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RESUME

Dansle cadredé 6 ®t ude de Icaarentdd iesedOOMERN e St
bobjectif ¢ @uiRkle détermuhar le tdle det manw@rédbrés littoraux
dans | e transfert de m®t hyl mercure (MeHqg)

Le premier chapitre était consacré a la contribution quantitative des invertébrés
non consommables (mpasses trophiqueg au transfert de MeHg vers lpsissons.
Pour celales concentrations en mercure total (THg) et en MeHg chez quatre groupes
fonctionnels de macroinvertébrés littoraux (brouteurs, détritivores, prédateurs
consommables, prédateurs non consommables) ont été mesurées. Les résultats ont
montré que les prédateurs non consommables présentaient les plus fortes
concentrations en THg, en MeHg ainsi que la plus forte proportion de MeHg/THg de
tous les groupes fonctionnels. La charge (concentratliomassgde MeHg des
prédateurs non consommaslreprésentait de 10 a 36% du réservoir deldyldes
invertébrés phytophiles. Cette proportion élevée de MeHg séquestrée dans des
impasses trophiques pourrait contribuer a expliquer les faibles concentrations en Hg
mesurées chez les poissons du lac Sté&idlos résultats montrent que les
organismes non consommables doivent étre pris en compte dans les modeles
pr®dictifs de contamination des ®cosyst me
quantités de MeHg biodisponibles pour les poissons.

Dansled euxi me chapitre, | 6objectif ®tait
source de matiére organique (MO) et la contamination au MeHg chez les
macroinvertébreés littoraux consommateurs primaires. Une approche isotopique a été
appliguée pour répondre a cet oljfed.es sources autochtones (épiphytes et
macrophytesgtaientmajoritaires dans la MO assimilée par les consommateurs
primaires, avec une proportion plus faible de MO allochtone (matieres particulaires
en suspensin notamment)Le MeHg/THgchez les maciovertébrés était corrélé

positivement avec |I,aldscesdermecsaientcornglées d 6 ®pi phy
négativement avec la fraction de Hg inorganique. Cette découverte peut faire
supposer que |l a voie dodéent r Rophigpesi nci pal e d
littoraux se situe dans les épiphytiess consommateurs primaires pourraient alors

modul er | e transfert de MeHg vers |l es nive
soali mentent de sources de MO © forte ou °

A

Le troisieme chapitréraitaitdel 6 i nf | uence du(brouteyupe fonct
collecteur, fragmenteur, omnivore, prédateur, préddtéaratophage, piquesuceur)

et des variables spatiotemporelles (ann®e,
s i g n at'iINrdes mdceoinviertébrés littoraux du lac St Pierre. La stétiitle
facteur |l e plus i mportanN spwedumosxpl i quer |
d 6 ®c h a n tet du grauperfandjianneles organismes de la rive sud, trés



Xiv

influencée parlesappot s ddazote inorganique™Nagricole
plus élevées que ceux de la rive nord qui recoit des apports du Bouclier Canadien. La

si gnat'iNdesordapismies augment ® doéenviron 3& dur a
d 6 ®rtillormage, de maiasepterm e, soit | 6®qui val ent doéun
Léoenrichi ¥ edreesnthedrubitivor es aux pr®dateur s
cequiesti nf ®r i eur aux 3.4a g®n®r al ement consi d
pélagique. Puisque le fractionnement isajopie ndest pas homog ne d
réseau trophiqueyous conseillond 6 e mp dles waleurs de fractionnement

spécifiqgues aux niveaux trophiques considéres, afin de mieux reconstruire les réseaux
trophiques littoraux.

Dans le dernier chapitréesrolesd e | 6 habi tat et de | 6archi
macrophytes sur | a biomasse et | 6abondance
®t udi ®s. Nous avons aussi calcul ® une esti
macroinvert ®br ®s as s oltats®acrophytiquesddfif f ®r ent s t
ddébesti mer |l es effets quantitatifs de chang
macr oinvert®br ®s. La biomasse, | 6abondance

déinvert ®br ®s ®t aient plus a@bmegéeegme dans | e
dans ceux de macrophytes flottantes et émergdrmgesnacrophytes avec une

architecture compl exe noh®b diongpssadeent pas s
macroinvertébrés que celles avec une architecture plussibhplees | e cas do une
baissedeniveaud 6 eau du | ac St Pierre wtalmms avons p
déi nvert ®br ®s phyt ophlid&cshaealilmg nduvkerlaac de 1

Dans |l es r®seaux trophiques I|ittoraux, I
MeHg ne sont pas parfaitement sygmsés. Premierement, les bas niveaux trophiques
constitués par les macroinvertébrés consommateurs primaires sont capables
dbébeffectuer une mo dsuivaattanaturdeleusssoucesde x de MeF
MO. Deuxiemement, parmi les consommateurs secawaire proportion non
négligeable du réservoir de MeHg ne sera que peu ou pas disponible tpansfiert
verslespoissonk a f ai bl e AN ehtfe ®s censamnenateliss prithaires et
secondaires nous per met doe®eheutientantqgdees dout
traceur du ni wea ntirsarpehideud ad&whice | ittor al

Mots clés:macroinvertébres, zone littorale, méthylmercure, réseaux trophiques,
impasses trophiques, isotopes stables, milieux humides, lac St Pierre



INTRODUCTION GENERALE

Contexte g®n®ral de | 6®tude

Depuis le milieu du XX"siecle et la catastrophe de Minamata (Japon), le

mercure (Hg) est devenu un constant obj et

autorités sanitaires d@mbreux pgs. La principale forme organiquie Hg, le
méthylmercure (MeHg) possede deux caractéristiques importahjtiscapacité de

se bioaccumulerges concentrations mesurées dans les organismes sont supérieures a
cellesmesurées dans le milieu ambia@)ja bioamplification en particulier en

milieu aquatique, c'estdire que ses concentrations augmentent aeivéau

trophique doéun organi sme ( &@alpla%;ducettt Ras mus

et al, 1999). Ces deux propriétés sont couplées aigsants effets neurotoxiques
(Lebelet al, 1996; Boening, 2000Qui plus est, le Hg est tres volatil, notamment

sous sa forme élémentaire Hz peut donc étre aérotransporté et se déposer dans les
systémes éloignés de toute source de pollution (Jack86ii; Landerset al, 1998.

