance or progeny quality. The acorn barnacle Chthamalus bisinuatus
is the most abundant organism in the upper midlittoral zone along rocky coastlines in
South-eastern Brazil. In this study, we reared C. bisinuatus populations in four different
experimental groups, by combining levels of food supply (high vs. low) and thermal stress
(stressed vs. non-stressed), and measured survival and physiological conditions for both
adults and larvae. The objectives were to identify parental responses that might be
advantageous in the harsh tropical intertidal environment. Our results revealed that
attributes of larvae produced by unstressed mothers exposed to different food regimes were
similar. Food-limited adults produced larvae with similar lipid content and fatty acids
profiles than ones from food-unlimited adults suggesting that mothers can compensate this
deficit and allocate sufficient resources to their offspring. Stressed populations, however,
produced fewer larvae. When food limitation was added to thermal stress, released larvae
were also of lower quality. Surprisingly, we observed that adults retained essential fatty

acids at the expense of producing larvae.

Key words: Chthamalus bisinuatus, maternal effects, fatty acids, thermal stress, food

supply



INTRODUCTION

More than 70% of sessile marine invertebrates produce planktonic larvae (Thorson
1949). Several processes, reviewed by Morgan (1995), are responsible for exceedingly high
mortality rates in the plankton (Rumrill 1990), and starvation stands out as one of the most
important causes, especially for crustacean larvae (Olson & Olson 1989). Therefore,
paternal resource allocation to offspring, although insufficient to ensure development to
competent larval stages, may be important to prevent starvation during temporary poor
trophic conditions. In filter-feeding species, adults and larvae may share a common source
éf nutrients, and parental responses to food supply could thus enhance their fitness by
controlling the amount of resources invested in reproduction. For most invertebrate groups
it is difficult to advance ways in which parental responses could maximize their fitness,
because life-history tables for benthic stages and information on larval mortality rates are
not available. However, understanding how adult populations regulate reproductive output
when facing critical environmental conditions may help understanding ways in which
selection has shaped adaptive life-history traits in intertidal habitats.

During reproduction, females of invertebrate species inhabiting relatively unstable
habitats are capable to rapidly transfer energetic resources to developing oocytes
(Eckelbarger 1994). During the ontogenesis, females can influence on the energetic
resources they allocate to their brood, by the transfer of lipids for example (Yamamoto et
al. 1999). However, maternal resources can be allocated in different ways during egg
production, as reviewed by Marshall & Uller (2007). Besides compensatory responses to
physiological constraints, mothers can also use environmental cues to manipulate resource
allocation to individual offspring, thus adding another component of phenotypic variation
in their offspring, and providing a mechanism for adaptive transgenerational phenotypic
plasticity (Mousseau & Fox 1998). Under reliable signaling of habitat quality, mothers may
either enhance (‘anticipatory mother effects’, AME) or reduce (‘selfish maternal effects’,

SME) offspring fitness. Under unpredictable environmental conditions, selection may favor
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mothers which produce offspring with a range of phenotypes to maximize the surviving
probability of their broods (‘bet-hedging maternal effect’, BME). In some instances,
environmental change affects maternal phenotype, which is transmitted to their offspring
(‘transmissive maternal effect’, TME). This is the case of pathogen transmission. AME,
SME and BME increase maternal fitness but only AME enhance offspring fitness (Marshall
& Uller 2007). Mothers may also buffer environmental variation, and ensure baseline larval
quality, by either reducing their own growth, their metabolic activity or by reducing
fecundity (physiological side-effects). Under extreme unfavorable conditions, posing high
mortality risk for adults, energy resources can be rapidly directed to reproduction. This is
interpreted as a terminal investment in response to the death threat (Cotter et al. 2010). Risk
cues, such an activation of the immune system (signaling infections, Cotter et al. 2010),
injuries (Javoi$ & Tammaru 2004) or weather hazardous conditions (Roitberg et al. 1993)
can trigger a terminal reproductive investment, thus increasing fitness under conditions of
low life expectancy. As far as we are aware, there is no information on how mothers
manipulate offspring quality when facing a clear mortality risk, and how such a response
depends on available resources. Increasing offspring fitness will support an AME, while
decreasing offspring fitness will indicate a SME in which investing in their own
performance (e.g. growth, survival) will be preferred.

In intertidal coastlines of tropical regions, exceedingly high temperatures may drive
large mortality events of sessile benthic organisms by desiccation (Thiyagarajan et al.
2000). Organisms on tropical shore might experience temperatures higher than 50°C
(Williams 1994). To reduce this stress, species present some adaptations like hiding in
shaded refuge, sealing their shell or oriented it in a way to minimize exposure (Garrity
1984). Body temperature of benthic organism often exceeds the rock temperature (Lewis
1963, Achituv et al. 1980, Williams & Morritt 1995, Chan et al. 2006). For exemple the
body temperature of the barnacle Tetraclita japonica can be 15% higher than the rock
(Chan et al. 2006). The mortality following a long period of sun exposition is enhanced
when the organism is located higher on the shore and/or on a vertical plan (Williams &

Morritt 1995). Also, oligotrophic conditions in coastal tropical oceans are common
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(Maraiién et al. 2000, Palmer & Totterdell 2001) and food supply for filter-feeding benthic
stages can be limited (Kasten & Flores 2013). The acomn barnacle Chthamalus bisinuatus
(Pilsbry) is the dominant organism in the upper midlittoral zone along rocky coastlines in
South-eastern Brazil, with cover densities ranging from 50 to more than 80% (Christofoletti
et al. 2010). Previous results on this species showed that both food supply and temperature
were positively correlated with naupliar release in natural conditions (Kasten & Flores
2013). Based on the time required for a reproductive response, they hypothesized that food
supply could be limiting reproductive output in the Sdo Sebastido Channel (SSC), and that
release events could also be triggered by sub-lethal temperatures, consistent to a terminal
reproductive investment. However, proper testing of causal mechanisms is still pending.

In this manipulative experiment, the main objective was to determine how adults of
the barnacle C. bisinuatus partition resources when producing their larvae under contrasting
environmental conditions. In a factorial experiment, we manipulated food supply and
thermal stress in adult populations, and measured physiological conditions and survival of
both adults and the larvae they produced, in order to understand reproductive strategies
under critical stressing conditions that may frequently impact barnacle populations in the
field. Fatty acids (FA) accumulation and their profiles have been used as physiological
indicator of nauplii as lipids are the primary source of energetic reserves (Lucas et al. 1979,
Thiyagarajan et al. 2003). Results allowed us to interpret responses of the parental
population at the light of three competing scenarios. In the first one, adult barnacles cannot
manipulate larval quality, and changes of both offspring size and adult physiological state
are a result of physiological constraints (PC). In the second, parents can manipulate larval
quality in addition to PC, and anticipate their fitness by allocating additional per-capita
resources to offspring when environmental conditions are unfavorable for adults or larvae.
Finally, a third possibility is that parents manipulate larval quality under critical stressful
conditions, and independently of any PC, they decrease per capita resource allocation and

ensure their own performance.
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MATERIALS AND METHODS

Sampling of adult populations and natural seston

The laboratory experiment was conducted from March 6" to April 26" 2012 at the
Centre for Marine Biology (CEBIMar) of the University of S@o Paulo (USP), in Sio
Sebastido, Brazil. Rock chips were collected at Calhetas (23°45°S; 45°24°W) on March 6"
(T.1), 10 km apart from the CEBIMar, where the barnacle cover is denser. In CEBIMar, 6 X
2 L of seawater pumped from 0.5 to 1 m from the surface and pre-filtered through a square
mesh sieve (80 um) have been filtered on 25 mm GF/F filter (Whatman, Maidstone, UK).
Three filters have been used for dry mass determination (70°C, 24h) and three for fatty
acids characterization of natural seston. This characterization of natural seston will be used

to estimate the level of differentiation with the experimental diet.

Experimental setup

Experimental barnacle populations were submitted to an artificial tidal regime, using a 200
| tank of 3 pm filtered seawater. Pumps were programmed to operate 1 h each 12 h,
simulating high-tide emersion periods. When pumps were off, aquaria slowly drained
through a hose of 0.5 cm diameter to collect seawater of each aquarium. Twelve aquaria
(16 1) were used to test the effects of food supply and thermal stress in a factorial
experimental design, at constant temperature (25°C) and on natural photoperiod and
seawater salinity (=34 ppm). A mix of 3 microalgal species (1:1:1; Nannochloropsis
occulata, Isochrysis galbana and Pavlova lutheri) was used to fed adult barnacles at each
submersion period with the use of commercial live microalgae concentrate (3xlOgcells.ml")
obtained through ultrafiltration processes (Nutrocean inc, Rimouski, Canada). This is a
standard quality hatchery food, prepared to avoid deficiency of essential fatty acids

(Seychelles et al. 2009). We estimated overall barnacle biomass (dry mass) from live
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barnacle cover (cm?®) of experimental populations to establish two different diet regimes
throughout the experiment. Six aquaria were randomly assigned to a low food supply
treatment (LF, 2.8x107 cells.].d".g"), and the other 6 to a high food supply treatment (HF,
15.2x107 cells.I"".d".g""). These two diets corresponded, respectively, to daily rations of 0.6
and 3.0 % of the total adult barnacle biomass. This lower level would met minimum
requirements for reproduction, as observed in bivalve hatcheries (Helm et al. 2004).
Barnacles were submitted to an acclimation period of 22 d (Ty) under these environmental
and feeding conditions before the application of thermal stress events 1 (T, at day 25 and
26), 2 (T, at day 41 and 42) and 3 (Ts, at day 56 and 57) to each aquaria. Experimental
stress consisted in transferring rock chips from aquaria to BOD (BIO stability humidity
incubators) chambers (Fanem, 347 CDGQG), set at 45°C and 25°C for stressed and control
barnacles (3 aquaria within -each food supply condition), respectively. At each thermal
stress events, barnacles were transferred to BOD chambers in two consecutive days for a
period of 12h at T) and 6h at T, and T;. As barnacles were not feeding shortly after 12h
thermal stress, we decreased the étress periods to 6 h. We aimed to expose stressed
populations to extreme conditions, which might take place during summer low-tide periods

with no splash between high-tide maxima.

Response variables

Overall trends - Overall adult mortality and growth was estimated by analyzing
images of barnacle populations, within each aquarium, at different sampling dates. All rock
chips were photographed with a digital camera before they were placed in aquaria to allow
measurements of initial barnacle cover and individual size. Photographs were taken again at
the midterm (T, day 41, March, 27”‘) and at the end of the experiment (T, day 62, April,
17™). In order to estimate mortality, we first quantified adult stocks at the start of the
experiment by dividing the cover area of live barnacles by the average area of a single

individual, obtained from a random sample of 25 barnacles. The number of new empty
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barnacle cases was then recorded for each aquarium, both at Ty, and T, and mortality rate
calculated as deaths per 100 individuals per day. Overall growth was measured as
increments of the opercular diameter (OD) of a random sample of 10 barnacles per
aquarium, which had free adjacent bare rock space allowing horizontal growth. All these
image analyses were undertaken using the image J software. Every 4 d, the water from each
aquarium was filtered through a 100 pm mesh after the emersion period, and retained
larvae were counted under a stereomicroscope (M3B, Wild Heerbrugg). Reproductive
effort was estimated from averages of daily larval counts, corrected for barnacle cover area

in each aquarium.

Short-term response - In order to more adequatly interpret responses of barnacles to
different food supply, we first characterize lipid characteristics of the experimental diet, at
both tested concentrations. Four water samples (1 ), from each aquaria of each treatment,
were pumped through 25 mm Whatman GF/F filters (pre-combusted at 450°C for 2 h) to
determine dry mass and fatty acid profiles. Dry mass and lipid analyses were also
characterized in each aquarium for a sample of adults (n = 5), at T} and Ty, and 2-3 days
after T\, T; and Ts for each treatment. Dry mass and lipid characteristics of nauplii (n = 50)
were analyzed at Ty, and after the stress event T), T> and T3 in each aquaria. Subsamples of
nauplii were collected in parallel for morphometric analyses (n = 10) and survival trials

(n = 10). Survival trials were carried out at T, T and T3, on all of the 12 aquaria.

Fatty acids analyses - Lipids were extracted in di_chloromethane—methanol using a
modified Folch procedure (Folch et al. 1957) as described in Parrish (1987) and separated
into neutral (including triglycerides, free fatty acids, and sterols) and polar (including
mainly phospholipids) fractions by silica gel (30 x 5 mm i.d., packed with Kieselgel 60,
70-230 mesh; Merck, Darmstadt, Germany) hydrated with 6% water and eluted with 10
mL of dichlormethane:methanol (98:2 v/v) for neutral lipids followed by 10 mL of
methanol for polar lipids (Marty et al. 1992). The neutral and polar fractions were further

eluted on an activated silica gel with 3 ml of hexane and diethyl ether to eliminate the free
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sterols. For the characterization of food (microalgae mix) and natural seston lipid profiles,
fatty acids (FA) were extracted through direct transesterification (Lepage & Roy 1984). All
fatty acid methyl esters (FAMEs) were prepared as described in Lepage & Roy (1984) and
analyzed in MSMS scan mode (ionic range: 60—650 m/z) on a Polaris Q ion trap coupled to
a Trace GC (Thermo Finnigan, Mississauga, ON, CA) equipped with a Valcobond VB-5
capillary column (VICI Valco Instruments Co. Inc., Broakville, ON, CA); data were treated
using Xcalibur v.1.3 software (Thermo Scientific, Mississauga, ON, CA). FAMEs were
identified by comparing retention times with known standards (Supelco 37 Component
FAME Mix and menhaden oil; Supelco Inc., Belfonte, PA, USA. Methyl esters of fatty
acids were prepared using toluene. Every sample was purified using a solution of hexane-
acetate (CgH4/CH3COQ) (1:1), and analyzed by gas chromatography coupled with a mass
spectrometer (GC-MS) (Toupoint et al. 2012). The sum of all identified fatty acids

corresponded to the total lipids content in larvae and adults.