Via des processus de méthylation en milieu aquatique, le Hg inorganicftfe (Hg
principalement) est transformé en MeHg et peut ensuite contaminer tout le réseau
trophiqgue puisgqgue cbest esdleHygstel el | ement
bioaccumule (Halét al, 1997). Ce MeHg constitue alors un danger sournois pour la
santé humaine et animale car la simple consommation de poissons de haut niveau
trophique peut conduire a diesoxications chroniques, et ce en dehors méme des

zores ponctuelles de contamination (Lebkhl, 1996; Lucottest al, 2005).

Le Hg pouvant étre présent dans tous les compartiments des écosystemes (transport
atmosphérique)es recherches multet interdisciplinairesloivent étre privilégiées

afin de nieux comprendre son cycle biogéochimigAe Canada, le COMERN



(Réseaue rechercheconcertéesur le mercuré Collaborative Mercury Research

Network, 200122 006 ) s b6 est d odnae@er [eefiorts deorécheecltes | f ¢

[ é pourenarriverauneeni | | eur e compr ®nhension, ~ | 06®ct
processus qui contrdlent les échanges et I'accumulation du mernara dégion

nord du continentraéricain. »

Un des aspects novateur s étde de&MERN est |
(casestudys 6adressrman®cosyst me ou un type do®co
est originale puisquodelle est ~ Il a fois ho
scientifiques pertinents par rapport a la problématique mercurielle sont traités) et
transversale darson application, au niveau des équipes de recherche mais aussi par
ses liens avec les acteurs communautaires et politiques. La présente these fait partie
de | 6®t ude de cas consacuUn®pgartianportantedeu ve St L
I'alimentation de plsieurs communaés vivant le long du fleuve St Lauresst
constituée de poissons. Ceci est particulierémen dans la région du lac St Pierre,
le plusgrandlac fluvial du St LaurentVis et al, 2003. En plus de la détermination
de | 6expoasniet iaoun Hhguy ma 06 ®tunedétudedntigréedesla por t ai t
transformation biogéochimique et des flux de Hg au sesnterres humides du lac St
Pierre (Amyotet al, 2004). Les processus biogéochimiques et écologiques dans les
milieux humides ou la zanlittorale (les deux systemes étant étroitement imbriqués
au | ac St Pierre) sont encore peu connus,
pourraient constituer des sites favorabl es
sources nettes de MeHg (St. Loatsal, 1994). Plus en détails, les équipes
interdisciplinaires de | 6® ude de cas ont
dans | e |l ac (Caron, 2007), |-em(PAissdtdhnges de
al., 2004), la contamination desipsons (Simoneagt al, 2005), la spéciation du Hg

dans les sédiments (Zhaetgal, 2004) et la méthylation dans les complexes

" http://www.unites.ugam.ca/comern/whofr/cadre.html
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macrophytesepiphytes (Planast al, 2004). La présente étude est principalement
consacrée au transfert de MeHg dans les vésteaphiques de macroinvertébrés liés
aux macrophytes littorales. Elle est donc en lien direct avec les étedemwront>

portant sur la méthylation et cellegr avab> sur les concentrations en MeHg des

poissons, et en lien indirect avec touteslesa e s. Av a mpreschdse x poser C
objectifs sp®cifiques, il nous faut tout d
déorganismes ~ | 6®tude et | eur milieu.

Macroinvertébrés phytophiles etzone littorale

Le terme «macroinvertébré® rassemblétymologiquemeies invertébrés

aqguatiques observables ° | 6oeill nu. De f a-
dans des filets de mai l | @Rosdnberg2OReésh,” 500 & m
1993. On trouve des macroinvertébrés dans tous les types de miliediqagsa

débeau douce, bien quodoils soient pauvrement
|l acs (la famille des Chaoboridae ®tant | de
comparti ments dbéeau douce, des mares tempo
ddeau permanents, des ruisseaux iIintermitte

fleuves, les macroinvertébrés forment des communautés importantes (Rosine, 1955;

Lalonde et Downing, 1992). Lessectes sont le groupe taxonomique souvent le

mieux représen®, que ce soit en nombre doéindividet
12 ordres comprenant 800 especes recensés en eau douce (Willams et Feltmate,
1992). £tant donn® que |l es insectes sont a
évolutionnistes onendance 8 ®par er | es ordres akéwimsectes

|l es ordreg sdpanvemhiresewrt ceux dbéenvahi ssel
envahisseurs primaires sdes insectes ayant colonisé le milieu aquatique a une

p®ri ode tr s an c iPeimaire RoésDI®66pendord la majoaté ded r e



especes sont désorimaquatiques. Cheedorde s ddenvahi sslesurs seco
premiers fossiles retrouvés en milieu atguee sont plus récents gtulement un

faible pourcentage des especes est réelleampratique. Parmi les envabkeurs

primaires on trouverincipalementes éphémeéropteres, plécoptéres, odonates, et

trichoptéres. Les envahisseurs secondaires sont en grande pagSemegs par les

hémipteres,ds coléoptéres, et les diptéras coté @s insectes, on retrouve des

mollusques (gstéropdes et lvalves surtout), des crustacés (amphipodes, isopodes,
décapodes, cladoceres, copépodes), des annélides (achétes, oligochetes), des

nématodes, et des plathelminthes (Cyr et Downing, 1988). Les taxtoas

déi nvert ®b r ® ¢rotifdrescprotbzoairespetcg nedost pas partie des

macroinvertébrés ete seront pas traités ici

Dans |l es syst mes |l entiques cbdbest souvel

retrouve les communautés de macroinvedsgles plus diversifiées. Strayer (1985) a

doaill eurs remarqu® que | a richesse sp®ci f
de 1 m de profondeur, avec une perte dbéenyv
sein de | a zon e uvklaplds tortegploductionsecontadedatustree t r o