Morphometric analyses — Carapace length (CL) was measured from the front of the
carapace to the end of the caudal process. All analyses were carried out under a
stereomicroscope (BX41, Olympus) provided with a digital camera (Evolution VF,
MediaCybernetics) and the use of the software Image-Pro Express (version 5.1.0.12,

MediaCybernetics).

Survival trials — Nauplii were randomly collected and maintained food-deprived in 1
ml wells, with a diameter of 10.2 mm (Costar® Cell Culture Clusters plates with 48 wells
each), filled with seawater (salinity around 34). Well plates containing larvae from different
treatments were randomly placed over laboratory bench space at temperature maintained at

25°C.
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Statistical analyses

Adult mortality, adult growth, reproductive effort, larval length, total concentration
of neutral fatty acids (FA) in adult and nauplii after the different TS, days to death of
captive nauplii, total neutral FA in adults after TO and T-1 and total neutral FA in nauplii
after TO were studied with different analyses of variance (ANOV A) models. Lipids profiles
of natural seston, mix of microalgae, adults and the different ratio of EFA were compared
using the same permutational multivariate analyses of variance (PERMANOVA) design.

Three-way ANOV A were used to compare adult mortality according to ‘date’ (day 0
to 41 and day 42 to 62, n = 3), ‘food supply’ (HF and LF, n = 3), and ‘thermal stress’ (stress
and control, n=3). Reproductive effort was compared using a two-ways ANOVA, with food
supply and thermal stress as factors as above. Because measurements for single individuals
(n = 10), within each replicate tank, were obtained to examine overall adult growth, a third
factor was added to the model to test the effect of aquaria, thus nested in the interaction of
factors ‘food supply’ and ‘thermal stress’. Larval length and nauplii survival were also
compared using a three-way ANOVA model, with ‘time’ (To, Ty, T2 and T3, n = 7), “food
supply’ (HF and LF, n = 7), and ‘thermal stress’ (stress and control, n = 7) as factors. Total
concentration of neutral fatty acids in adult barnacles and nauplii, and days to death of
captive nauplii were also analyzed with the same 3-way ANOVA approach, but using a
samples size of 3 and 7 for total concentration of neutral FA, and days to death,
respectively. A one way ANOVA mode had been used to test the total neutral fatty acids
amount between TO and T-1 in adults with ‘food supply’ (HF, n =6, LF, n =6 and T-1 =
12) as factor. The comparison of total neutral fatty acids in nauplii at TO were also tested
with a one way ANOVA mode with ‘food supply’ (HF and LF, n = 6) as factor.
Assumptions of homoscedasticity and normality were verified with the Cochran’s and
Shapiro-Wilk’s procedures, respectively, and data were logl0 or square-root transformed
when necessary. On each ANOVA, a posteriori test comparisons were made using SNK’s

test. Those statistical analyses were run in STATISTICA (v. 8.0)
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Multivariate analysis of fatty acids profiles, including a posteriori pair-wise
comparisons, were done using the same statistical design with a distance-based
PERMANOVA (with 9999 permutations; Anderson 2001, Anderson et al. 2008) followed
by the SIMPER procedure, using the Bray-Curtis similarity matrix, to identify the lipid
classes that contributed the most for these differences. Assumptions of homoscedasticity
were verified with a PERMDISP test, and data were transformed (arcsine square root)
when necessary. When the number of unique permutations were high (100 and more) the
permutation p-value was preferred to Monte Carlo, as they provide a more accurate test
(Anderson 2001, Anderson & Robinson 2003). Finally, ratio of adults polar EFA on food
EFA and ratio of nauplii neutral FA on adults neutral FA were analyzed with a two-way
PERMANOVA, with ‘time’ (T, T, and T3) and ‘food supply’ (HF, LF) as factors. Those
statistical analyses were undertaken in PRIMER 6 (v. 6.1.12) and PERMANOVA+ (v.
1.0.2).

RESULTS

Effect of laboratory acclimation

We observed important differences between the fatty acid profile of natural seston,
collected at T.j, and profile of the microalgae mix, used as food source in the experiments
(pseudo-F =379.16; p (perm) =0.007). SIMPER analyses showed that this dissimilarity
was mostly attributed to 18:0, 16:1n7, 20:5n3 and 14:0 (30.4%, 19.6%, 12.9% and 10.3%

contribution of the dissimilarity, respectively; Table 1).
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Table 1: Fatty acid composition for neutral and polar lipids in the mix of algae and in natural seston (mean + SE).
Values are expressed in percentage of the total. Every fatty acid representing fewer than 2% of the total in all the
different categories (algae or natural seston) has been removed. SFA =saturated fatty acid;
MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid; EFA = essential fatty acid;
AA = arachidonic acid (20:4n6); EPA = eicosapentaenoic acid (20:5n3); DHA = docosahexaenoic acid (22:6n3).
Squared data correspond to FA that contribute most to the dissimilarity between groups according to the SIMPER
analysis.

Mix of algae Seston

Fraction Total Total

Time T-1

Fatty acid

[14:0 11.5 + 0.3 1.1 + 0.1
16:0 29.6 + 0.6 29.3 + 0.5
[18:0 1.1+0.1 31.8 + 2.9
20:0 0.4 £ 0.0 11 + 0.1
22:0 0.4+0.0 0.9 + 0.0
SSFA  43.0+0.8 68.1 £ 3.5
[16:1w7 21.1+0.2 1.3 + 0.1]
16:1w5 0.0+0.0 59 + 1.2
17:1wW7 0.0+0.0 0.5 + 0.0
18:1w9 3.4+00 8.6 + 0.6
18:1w7 1.9 £ 0.1 3.8 +05
20:1w11 0.0 +0.0 0.1 % 0.1
20:1w9 0.2+0.0 06 % 0.2
SMUFA  26.6 £ 0.3 218 + 2.4
18:2w6 3.4 +0.1 22+ 02
18:3w3 0.4 + 0.0 1.3 £ 0.2
20:4w6 (AA) 3.1+0.0 0.8 + 0.1
[20:5w3 (EPA) 159 +0.3 2.8 + 0.5
22:6w3 (DHA) 7.7+0.3 17 + 0.3
SPUFA  305+0.6 102 + 1.3
SEFA 266 +0.6 53 + 0.8

A comparison of total neutral fatty acids content between adults collected directly in
the field (T.,) and after the laboratory acclimation (Ty) with microalgae mix (for HF and
LF) showed no significant differences (F220= 1.789; p =0.193). The comparison of FA
profiles of adults from those three treatments (T-1, HF and LF) did not show significant
differences neither for polar (pseudo-F = 1.54, p (perm) = 0.138) nor for neutral lipids
(pseudo-I" = 0.95; p (perm) = 0.514 (Table 2). No significant differences appeared in the
sum of neutral fatty acids in nauplii between HF and LF (F;,0 = 0.121; p = 0.738) too.
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Table 2: Fatty acid composition for neutral and polar lipids in adults at T_;, T, (average of the 2 food treatment combined) and TS (average of the 3 thermal stress
period all factor combined); nauplii at T, (average of the 2 food treatment combined), TS (average of the 3 thermal stress period all factor combined) and on the field;
(mean + SE). Values are expressed in percentage of the total. Every fatty acid representing fewer than 2% of the total in all the different categories (adults et nauplii) has
been removed. SFA = saturated fatty acid; MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid; EFA = essential fatty acid; AA = arachidonic acid
(20:4n6); EPA = eicosapentaenoic acid (20:5n3); DHA = docosahexaenoic acid (22:6n3). Squared data correspond to FA that contribute most to the dissimilarity between
groups according to the SIMPER analysis.

Adults T-1 ) Adults TO Adults TS Nauplli TO Nauplii TS
Fraction Neutral Polar Neutral Polar Neutral Polar Neutral Polar Neutral Polar
Time
Fatty acid
14.0 2.2 £ 05 21 +05 24 £ 033 0.3+ 01 21 £ 03 0.t + 0.0 0.5 ¢+ 0.2 0.4 t 02 0.3 + 0.12 0.1+ 01
16.0 210 £ 1.3 209 £ 1.2 244 + 1.69 184 £ 1.9 220 t 7.1 13.4 + 0.9 13.9 + 1.8 143 + 1.6 249 + 1.37 166 + 1.3
18:0 11.2 £ 0.9 114 £+ 09 114 £ 1.32 180 ¢ 1.7 11.0 £ 5.9 151 + 0.9 239 + 2.8 454 + 45 36.2 + 1.93 337 £ 21
20:0 08 + 00 0.8 + 0.0 1.3 + 0.18 1.0+ 0.1 12 1.7 1.0 £ 0.1 3.0 £ 05 36 05 1.7 + 0.31 24 + 03
22:0 0.9 + 01 0.9 t 0.1 1.2+ 021 1.2+ 02 1.3 £ 21 20+ 03 4112 22 £ 05 1.8 + 047 36 + 05
ISFA 401 £ 1.3 40.1 £ 1.2 46.0 + 3.46 427 + 3.9 420 + 6.8 352 + 20 50.0 + 3.0 733 + 3.0 68.7 + 2.28 62.0 + 3.2
16:1w7 0.3 £ 02 03+ 02 57 + 024 22+ 01 45 + 0.9 2.1+ 01 32 +038 20 £ 03 1.5 + 0.21 1.8 + 0.2
16:1w5 54 + 07 53+ 07 0.4 + 0.09 01+ 00 02+ 12 01 £ 0.0 18 + 0.5 1.1+ 02 1.5 + 0.38 1.1 ¢ 01
17:1w7 0.6 + 0.2 0.7 + 02 0.3 £ 01 1.1+ 0.2 0.2 +1.2 15+ 01 42+ 08 20+ 05 1.3 £ 0.22 1.7 + 01
18:1w9 76 + 05 7.6 £ 05 25+ 013 26 + 0.1 22 + 21 22 + 01 3.8 +09 28 +03 1.0 £ 0.13 24 + 07
18:1w7 27 + 01 27 t 01 59 + 0.35 74 £ 0.3 56 + 1.5 7.1+ 03 13.2 £ 1.9 6.8 £ 1.0 9.2 + 0.85 6.0+ 09
20:1w11 0.3 + 0.1 03+ 01 0.7 + 0.07 07+ 01 05+ 07 0.7 + 01 13+ 07 0.8 + 05 0.1 + 0.03 1.5 £ 09
20:1w9 0.8 + 02 09t 02 0.7 + 0.18 0.3+ 01 03 + 0.9 02 + 01 1.6 £ 07 1.1 0.2 0.0 + 0.02 1.5+ 1.4
ZMUFA 18.8 + 0.5 189 + 05 187 + 1.6 180 + 26 15.2 + 6.1 15.2 + 0.6 1756 + 2.8 18.2 + 41 14.9 + 1.47 16.4 + 27
18:2w6 1.2 + 01 1.2+ 0.0 1.4 + 0.19 1.1+ 01 1.3 + 08 1.2 + 01 39 + 05 1.6 + 0.5 3.4 + 027 46 + 07
18:3w3 0.9 £ 01 09 + 01 1.2 £ 025 07+ 02 21+ 1.0 1.3 + 0.3 14 + 06 06 + 03 36 + 116 20t 04
20:4w6 (AA) 21102 21+ 02 1.7 + 0.13 24 + 02 19 + 04 29 + 0.2 1.0 + 04 0.0 £ 00 06 + 0.1 1.6 + 0.2
20:5w3 (EPA) 12.8 + 0.7 12.9 £ 0.6 10.4 + 1.04 14.0 + 0.9 11.2 £+ 0.4 156 + 0.7 2.8 + 0.5 0.9 + 03 1.7 £ 0.18 36+ 0.3
22:6w3 (DHA) 223 + 1.0 222 + 09 17.9 + 2.8 201 + 3.4 240 + 0.8 275 £ 1.2 4108 22+ 04 3.6 + 0.65 57+ 07
ZPUFA 41.1 + 14 41.0 + 1.4 353 + 3.57 39.3 ¢+ 40 429 + 3.1 496 + 2.0 1356 £+ 1.8 147 + 2.8 16.4 £ 2.05 216 £ 1.9
TEFA 37.2 + 15 37.2 £ 15 300 + 3.73 365 + 3.9 37.1 + 11 46.1 + 2.0 57 + 0.8 8.0 + 1.6 59 + 077 109 + 11




Impact on mortality and larval productivity
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Thermal stress had an effect on adult mortality and larval production. We observed

that thermal treatment and day interact on the effect of mortality (F, s = 6.08; p = 0.025).

No significant difference was observed for the 41 first days of the experiment (Fig. 8A).

However, a significant difference was observed from the day 42 to 62 with adult mortality

of 1£0.2 % d” for the stress treatment (Fig. 8A). As adult mortality, the reproductive

effort (larval production) was significantly different for the ‘thermal stress’ treatment

(F13=9.69; p=0.014) with 46.7% less larval productivity in stressed barnacles,

independently of food supply (Fig. 8B). No significant difference appeared in adult growth.
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There was a significant interaction of food supply and thermal stress on the length

of the nauplii produced (F; g6 =4.23; p = 0.042). For unstressed populations, there was no

significant difference between the high food (HF) and low food (LF) treatment. However,

within the thermal stress treatment, nauplii produced by LF parents were 7% smaller (18

um smaller) than those produced with HF treatment (Fig. 9A). Time had also a significant

effect on larval length, with nauplii at T| being smaller (22.6 £ 6.9 um; Fig. 9B).
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A significant interaction between food supply and thermal stress was detected for
larval survival (F)24=10.61; p=0.003). Populations not exposed to thermal stress
produced larvae that survived for similar periods regardless of food supply. However,
stressed populations, which were also fed with the poorer diet, released nauplii which died
1.65 days earlier (Fig. 10A). A second interaction between time and food supply is also
observed for larval survival (F224=6; p=0.008). The most important difference was
observed at T, when nauplii died 2 days earlier in the LF treatment compared to the HF

treatment (Fig. 10B).
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Impact on fatty acids profiles

The total FA concentration of the neutral fraction has been used as an indicator of
the lipid energetic reserves accumulation in both adults and nauplii. In adults, we observed
a significant effect of time (F,23 =4.68; p = 0.02), with values 40% lower in T; ckompared
to Ty (Fig. 10). Total mass of neutral fatty acids in nauplii showed a triple interaction (time
X food supply X thermal stress; Fz23 = 3.65; p = 0.042), but without conclusive trends. No

interpretation had been visible.
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Figure 12: Total mass of neutral fatty acid in microgram per milligram of adult barnacles' wet weight (mean +
SE), depending on the period of time. Different letters indicate significant differences in time treatment.