(Brinkhurst, 1974). En regle générale, la densité et la richesse des communautés de
macroinvertébrés sont toujours plus élevées sur des substrats de végétaux vivants que

sur dobéautres t yngmesécodystene Watkiasal.al988; d 6 u n
Rasmussen et Rowan, 1997). Un d®clin des a
déaill eurs souvent suivi doébune chute de | a
grand nombre de facteurs ont été identifiés poulicexgr les liens intimes entre
macroinvert ®r ®s phytophiles (ou phytomacr
les plantes aquatiques, de feur structure tridimensionnelle procurent une plus

grande surface de colonisation, puis de peuplement pouvtrsebrés (Krecker,

1939; Cheruvelikt al, 2002). Ensuite, elles offrent un support physique, protégeant

de nombreuses espéces contre la turbulence dans les rivieres ou les lacs en



amortissant | 06®nergie des vagué&sley Spence,
macrophytes peuvent constituer une indispe
hypoxiques, par leur production primaire et celle de leurs épiphytes maipancssi

gue certaines especes de coléopterepetrds tirent leur @directement deacuoles

percées dans les macrophytes (Houlilan, 1970). Les plantes aquatiques servent

également de défense primaire (évitement du prédateur) pour les especes de
macroinvertébrés cryptiques (Watkieisal, 1983) et peuvent ainsi contribuer a

réduire legisques de prédation sur ces organismes. Les macrophytes favorisent aussi

la collecte dematiere organiqupour les macroinvertébrés herbivores, que ce soit en
augmentant le taux net de sédimentation des particules (Benoy et Kalff, 1999),

comme substrat po le périphyton (Cattaneo, 1983; Gossettial, 2005), ou bien

commesource alimentairstricto sensi{Sheldon, 1987; Elger et Lemoine, 2005).

Final ement, | es macrophytes jouent wun rt] e
phénologie de certains organissn Par exemple, les macrophytes émergentes sont
indispensables au dernier stade larvaire(s t ar ) de pldomteseur s esp ¢
(l'ibellules et demoiselles) qui l es utilis
leur métamorphose dans le milieu aér{Westfall et Tennessen, 1996). Les feuilles

et les tiges de macrophytes servent également de sites de reproduction ét desdép

o e u fustresigbhand nombre deagroinvertébrésRinder, 1986). Certaines especes

de Chironomidae ont méme établi deatiehs quassymbiotiques avec des plantes
aqguatiques en passant | a majeure partie de
macrophytes (Coffman et Ferrington, 1996)a zone | i ttorale est do
valeur pour les processus écologiqugsetur | es communaut ®s qubel
nous reste © d®montrer | 6influence de ces

sur le cycle biogéochimique du Hg.



Importance de la zone littorale dans lesgransfertsde MeHg

L6i mport anc e amitatizd de la zoneilittoele @abs leqcycle du Hg
peut étre potentiellement considérable, panistraisons (L) pui squbel | e est s
entre le milieu terrestre et le milieu aquatigtrécto senspla zone littorale sert
ddo®cot one ~ oteasuspetologiqaeas {trandferts de garbone, de nutriments,
de contaminants; Kalff, 2002; Desrosietsal, 2005). Les macroinvertébrés qui y
vivent peuvent alors représenter des maillons de transfert importants entre les
processus en amont et les nivenophiques supérieurs (poissons notamment) ainsi
gueversles zones pélagique et benthique des kacempris pour le transfert de
MeHg. 2)Dans de nombreux syst mes, catst dans
des f | ux ddebd &heeHgg iveo, gaetcesdat pguc® que ce sont des lacs
peu profonds comme le lac St Pierre ou la majorité de la production primaire a lieu
dans la zone littorale (Vis, 2004), ou bien parce que le rendement énergétique de la
zone benthique est supérieur a celui delezpélagique a cause de la taille
supérieure des macroinvertébrés par rapport au zooplancton en tant que proies pour
les poissons (Vander Zandenal, 2006).(3) La troisieme raison est liée au
phénomene de méthylatidma méthylationa principalementiéu en milieu aquatique
et estgouverné par de nombreuses variab{eirich et al, 2001).
Traditionnellement, la couche supérieure des sédiments a été le site potentiel de
méthylation le plus étudié (Compeau et Bartha, 1984; Gilrabal, 1992; Zhanget
Planas, 1994Guimarde®t al, 2000 maisuncorpus r oi ssant do6®tudes d
guodell e a aussi | i eu d dPlapasetak 8004assembl ages
Desrosier®t al, 2006). Les algues étant une source de matiére organique plus
digeste que kdétritus sédimentaires, la charge de MeHg transférée vers les niveaux
trophiques supérieurs pourrait étre plus élevée chez le périphyton que par les
sédiments. Dans tous les cas les invertébrés constitueraient le lien entre les systémes

de méthylation etes niveaux trophiques supérieurs.



Bien quo6il existe des ®tudes sur | a conf
émergentles réservoir§Tremblay et Lucotte, 199'Hall et al, 1998;Tremblayet al,
1998)les recherches sigs dynamiques de transfert du Mettegez les
macroinvertébrés dans la zone littorsdmt tres peu nombreuses (Cleckeieal,
1998; Allenet al, 2005) Chez ces organismes, plusieurs aspects importants qui
s0Oav®reraient des seuils critiquess pour | a
encore bénéficié de recherches pousgdé¢te lien entre palatabilité des
macroinvertébrés et leur concentration en Metégjui aurait une influence sur le
transfert de MeHg vers les niveaux trophiques supériérg modulation qui peut
étre opéré par les invertébrés consommateurs primaires dans les flux de MeHg vers
les niveaux trophiques supérieurs suivant leur source de matiere orgéBjdae;
dimension verticale (niveaux trophiques) dans les réseaux trophiques de
macroinvertébréqg4)| 6 actqpaatitatif des liens entre les invertébrés phytophiles et
leur substrat de macrophytes. Ces quatre aspects constituent chacun un chapitre de

cette thése, ils sont exposés succinctemetessous.

Chapitre | : Les impasses trophique$ un aspect méconu du cycle du Hg

Plus que dans la zone benthiguefonde les communautés littorales de
macroinvert ®r ®s sont detxopsb&e®rewa didusne yrsand
secondaires tels que les coléopteres et les hémipteres, qui ont la particularité
d 0 e f r la totalité de leur cycle vital en milieu aquatique, les adultes étant souvent
nectoniques ou pleustoniques (Wallace et Anderson, 1996). Au sein de la colonne
déeau, |l es adultes de ces ordres devraient
poissonspourtant, ©° | 6exception des Cori xi dae,
dédaignés par leurs prédateurs potentiels. En fait, il a été observé au niveau des

glandes métathoraciques et pygidiales chez quasiment tous les hémipteres et



coléoptéresaquatiues di ver ses mol ®cul es dont | 6ode.l
servent a dissuader les poissons de les consommer (Eisner et Meinwald, 1966; Blum,

1981; Eisner et Aneshansley, 2000). Il en résulte que ces insectes ne subissent que

tres peu de pression de gafion (Lokensgardt al, 1993; Wallace et Anderson,

1996). On pnepaskes » a desxissle-sacd tpophiques. Cettpropriété

peut °tre doébune grande i mportance dans | e
de MeHg retenue dans ces orgamesau cours de leur ontogérpeurrait ne pas étre

transférée aux niveaux trophiques supérieurs. Qui plus est, latgizisé des

esp ompassesitphiques étant des prédateurs, leurs concentrations en MeHg

nden seraient al ckneseta,d998; Allenetal, 2005 v ®es ( Cl e
Conna’  tr e guantitatvedesinhpasses gophiques et la proportion de

MeHg qui y est séquestrée est alors capitale pour correctement évaluer les transferts

de MeHg dans les réseaux trophiques et évitsudestimer les quantités de MeHg
disponibles pour les poissodour | e premier chapitre nous
gue les prédateurs non consommables (coléoptéres et hémiptéres essentiellement)
présentaient de plus fortes concentrations que tous les gmbupes fonctionnels, y

compris les prédateurs consommables. Nous avons également voulu déterminer

| 6i mportance quantitative (charge de MeHg)

le transfert de MeHg au sein des réseaux trophiques littoraux.

Chapitre Il : Sources de matiére organique desonsommateurs primaireset
MeHg

De part leur position intermédiaire dans les réseaux trophiques, les
macroinvert ®br ®s sbéav rent cruciaux pour |
méthylation et les poissons. Effet, il existe de bonnes corrélations entre les
concentrations en MeHg des invertébrés et celles des poissons €\and997;

Lucotteet al, 1999; Allenet al, 2005). Une variation des concentrations en MeHg



des macroinvertébrés aurait alors taen lde se répercuter plus haut dans le réseau
trophique. Suivant quoéils privil ®gient des
potentiellement riches (expériphyton) ou presque dépourvuesMeHg (ex

ve®g®t aux do plesiingertébrés consommatesirgrmies pourraient

moduler les flux de MeHg vers les niveaux trophiques supérieurs. Cependant, la

plupart des invertébrés consommateurs primaires ont un régime alimentaire

opportuniste (Cummins et Klug, 1979; Jacobsen et-3anden, 1995; Zadt al,

2001). lls peuvent donc inclure plusieurs sources potentielles de matiére organique

dans | eur al iunigatioh @dissantees rapporte isotopigies des

isotopes stables du carbonelet | 6 & ,0™INpét desinouveaux logiciels
déo®quations de m®l ange (d&4&.,2006)ilgss et Cr egg,
dor ®navant possible doéestimer | es proport.i
organiqued ans | 6 al i me n tnes. Cepandatitesautteespett r gani s
nombr e doéé@Bmandsg s squtd” pr Aeenodvealxodtidésui de de
les macroinvertébrés et aucune en lien avec le MeHg. Le but de ce chapitre est donc

de coupler ces mesures de proportion de matiére gugadans le régime alimentaire

des invertébrés avec leurs valeurs de contamination au MeHg, pour wiéfierl e xi st e

une relation entre ces deux variables.

Chapitre 11l : Niveaux trophiques des macroinvertébré$ utilisation des isotopes
stabl est dB) ti6az

L e *Nlest progressivement devenu un outil populaire por®t ude des r ®s
trophiqueqPeterson et Fry, 1987). En effetfle act i onnement i sotopi ¢
entre |l es consommateurs et | eur sotopa oi es (p
léger'“N) se traduit par une augmentation progressivé i verticalement dans le
réseau trophique. Leiveau trophiquel 6un or gani sme est donc po:
avec “pnaviec un f actasseronstaite rerviad hui®s s e rBe mta
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(Minagawa et Wada, 1984; Vander Zanden et Rasmuzgef),Post, 200R En

corrigeant pour les variations susceptibles de se produire a la signature de base

(souvent un producteur ou consommateur primaire) il est possible de reconstruire

assez fidelementle®s eau trophique dodéun sybkat, me aqua
1997; Peterson, 199%ourtant, nos connaissances des réseaux trophiques
déinvert®br ®s | ittoraux demeurent parcel |l a
déali mentation dg or glanviesme d,i ®@be < hlerzowct eur
macroprédateurs tels que les Belostomatidae (hémipteres), en passant par les

collecteurs de matiere organique, les fragmenteurs, les ectoparasites, etc. Cette

di versit® de monohmesifietbd raska troghiguesade i o n

macroinvertébrés, complexité gigvrait logiquement se refléter dans les valeurs de

0N de ces animaux. De plus, il a été démontré que la valeur théorique

(@}
D

doaugment®™tpan duvédau trophique (3.44) n
sources de nourriture trés protéiqgues comme les paigbtoCutcharet al, 2003).