To obtain an indicator of the nutritional quality of experimental diets, we used the
ratio of the polar fraction of fatty acids (structural phospholipids of cell membranes) in
adults to the fatty acids of the food (microalgae mix). This ratid indicates selective
incorporation or elimination in the cell membrane (polar lipid) of adults of a given dietary
fatty acid. We assume that a similar fatty acid level in the cell membranes of adults and in
the food (relative proportion < 1) confirms that the nutritional requirements for this fatty

acid were largely satisfied. For all treatment combinations, AA and EPA ratios were
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generally close tol, signifying that the food fulfilled the nutritive necessities for those EFA.
For DHA, which higher ratios were observed in the LF treatment (up to 4.7; Fig. 12), ratios
were mostly higher than 2, suggesting an important selective incorporation. A triple
interaction among time, food and thermal stress was detected (PERMANOVA, pseudo-
F =5.06; p=0.0031). An important decrease of the three EFA ratios was observed at T2 in
the control for the HF treatment compared to the LF treatment, especially for DHA (ratio of
1.3 and 4.7, respectively). Despite this diminution, those ratios stay close to | for the LF

treatment.
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high food treatment. * p < 0.05; ns = not significant.
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In order to observe differential allocation of particular EFA fractions from adult
barnacles to their larvae, we compared the ratio of neutral FA in larvae and adults (Fig. 13).
The PERMANOVA analysis showed a significant difference of these rations over time
(pseudo-F = 3.63; p (perm) = 0.004). A pair-wise test indicate a difference between T; and
T, (t=1.96; p=0.0114) and between T, and T3 (t=2.46; p = 0.0029). No significant
difference was detected between T, and T (t = 0.84; p = 0.5709). For each EFA in neutral
fraction there is a lower transfer at T, than at T, and Tz (Fig. 6). The DHA and the EPA

were the EFA fractions less transferred to nauplii at each thermal stress.
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Figure 33: Ratio of adults neutral essential fatty acids assemblage on nauplii essential fatty acids assemblage (mean
+ SE), depending on different period of time. AA = arachidonic acid (20:4n6); EPA = eicosapentaenoic acid
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DISCUSSION

In this study, we used an experimental approach to evaluate maternal resource
allocation to offspring in the tropical acorn barnacle Chthamalus bisinuatus; a species
inhabiting marine intertidal coastlines that may be exposed to enduring oligotrophic
conditio.ns and high temperature dessication. Apparently, the response of parental
populations to food shortage fit in the anticipatory allocation model, since no differences
were observed in neutral lipids accumulation in nauplii, length of nauplii, reproduction
effort and nauplii survival. The low-food daily ration represented 0.6% and the high food
ration 3% of the total adult barnacle biomass. However, in addition of high thermal stress
simulating exposure during hot summer emersion periods (Lewis 1960, 1963, Newell 1969,
Helmuth & Hofmann 2001), our results seem to suggest that mothers could follow a
‘selfish’ strategy, producing low-quality larvae. For this condition, overall fecundity
dropped by 47%, and average naupliar size was 8% smaller than baseline valued. Low food
supply and high thermal stress also led to long-term higher mortality in adults.
Furthermore, essential fatty acids (DHA, EPA and AA) were preserved by adults and not
transferred to first nauplii stages, regardless of food supply and thermal stress. These results
could also suggest a selfish strategy because these fatty acids have been clearly
demonstrated to be essential for the growth and survival and their biosynthetic production
considered generally insufficient to satisfy the nutritional requirements of marine animals

(see Glencross 2009 for review)

Impact of food supply

The first hypothesis stipulated that high food supply would enable adult barnacles to
produce high quality larvae. Yet, our barnacle populations maintained ad libitum did not
produce larger numbers of nauplii, neither affect their neutral fatty acid profile, their size,
or their survival (Fig. 9A and 10A). FA composition in the algal mix could explain the lack

of adults FA content and mortality differentiation observed between populations
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maintained under the two different food conditions. Furthermore, no difference was
observed in adult growth in all treatment. What we defined as a low-food treatment might
be high enough for this species, even if a ratio of 3 to 6% of microalgae by biomass of
adults has been shown necessary to support reproductive needs in bivalves hatcheries
(Helm et al. 2004). Our results could suggest that this barnacle species in this oligotrophic
environment is very well adapted to the low food availability to support reproduction with
food availability lesser than 1% of the adults’ biomass

Larvae and adult barnacles feed on the natural seston to obtain their food, including
Jipid resources (Whyte et al. 1989, 1991, Soudant, Marty, Moal, Robert, et al. 1996,
Nevejan et al. 2003, Pernet et al. 2005). A part of those fatty acids could be used for
energetic need (B-oxidation), stored as energetic reserve (neutral fraction) or used for cell
membranes structure (polar fraction, Waldock & Holland 1978, Gallager & Mann 1986,
Spector & Yorek 1985, Pernet et al. 2003). So, the analyses of lipid profiles of adults,
larvae and their food provided information on preferentially fatty acids ingested and
retained. It’s important to notice that fatty acids incorporation in neutral lipids reflect more
closely the food composition ingested as there are less regulated than fatty acids in polar
lipids (Delaunay et al. 1993, Caers et al. 2002). The comparison between the natural seston
and the algal mix informs on resource available for adults. Barnacles FA profiles resulting
from the different trophic resources (before and after the 22 d acclimation) show potential
modifications by acclimation to experimental diets. The low ratio (<1) of 16:1/16:0 and
EPA/DHA indicated that planktonic composition should be mainly dominated by
dinoflagellates comparatively to diatom (Napolitano et al. 1997, Budge & Parrish 1998,
Dalsgaard et al. 2003, Wilson et al. 2010). Despite the low amount of DHA and EPA (<
5%) in the natural seston, adults sampled at T-1 accumulated those EFA over than 35% in
the neutral fraction. Thus, in this environment generally considered as oligotrophic,
Chthamalus bisinuatus succeeded to selectively accumulating essential fatty acids (DHA,
EPA and AA) from phytoplanktonic species (Martinez-Pita et al. 2005).