La valeur de fractionnement chez | es macro
et | es implications pourraient °tre majeur
aquati gues dabretaiuc udloiuecre , |égatiensu enéldngee mp |l oi  d 6
(mixing modelset des relations entre niveau trophique et concentrations en MeHg.
L6éobjectif de ce chapitre ®tait de quantif
le 5N des macroinvertébrés tout en tenant compte des éventuelles influences

concurrentes (facteurs spatiotemporels).

Chapitre IV : Biomasse des macroinvertébrés et lits de macrophytes

Les changements climatiques | 6 ®c h e Isloen t mpmr dBivdese ddaf f ec
ni veaux dbébeau de cert aetals20Ryletlacepels aquat i g

profonds qui sont souvent | es |l acs | es plu
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une grande quantité de lits de macrophytes et les macroinvertébrés qui y seés.assoc

risquent alors de subir des modifications hydrologiques majeures. Le passage de lits

de plantes submergées a haute surface de colonisation a des marais de plantes

eémergentes a faible surface utilisable pour les invertébrés devrait se répercuter sur la
phytomacofaune (Cyr et Downing, 1938Encore une fois, le lien trophique entre les

i nvert ®br ®s et | es poissons risque dobé°tre
lacs peu profondgar exemplenon seul ement restreindrait |
poissons mais pourrait affecter la biomasse et la distribution des invertébrés qui leur

servent de proie®e tels changements quantitatifs dans la biomasse piscicole et

invertébrée pourraient a moyen terme avoir potentiellement des conséquences

importantessur les transferts et la partition du Hg (Surettal,, 2006).

Débapr s |l es probl ®mati gues expos®es dan:
(importance des impasses trophiques, relation entre MeHg et alimentation des
i nvert ®br ®s, ‘dNadespéseauxephiqueside ntacroiniertébrés,
influence des habitats de macrophytes sur les communautés) nous avons pu définir les

objectifs de cette thése de doctorat :

1iChez | es macroinvert®br ®s 1| ittoraux, ®vV a

au transfertde MeHg aux niveaux trophiques supérieurs.

2iD®t er mi ner | es sour ces danadtétudierfesliansi on de

entre source doéali mentation et contaminat.

3iEvaluerl 6i nfl uence des groupemenfatiomdes i onnel s

i nvert ®br®s su'iN. |l eur signature en U
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41 Etudier les relations quantitatives entre habitat de macrophytes et biomasse et
richesssles communaut ®s doinvert®br ®s phytophi
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Résumé: Les concentrations enercure total et méthylmercure ([THg] et [MeHq])

ont été mesurées chez les macroinvertébrés littoraux du lac St Pierre, Québec, Canada.

Le groupe fonctionnel (détritivore, brouteur, prédateur consommable, prédateur non
consommable) expliquait la plus ferproportion de la variation de [MeHg] comparé

au temps (ann®e, mois) et "~ | 6espace (stat
ont été trouvées chez les prédateurs non consommables appartenant a des familles de

col ®opt res et divohe®d @rbmytdurs mantserent leeptus d ®t r
faibles concentrations alors que les prédateurs consommables étaient intermédiaires.

Les prédateurs non consommables présentaient également les plus forts pourcentages

de MeHg ([MeHg]/[THQg]), avec certains tax® proches de 100%. De tels

pourcentages ne sont habituellement observés en eau douce que chez les poissons
piscivores. La charge de MeHg (concentration x biomasse) chez les prédateurs non
consommables représentait 10% du réservoir de MeHg de la commdesuté
macroinvertébrés. Cette quantité importante de MeHg est séquestrée dans des

impasses trophiques aquatiques et pourrait expliquer partiellement les faibles [MeHg]
mesurées chez les poissons comparées aux [MeHg] des macroinvertébrés du lac St
Piereedes autres ®cosyst mes dbéeau douce ave
recommandons de tenir compte des organismes non consommables dans les modéles

de cycle du Hg afin de ne pas surestimer les quantités de MeHg disponibles pour les
poissons.

Mots clés: macroinvertébrés, impasses trophiquaéthylmercure, bioamplification,
lac St. Pierre.

Abstract: Total mercury and methylmercury concentrations ([THg], [MeHg]) were
measured in littoral macroinvertebrates from Lake St. Pierre, Quebec, Canada.
Functonal groups (detritivore, grazer, edible predator, inedible predator) explained
the greatest fraction of [MeHq] variation compared to time (year, month), and space
(station and shorelsreatesfTHg] and [MeHg] were found in inedible predators
mostly fromfamilies of heteropterans and coleopterans. Detritivores and grazers
exhibited the lowest Hg concentrations while edible predators were intermediate.
Inedible predators also had the highest percentage of MeHg ([MeHg]/[THg]), with
some taxa close to 100%uch high percentages are seldom observed in freshwater
organisms other than piscivorous fish. MeHg burden (concentrations x biomass) in
inedible predators accounted for 10% of the MeHg pool for the whole invertebrate
community. Theseelativelysignificart quantities of MeHg are sequestrated in
aquatic Nnemodpbiandea@adul d partly explain th
fish, compared to [MeHqg] of macroinvertebrates from Lake St. Pierre and other
freshwater ecosystems with large littoral zones. We rewama taking into account

the inedible organisms in Hg cycling models in order to avoid a possible
overestimation of the MeHg pool available to fish.
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1.1)INTRODUCTION

Monomethylmercury (MeHg) is considered a global threat to human and
ecosystem healtbecause of its neurotoxicity and accumulation in food webs through
biomagnification (Boening 2000). Since fish consumption is the main pathway for
MeHg to enter the human body, several studies considered factors affecting MeHg
concentrations ([MeHg]) in $h (MacCrimmon et al. 1983; Cabana et al. 1994;
Simoneau et al. 2005). However, other components of the mercury (Hg) food web
have often been overlooked. For example, benthic macroinvertebrate have received
less attention than pelagic invertebrates as prggnisms for fish. The few reported
data demonstrate that [MeHg] in macroinvertebrates can be very high (Tremblay et al.
1996; Hall et al. 1998; Désy et al. 2000). Since macroinvertebrates constitute an
important food source for juvenile and adult fibley play a crucial role in energy
transfer in lakes (Bertolo et al. 2005). This fact should be even more important in
shallow lakes with large littoral zones covered with aquatic plants where invertebrates
dwelling in macrophytes constitute a larger fratof the prey of insectivorous and
juvenile piscivorous fish, and where pelagic phytoplankton productivity does not
account for a large part of total productivity (Vis et al. 2007). In systems where
periphyton productivity is important, Hg methylationesimay be high thus leading
to elevated [MeHg] in epiphytic biofilms (Cleckner et al. 1998). Hence, littoral
invertebrates may constitute a crucial link between the Hg methylating environment
of epiphytes and top predators.

In vegetated littoral environm&nof lakes and lentic waters of rivers, the
invertebrate fauna is unique because it is not dominated by insect larvae as in lotic
environment s. l nstead aquatic adults of
(Hynes 1984) because of their recent teri@sorigin, constitute a non negligible
share of the invertebrate community, along with-imsect taxa like gastropods and
amphipods. The majority of the imago stages of insect species living in vegetated
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water bodies, mostly heteropterans and coleaptgave developed chemical

defenses that render them unpalatable (Eisner and Aneshansley 2000). Thus, they are
resistant to predation and are seldom eaten by fish (Polhemus 1996). Though fish are
able to exclude some heteropterans and coleopteransiiratnakes (Bendell and
McNicol 1987), it is not well known whether it is caused by predation or competitive
exclusion. It has been experimentally demonstrated that largemouth bass Micropterus
salmoides, force fed with edible worms coated with Dineutusiih@oleoptera,

Gyrinidae) abdominal gland secretion rejected the prey (Eisner and Aneshansley
2000). A decaddong field survey of the stomach contents of 18 fish species of the St.
Lawrence River revealed that heteropterans and coleopterans constitggidgible

part of the fish diet (Latour et al. 1980). Large individuals of heteropterans and
coleopterans are not only weakly affected by fish predation but can even become top
predators in fishless lakes (Runck and Blinn 1994) and turn out to berpgsis

nurseries (Wilson 1958; Le Louarn and Cloarec 1997). Because of their trophic
position and low predation pressure, inedible predatory insects are more susceptible
to MeHg accumulation than edible ones. Thegyalso have the potential to live

longe than edible predators and hence accumulate even greater [MeHg]. The MeHg
pool these invertebrates represent would thus be unavailable to aquatic predators,
including fish.

The goal of this study was to assess the contribution of inedible predatory
insecs to the MeHg pool in the macroinvertebrate littoral communities in a large
fluvial lake, Lake St. Pierre, which receives high Hg loadings from its tributaries
(Quémerais et al. 1999; Caron and Lucotte, in press) and which hosts extensive
macrophyte beddVe tested the following hypotheses: 1) variations in [MeHg] in
macroinvertebrates are better explained by trophic factors than by spatial differences
in Hg loadings; 2) the amount of Hg that is sequestrated in inedible predators is equal

or greater to thatepresented by edible predators.
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1.2) MATERIALS AND METHOD S

1.21) Study site

Lake St. Pierre is a large fluvial lake of the St. Lawrence RA&020 5 6 N
7 2 A 3 Sd@uiBrn Quebec, Canada. Its macrophyte beds represent one fifth and
threequarters ohll St.Lawrence River wetlands and marshes eesipely (Langlois
et al. 1992 These wetlands are highly productive (Tessier et al. 1984) with
macrophytes and attached epiphytes contributing up to 70% of lake primary
production (Vs et al. 200, There & three markedlyistinct water masses flowing
in Lake St. Pierre brown, dissolved organic carbon (DOC) rich waters from the
Ottawa River inflow and other Canadian Shield tributaries arriving on the northern
section of the lake (Vis et al. 2003). Cleaters from Lake Ontario flow in the
centralchannel and tributaries drainingxtensively farmed lands bring turbid waters
from the Appalachian region on the southern section of Lake St. Pierre (Vis et al.
2003). The central channel is part of the St. leawee Seaway; it is artificially
dredgedand prevents the mixing of the north and south water masses. High Hg
loadings are associated with terrigenous organic matter (TOM) in the south shore
tributaries (Quémerais et al. 1998 contrast to lower ones brght by the north
shoretributaries that have more forested watersheds. Hg loads from the southern
main tributaries (Richelieu, Satirancois, and Yamaska rivers) have been estimated
between >120 mol Higear" (Caron and Lucottén pres$ and 733 moHghAea™
(Quémerais et al. 1999). Tributaries from the north shore (Maskinongé, Riviere
Loup, and Yamachiche rivers) discharge comparatiittly Hg: 4 mol Hdyyea™.
DissolvedTHg concentrations atew in Lake St. Pierre, averaging 1.50d in the
south shore tributaries and 1.144d elsewhere (Caron and Lucotie press.

MeHg concentrations are generally below Anbat all stations. Suspended
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Particulate Matter bound Hg usually represents 40% of total Hg present in the water

column.