The mix of algae used as experimental diet was significantly different from the

natural seston by the higher contents of 14:0, 16:1n7, DHA and EPA comparatively to
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natural seston. The 14:0 and 16:0 have been showed to be important for the growth of
marine organisms (Thompson et al. 1993, Nevejan et al. 2003), as the energy is more
efficiently released by p-oxidation of these saturated fatty acids than mono- or
polyunsaturated fatty acids (Langdon & Waldock 1981). EPA is an essential fatty acid, but
also known for its energetic function in marine bivalves (Marty et al. 1992, Utting &
Millican 1997, Pernet et al. 2005). Despite this significant difference between the lipids
profiles of the natural seston and the mix of algae; and the quantities of algae mix gave in
the HF and LF treatment; no difference appeared in total neutral fatty acids content and FA
profiles between adults adults from T-1 and adults from both HF and LF treatment after
acclimation. This result demonstrated the very high capacity of barnacles to ingest mainly
planktonic species and to selectively accumulate their EFA in both energetic reserve lipids
(neutral fraction) and membranes (polar fraction).

Our results show that the DHA was strongly selectively assimilate by adults fed on
experimental diet. Whereas the 18:1n9, 18:2n6 and 18:2n3 are precursors of AA, EPA and
DHA, the enzymes to synthesize these EFA are generally considered not functional or very
limited in marine animals (Dalsgaard et al. 2003, Barnathan 2009, Glencross 2009) and
these EFA need thus to be ingested from the food. We observe also that the different FA
categories (SFA, MUFA, PUFA and EFA) were sensibly the same between adults sampled
at T.; and Ty suggesting the possible metabolic need to maintain the equilibrium between
these different FA categories (Soudant, Marty, Moal, & Samain et al. 1996). Another way
to analyze selective assimilation is the use of essential fatty acids (EFA) ratio between
adults’ polar lipids and food (Fig. 12) (Pernet & Tremblay 2004, Gendron et al. 2013). This
ratio indicates selective incorporation or elimination in the membranes (polar lipid) of
adults of a given dietary fatty acid and could be used as indicator of nutritional quality
(Copeman et al. 2002). This analysis showed that the DHA amount in the algae mix seems
to be limited, as all ratios were higher than 1 for all treatments. It is known that DHA has
an important role for the development and maintenance of both the structural and.function
of cell membranes in marine bivalves (Marty et al. 1992, Whyte et al. 1992, Soudant et al.
1998).
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Nauplii were removed from the aquaria in the first hour and half after immersion.
Because first stage nauplii do not feed during their first stage (Achituv et al. 1980), the only
source of lipids originated from the mother. The relative amount of EFAs was low in
nauplii at Ty despite their important role for larval development (Soudant, Marty, Moal,
Robert, et al. 1996, Bautista-Teruel et al. 2001, Caers et al. 2002, Nevejan et al. 2003,
Hendriks et al. 2003, Pernet et al. 2005). The analyses of the ratio of nauplii neutral FA on
adults neutral FA, shows that EFAs were strongly retained in adults, particularly for DHA
and EPA. Mother barnacles thus have selectively retained those EFA inducing a very
limited transfer to nauplii stages. So, even if mothers generally follow an anticipatory
strategy, succeeding to maintain the nauplii (no effect of length, survival and neutral lipids
accumulation) and their own (no effect on adult mortality, reproductive effort and lipid
accumulation) performance, when food was limited, they seem to follow a selfish strategy
concerning the transfer of EFA (especially DHA), retaining EFA from the food without
transfer to nauplil.

Further experiments must be conducted in order to test whether the absence of food
effects was due to improper setting of a low-supply condition, or indeed an indication of an
anticipatory effect, leading to a compensation of the lack of nutritive resources.
Furthermore, an experimental diet showing more appropriate EFA content to satisfy
barnacle need in. their polar lipid fraction, could be used to test if the selfish strategy
observed concerning EFA transfer was related to food quality. Bertram & Strathmann
(1998) also mentioned that maternal nutrition does not affect planktonic larval form but

larval nutrition does. That could be a second hypothesis of the absence of food effect on

larval length.

Impact of thermal stress

In the second hypothesis, we predicted that thermal stress brings to an early
spawning, leading to low quality larvae. No early spawning emerged from the experiment.

In fact, the thermal stress seemed to reduce the reproduction effort (Fig. 8B). A thermal
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stress combined with a low food supply leaded to a poor larval quality (reduced larval
length and survival). Also, no difference was observed in adult growth in all treatment
which could mean that thermal stress doesn’t imply change in the allocation of the resource
for growth (Cotter et al. 2010).

The larval production was sensibly lower for adults under thermal stress compared
to the control ones. Surprisingly, we observed a decrease of the larval size only after the
first thermal stress and not the two others. We suggest that this first event was so stressful
(45°C during 12h) that it might have eliminated all weak adults leaving only the stronger
releasing larger nauplii. However, no measures of stress sensitivity or genetic diversity
have been realized to confirm this hypothesis. We observed low food availability effect
only when adults suffered from thermal stress. At this specific combination of thermal
stress and low food availability, adults produced smaller larvae (Fig. 9) with lower
survivorship (Fig. 10).

Thermal stress had no effect on neutral FA amount neither in adults nor in nauplii
but it induced significant FA profiles changes in the adults’ polar lipids, particularly by a
higher accumulation of DHA (Table 1). Remodeling membrane lipids, particularly fatty
acids composition, to counteract the temperature effect have been largely demonstrated in
several ectotherm species. This phenomenon has been called homeoviscous adaptation
(Hazel 1995). In marine bivalves from temperate area, an increase of temperature (Pernet,
Tremblay, et al. 2007, Parent et al. 2008), like during prolonged emersion periods (Pernet,
Gautier-Clerc, et al. 2007), have been related to a decrease of DHA in the polar lipid
fraction to counteract the disordering effect of rising temperatures. However, opposite
results have been observed in our experiment in tropical area. Thermal stress also induced
an increase of 16:0 in both polar and neutral fractions in the nauplii and an increase of 18:0
only in neutral, from TO to TS. The 18:0 in the polar fraction shown inverse tendency with
a significant decrease between TO and TS. The 16:0 and 18:0 are supposed to be important
in membrane dynamics (Nagan & Zoeller 2001). Pernet, Tremblay, et al. (2007) observed a
decrease of 16:0 in polar fraction of mussel Mytilus edulis during overwintering, when the

temperature is lower which is inconsistent with our results. Increase of EFA ratio between
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nauplii’ and adults’ neutral fatty acids were observed after T, which could be an indication
of higher EFAs transfer from adult barnacles to nauplii. In that case, adults transmitted
more EFAs to their brood. Nevertheless, it’s noteworthy that the first thermal stress was
more intense (45°C during 12h instead of 6h) that might lead to a decrease of EFA transfer
from the adults to the nauplii. We also suggest that fewer larvae (reproduction effort
reduced) released by adults after thermal stress could be a response to avoid a massive
mortality in an environment perceived as hostile. Moreover, adults could increase the
survival possibilities of larvae by allocating more EFAs, considered as essential for growth
and survival (Glencross 2009). However, the nauplii from stressed adults died earlier in
challenging conditions. Thus, the EFA transfer from adults to larvae seemed not sufficient
to maintain the survival success at the same level. The ratio of nauplii neutral fatty acids on
adults’ neutral fatty acids was low for every EFAs (< 1), still demonstrating that essential
fatty acids are mostly retained by adults. This observation confirms the idea of a ‘selfish

maternal strategy’ from the adults.