1.2.2 Collecting and sorting invertebrates

Sampling was conducted monthly from July to Septen20&3 and from May
to September 2004 at four sited imke St.Pierre. Two sites were situated in the
brown waters of the north shore of the lake, (GIR, NA&d two others on the turbid
waters of the south shore (ADF, BSF). Invertebrates were collected in macrophytes
beds, with a Plexiglas modified (15 x 35 x 25 cm) Downing box (Downing 1984).
The sampler was immersed in the water between the surface and 1.5 amdi¢egn
slowly closed, capturing both vagile and phytophilous invertebrates. Six replicates
were collected at eadtation, in May and June in 2004 and nine replicates from July
to September in 2003 and 2004. An aquatic hand net was used as a comglement t
catchveryfast moving insects like Dytiscidae and Gyrinidae. All bulk samples were
sieved through a 5080m net, and macroinvertebrates were separated from
macrophytes by vigorous hand shaking in a plastic container filled with lake water.
Macroinvertebates were prsorted in order to isolate predators from prey, and kept
in Nal geneE | awater fdr at ledstet choynwhidh Is thé teaveldime

from sampling site to laboratary

1.2.3) Macroinvertebrate identification and Hg analyss

Organsms were kept frozen é80°C prior to analysis. Invertebrates were

identified usually to family or genus. Shells of gastropods were removed manually
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with stainless steel tweezers. For taxonomic identification, the following keys were
used: Merrit and Cumims (1996) for insects, Clarke (1981) for gastropods and
Pennak (1953) for other macroinvertebrates. We grouped the samples into four
functional groups: grazers (including all invertebrates feeding on live plants),
detritivores (invertebrates feeding oradeplants and animals), edible
predators/parasites (called edible predators hereafter) and inedible predators (insects
seldom eaten by fish because of their chemical defenses, Eisner and Mdiag@ld

The following taxaHeterptera _ Belostomatidae (Leksgard et al. 1993), Gerridae
and Mesoveliidae (Bronmark et al. 1984), Notonectidae (Pattenden and Staddon
1968), Pleidae (Maschwitz 1967), Coleoptera _Dytiscidae (Swevers et al. 1991) and
Gyrinidae (Eisner and Aneshansley 2000) were included in the detigp. Though

they belong tdetergterans, Corixidae (water boatmen) were not included in the
inedible predators group because they are heavily prgyad by fish and other
predatorgPolhemus 1996). Hydracarina (water mites) might also be unpaléatable
fish (Kerfoot 1982) but a moreaent review only found @tdotalevidence of mite
rejectionby fish predators (Zhang 19980 for the purposef this study they were
considered as edible.

All instruments used for Hg analysis wenesed once with 10%IC| and twice
with nanopur eE wat er -driedfor48hr ancetbavaidt e s wer e f
manipulation and possible contamination, ground with a glass rod directly irathe vi
Subsamples were themeighedoran el ectro bal ance (AT201 M
Canada). Each individual taxon was kept in a separate vial. Because the mean weight
of our samples was often below 5 mg dry weight (DW), we used THg and MeHg
analysis methods described by Pichet et al. (1999). These methods allow for the
processing of smaflamples, as little as < 1 mg DW. Total Hg concentrations ([THQ])
were obtained with cold vapor fluorescence atomic spectrometry (CVFAS; Bloom

1989) with a detection limit of 1 Ag*. The sole difference with Bloom method was
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that Hg was not preoncentragd in a gold column bus injected directly.

Reproducibility was verified with the National Research Council of Canada standard
TORT-2 (lobster hepatopancreas). The measured concentrations ofZ @ere

always within the certified value of 270 + 6045 DW. For MeHg analyses, a
saponification technique with a detection limit of 0.6 pg of MeHg, modified from
Bloom (1989) by Pichet et al. (1999) was udedefly, the digestion of 05 mg

DW invertebrate was performed in 0.5 mL of a KOH/MeOH AL mL™) solution

during 8 hours at 68°C. MeHg was then converted to metimwll Hg (MeEtHg) with
sodium tetraethylborate in a buffered solution at pH 4.5. MeEtHg was then trapped in
a column, separated by gas chromatography and quantified using CVAFS. The
reprodicibility of the method was verified by analyzing two National Research
Council Standard Reference Materials DORNdogfish muscle) and TORT that
yielded a mean value + SD of 742 + 93 (n=37) and 157 + &y'ipW (n=11), as
compared to the certified kees of 731 + 60 nfg* DW and 152 + 13 ny* DW.

Samples that lead to proportions of MeHg above 115% of THg were discarded.

1.2.4 Data treatment

Values of [MeHg] were log transformed prior to statistical analysis. We used
factorial test effect modeldMP 5.1, SAS Institute, Cary, Nof@arolina) to take
into account the influence of temporal (2 years and 5 months), spatial (4 stations, 2
shores), and trophic level (4 functional groups) categorical variables on [MeHg] (SAS
Institute Inc. 1991, Uryu &tl. 2001). For each statistical level, comparisons between
groups based on adjusted values (lsgstared means, LSM) were performed with
ANOVA and TukeyKramer Honestly Significant Differences (HSD).
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For each taxon (t) and each sample we calculated Makttgh, which
represents a quantitative method to estimate the MeHg pool per functional group, in
addition to measurements of [MeHqg].

We calculated MeHg burden with the following equation:

(1) MeHg burdep= [MeHg}, x W,

Where MeHg burdaris in ng; [MeHg] in ng.g* DW; and Win ng DW for
each taxon of invertebrates. Then, the MeHg burdens oftaacht (t;, t;, én}

within a given functional group (a) at a given station (9 Downing boxes) and at each
month were added:

(2) MeHg burdep= MeHg burdep,+ MeHg turden,,+ é MeHg burdeg,

The MeHg burden share of a functional group (a) among four functional groups

(a,b,c,d) is calculated with the following equation:

(3) %sharg= (MeHg burdep/ (MeHg burdep+ MeHg burdep+ MeHg burdep+
MeHg burdeg)) x 100.