CONCLUSION

Results allowed us to provide support to our hypotheses concerning the capacity of
parents to manipulate larval quality and resource allocation per capita. Firstly, without
thermal stress, a low-food supply seemed sufficient to input energy for adults to produce
larvae of baseline quality. On the other hand, low-food conditions could be compensated by
anticipatory allocation. Mothers can anticipate the natal environment and compensate the
lack of food by producing broods with an appropriate resistant phenotype. This could
explain the lack of differences between the qualities of nauplii produced from populations
reared at different food availability. Secondly, thermal stress seemed to be responsible of a
selfish strategy. Based on those results, we suggest that in a subtropical coastline, like the
Séo Sebastido Channel, Brazil, high temperatures experienced by Chthamalus bisinuatus
may not be a priori harmful if adequate food supply is provided. Further research based on

fieldwork is underway to confirm the effects of thermal stress we observed in the
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laboratory. This future study may also help to understand the dynamics of lipid transfer in

the stressful intertidal habitat.
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CHAPITRE 2
CONCLUSION

Par une approche expérimentale, nous avons €tudier I’investissement maternel d’un
invertébré marin dans un environnement tropical , généralement considéré comme une zone
oligotrophe pauvre en apport phytplanctonique (Eckert 1995, Marafion et al. 2000, Palmer
& Totterdell 2001), nous avons utilisé une approche expérimentale. La réponse des parents
face a la limitation en nourriture semble correspondre & un modele d’anticipation de
I’allocation de la ressource énergétique. En effet, aucune différence n’a été observée dans
effort reproductif, ’accumulation de lipides chez les larves ainsi que la taille et la survie
des larves. Lorsqu’un stress thermique est ajouté, simulant 1’exposition au soleil durant les
périodes d’émersions 1’été (Lewis 1960, 1963, Newell 1969, Helmuth & Hofmann 2001),
les meéres semblent adopter une stratégie ‘égoiste’ en produisant moins de larves (47% de
moins avec un stress thermique) et de taille inférieure (8% plus petites). De plus, les acides
gras essentiels (DHA, EPA et AA) n’ont pas été transférés des adultes vers les nauplii, tous
facteurs confondus. Ces acides gras ayant été démontrés comme essentiels pour la
croissance et la survie chez les animaux marins, ces résultats suggérent également une

réponse suivant une stratégie ‘égoiste’.

L’effet maternel est un effet non-génétique du phénotype ou de I'environnement
maternel sur le phénotype de la descendance. La mére va apporter a ses progénitures les
ressources nutritionnelles nécessaires jusqu’a ce qu’elles puissent se nourrir par elles-
mémes. Chez la plupart des organismes, la meére va également déterminer I’environnement
dans lequel sa descendance va étre libérée et/ou se développer. L’effet maternel est reconnu
comme étant important dans le systéme terrestre mais est trés peu discuté dans le milieu

marin bien qu’il soit aussi fondamental (Marshall et al. 2008). La mére, dans un milieu
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terrestre ou marin, peut agir sur I’approvisionnement de sa descendance et donc leur taille
(Fox et al. 1997), leur dispersion, leur dormance (Mousseau & Dingle, 1991), leurs
défenses face a la prédation (Agrawal et al. 1999) et aux polluants (Vidal & Horne 2003) et,
dans certains cas autres que celui des balanes, le site de la ponte (Mousseau & Dingle,
1991).

Durant notre expérience, les différences entre un faible et un fort apport nutritif
montrent que la réponse des méres se rattache a un modele du type AME (effet maternel
anticipatoire, ‘anticipatory mother effects’, AME , Marshall & Uller, 2007). En effet,
malgré une abondance alimentaire variant d’un facteur 5, aucune différence, n’a été
observée, dans [’accumulation de lipides neutres, la taille des nauplii, I'effort de
reproduction ou le temps de survie des nauplii en condition de jeline. Le modele du type
AME (effet maternel anticipatoire, ‘anticipatory mother effects’, AME) est un bon exemple
de la manipulation de la taille de la progéniture par la meére. Stator limbatus, de la grande
famille des bruches, pondent leurs ceufs sur une couche de graine. Lorsque celle-ci est
épaisse (donc bien défendue) ces bruches produisent des ceufs plus gros, avec plus de
ressources nutritives, afin qu’elles aient plus de ressources pour percer a travers ces
semences €paisses, dans lesquelles elles passent la plus grande partie de leur vie (Fox et al.
1997). Chez les invertébrés marins qui se développent en colonies, la taille des larves peut
influencer la survie, la croissance et la reproduction (Marshall, Bolton, et al. 2003, Marshall
& Keough 2006). Bien que tres peu testé chez les organismes marins, il serait logique que
la mére produise de plus gros ceufs/larves lorsque le milieu est pauvre en ressources
nutritives. Par exemple, Guisande et al. (1996) ont montré que les meres du copépode
Euterpina acutifrons produisent des larves plus grosses lorsqu’elles sont dans un milieu
pauvre en apport nutritif. Ce changement de la taille des descendants est présenté¢ comme
une stratégie AME. En plus de compenser le manque d’apport énergétique, cela permettrait
aux larves d’explorer des zones plus éloignées et donc possiblement plus propices
(Marshall et al. 2008). Dans notre expérience, 1’absence de différence de la taille des
nauplil entre les deux traitements alimentaires pourrait suggérer une compensation du faible

apport nutritionnel par les meres afin de produire de nauplii de qualité similaire (taille et
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contenu lipidique). Cependant, il est important de noter qu’il y a une forte ambigiité et
imprévisibilité de la pression de sélection sur la taille des larves des espéces ayant un cycle
de vie complexe (Marshall & Keough 2006). Par exemple, une espece maintenue a forte
densité d’individus (comme pour nos populations de C. bisinuatus) produisent de plus
petits ceufs (et donc de plus petites larves) et favorisés lors de la fécondation, car moins
susceptibles & la polyspermie (Marshall & Keough, 2003b). Néanmoins, la production de
larves plus petites limite leur dispersion (Marshall & Bolton 2007), ce qui leur est
défavorable en présence d’individus de la méme espece (Marshall & Keough 2003a). La
plasticité¢ de la taille des descendants, chez les espéces ayant un cycle de vie complexe, est
donc soumise & des contraintes fortes (Marshall et al. 2008).1l faudrait donc évaluer le
temps et le succes de fixation des larves soumises a ces différentes contraintes nutritives et
de stress thermique, en fonction de leur taille et de leur contenu lipidique au stade I. Ces
résultats permettraient d’étudier la capacité des nauplii a ajuster le délai de leur
métamorphose pour compenser le manque de nourriture (Hentschel and Emlet 2000,
Thiyagarajan et al. 2003).

Le mélange de microalgues donné aux adultes, lors de I'expérience en laboratoire, a
montré un profil en acides gras (AG) significativement différent de celui obtenu pour le
seston naturel au moment de la récolte des adultes. L’EPA et le 14:0, retrouvés en grande
quantité dans le mélange de microalgues par rapport au seston, ont un réle important dans
la croissance (Thompson et al. 1993, Nevejan et al. 2003) et les fonctions énergétiques
(Marty et al. 1992, Utting & Millican 1997, Pernet et al. 2005). Le DHA, aussi présent en
quantité relativement €levée dans le mélange de microalgues, a un role essentiel pour le
développement des larves en maintenant I’intégrité structurale et fonctionnelle des
membranes cellulaires (Marty et al. 1992, Delaunay et al. 1993) tel que démontrer chez les
poissons (Navarro & Sargent 1992, Watanabe 1993, Bell & Sargent 2003), les bivalves
(Marty et al. 1992, Whyte et al. 1992, Soudant et al. 1998), les gastéropodes (Bautista-
Teruel et al. 2001), les oursins (Liu et al. 2007a, b) et les crustacés (Kanazawa et al. 1985,
Merican & Shim 1996, Suprayudi et al. 2004). Considérant la relative importance de ces

trois acides gras (14:0, 20:5n3 et 22:6n3) dans le mélange de microalgues utilis€ pour
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nourrir les balanes adultes, nous pouvons supposer que ce que nous avons défini comme un
faible apport nutritif pourrait étre suffisant pour maintenir en bonnes conditions les balanes.
Ces résultats pourraient aussi suggérer un fort potentiel adaptatif de ces balanes a des
apports nutritionnels faibles, expliquant ’absence d’effet sur la mortalité et I'effort
reproductif des adultes ainsi que la qualité des larves. Dans le but de comparer, il faudrait
donc réaliser une expérience similaire avec un apport nutritif plus faible (< 0,6 % de la
biomasse seéche totale de la balane).

Au regard des résultats obtenus par I’é¢tude de I’apport nutritionnel, d’autres
expériences devront étre menées afin de déterminer si cette absence de carence trophique
est lide a la qualité¢ de la nourriture ou d’une compensation maternelle par les balanes
adultes (modéle AME).

Suite & un stress thermique simulant une importante exposition lors d’une journée
ensoleillée durant une émersion en zone intertidale (Lewis 1960, 1963, Newell 1969,
Helmuth & Hofmann 2001), la réponse des meéres semblent suivre un modele SME (effet
maternel égoiste, ‘selfish maternal effects’, SME, Marshall & Uller, 2007) caractérisé par
une diminution de la production et de la taille des larves. Une diminution de la taille des
descendants, suite a I’augmentation de la température, a été déja observée chez les poissons
mais il est difficile d‘affirmer s’il s’agit d’une réponse adaptative ou un effet de la
température sur le développement et la croissance (Chambers 1997). L accroissement de la
température augmente la consommation d’oxygene des organismes ectothermes (Baynes &
Howell 1996). Comme les ceufs plus gros, avec un contenu lipidique plus élevé, nécessitent
plus d’oxygene (Strathmann & Chaffee 1984, Moran & Allen 2007), les meres peuvent
réduire la taille de leur progénitures lorsque la température augmente afin d’éviter une
hypoxie (Marshall et al. 2008). D’autre part, il semble également que les mére retiennent
préférentiellement les acides gras essentiels (DHA, EPA et AA) et les transférent de fagon
trés limitée aux larves, sans influence de I’environnement trophique et thermique. Ces
résultats suggérent un modele SME puisqu’il a clairement été démontré que ces acides gras

sont essentiels a la croissance et la survie des organismes marins (Glencross 2009).
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Le quatritme et dernier objectif était d’évaluer I’effet de la température. Au
contraire d’une ponte précoce suite & un stress thermique, il a ét€ observée une diminution
de ’effort reproductif. L’augmentation de température combinée a un faible apport nutritif
engendre une faible qualité larvaire (taille plus petite et faible taux de survie). Les balanes
adultes semblent percevoir une perturbation et réduisent leur production et la qualité
larvaire.

Un changement dans la rétention des AG chez les adultes a également €té constaté

sous stress thermique. Contrairement a ce qui est mentionné dans la littérature, les balanes
adultes ont préférentiellement accumulé du DHA dans leurs lipides membranaires (fraction
polaire). En effet, chez les espéces ectotherme, la mobilisation des lipides va étre modifiée
pour contrer I’effet de I’augmentation de la température (Hazel 1995). Par exemple, pour
les invertébrés marins, le DHA diminue dans les membranes en réponse a une hausse de la
température (Pernet, Gauthier-Clerc, et al. 2007, Pernet, Tremblay, et al. 2007). Toutefois,
nos résultats vont dans le sens inverse et ne peuvent étre expliqués par ce phénomeéne. Il
faudrait pouvoir évaluer [’activité nutritive des adultes afin de discriminer si les
changements dans |’assemblage des AG proviennent d’une diminution de la nutrition ou
d’altérations dues au stress.
Nos résultats ouvrent plusieurs perspectives. Tout d’abord, un faible apport nutritif, et donc
d’acides gras, semble suffisant pour permettre aux adultes de produire des larves de qualité
similaire. 1l est donc possible que d’autres éléments que les AG, comme les protéines ou les
carbohydrates, soient impliqués dans la qualité des larves produites (Pandian 1969, Whyte
et al. 1989, Whyte et al. 1990b, Thiyagarajan et al. 2003, Weber 2011). Deuxi¢émement,
contrairement aux études antérieures sur les invertébrés marins (Pernet, Gauthier-Clerc, et
al. 2007, Pernet, Tremblay, et al. 2007), le DHA ne diminue pas dans les membranes des
adultes Chthamalus bisinuatus en réponse & une hausse de la température. [l serait donc
intéressant d’étudier la dynamique d’accumulation du DHA chez d’autres especes de
balanes lors d’un stress thermique afin d’établir si ce phénomene observé leur est propre.

Suite a ces résultats, nous émettons I’hypothese qu’en zone subtropicale, comme sur

les cotes de I'état de Sdo Paulo, I’élévation de la température n’est, a priori, pas
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dommageable pour les balanes si elle est combinée a un apport nutritif suffisant. Pour
confirmer ces hypotheses, il serait intéressant d’évaluer I'importance du stress thermique
chez ces organismes et leurs mécanismes de protection employés, comme les mécanismes
antioxydants (Lesser et al. 2010, Genard et al. 2011), les protéines de chocs thermique ou
chaperonnes, la réponse métabolique, etc (Helmuth and Hofmann, 2001, Lesser et al. 2010,

Genard et al. 2012).
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