In addition, we also calculated the MeHg burdens per individual (i) of each

taxon in order to have an estimated amount of MeHg available per prey item of fish:

(4) MeHg burden= MeHg burdeg/ n

Where nis the number of individuals within a sample d&aon t.
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1.3 RESULTS

1.3.1) THg and MeHg concentrations

In Lake St. Pierre, macroinvertebrate [THg] ranged from a mean <50 &g} Hg
DW in trichopteran families to a mean >25¢HgAy™ in hetergterans angredatory
coleopterans (Table)1Simuliidaelarvae (Diptera) had the lowest concentrations (30
ngfyt DW) while Ranatrasp. (Heteroptera: Nepidae i.e., scorpion bugs) was the taxa
with the greatest [THg] (406 Agi* DW). Trends in [MeHg] were similar to those
observed in [THg]. Mean [MeHg] rangei 11 inOdontomyiasp. (Diptera:
Stratiomyidae) to 378 fg* DW in Ranatra Ona functional group basis, the most
elevated [THg] were found in inedible predators, grazers had the lowest [THg] and
detritivores and edible predators [THg] were situdtetdeen these two groups (Fig.
1.1). As for [THg], [MeHg] were greatest in inedible predators, followed by predators,
detritivores and finally, grazers, which again exhibited the lowest concentrations.
Overall themean proportions of MeHg to THgMeHg]/[THQ]) values werdigh,
above 50 MeHg, evenn primary consumergMeHg]/[THg] respectively ranged
from 61% £1 to 69% %4 in grazers and detritivores and from 80% +3 to 90% %4 in

edible and inedible predators.

The test effect models 1 and 2 were both designtdthree categorical
variables (Tabld.2). All variables but year were highly significant. Model 1
explained slightly more of the variance of the macroinvertebrates [MeHg] than model
2 (r?=0.15 compared tf = 0.11). In models 3 and 4, functionabgp was added to
models 1 and 2 as a categorical variable. Functional group was very highly significant
(p < 0.0001) for both modeknd accounted for a much larggrare of the variation
(r? = 0.47) than the other variables. Additionally, the mean safdtmctional group
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was one order of magnitude greater than the mean squares of the other significant
variables combined (month, model 3 and 4, and shoodgl 4, Tabld .2).

Comparison®f [MeHg] among functional groups showed that inedible
predatordad significantly greater [MeHg] than all the other functional groups,
including edible predators and detritivores, while grazers had the lowest [MeH(]
(Tukey HSD,p < 0.05). [MeHg] of invertebrates from the south shore of the lake
were greater than thof®m the north shore (ANOVAp < 0.05), consistent with the
reported larger Hg loadings to the southern section. Temporal differences between
years were insignificant but the differences among sampled months were highly
significant. Indeed, invertebratesllected in June exhibited greater [MeHg] than
those collected in the other months (Tukey HBR,0.05). Three distingiatternsof
[MeHg] monthly variations were observed among the main taxa collected in Lake St.
Pierre (Fig.1.2). The firstpatternwasa steady increase of [MeHg] during the season
(Zygoptera). The secomhtternwas an acute drop of [MeHg] in July followed by a
modest increase or decrease thereafter (Corixiie@plea Pulmonata). In the third

pattern there were nearly constant [MeHgler the sampling seasc@gmmarus

1.3.2 MeHg burden

Individual transfers of MeHg in foodebsin stationswvhereinedible predators
are present are summarized in Ai®, with an example of a hypothetical littoral
aquatic food web comprising thraephic levels. When expressed by the relative
functional groups contribution by station and month of sampling, MeHg burden
varied between 0 and 59 ng MeHg DW (Tabl®). Grazers had the greatest mean
MeHg burden (71% =6), followed by predators (10% #8dible predators (10% +4)
and detritivores (9% +4)f bnly stations and months with a presencaetlible
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predators were considerdte relative mean MeHg burdens of the functional groups
were 36% +12 for grazers, 36% £10 for inedible predators, 16%s4fFedators, and

12%=7 for detritivores.

1.4) DISCUSSION

1.4.1) Variations of [THg], [MeHg], and MeHg burdens

Functional group was the most important variable explaining differences in
[MeHg] in macroinvertebrates, despite the fact that Hg loadseasga orders of
magnitude greater in the southern section of Lake St Pierre than in thernanie
(Quémerais et al. 1999) and tlliigsolvedTHg concentrationsiere25% greater in
the south shore tributariesrapared to the rest of the lakégron and_ucotte,in
press. It has beembservedhat Hg loads from ibutaries may not mirror [Hgh
wateror sedimentsindeedthe importance of thepringice out and the shallowness
of the lake might benfavourabldgo Hg retention because sediments are gasil
resuspended during high water episodes and then flukvenstreamJackson (1993)
hypothesized that the inorganic Hg received by a system is not enough to explain
MeHg bioaccumulation in the food webs. Indeed Hg methylation rates at the base of
the foodweb (Desrosiers et al. 2006a) and/or numbbérophic levels (Cabana et al.
1994) appear as the most important facitoidetermining the pool of MeHg,
especially in the case bftoral macroinvertebrates which rely more on epiphytes

than on sediment®f their organic matter source

After functional group, the second most significant variable that contributed to

differences in [MeHgjvas the month at which samples were collected. Within the
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sampling period (May to September) of our study, covering ofdse icefree

season, the invertebrates collected in the first week of June had the greatest [MeHq].
This is surprising since in northern temperate latitudes higher Hg methylation rates
are usually measured in msdimmer (Ullrich et al. 200 Desrosier®t al. 2006a

However, [MeHg] in organisms may not mirror the peak of methylation rate because
spring floods could increase the releas&leHg in the water column from the
surrounding wetlands (St. Louis et al. 1994; Desrosiers et al. 200&ig,MeHg

may be available for the food webs at the beginning of thréeeseason. In addition,
the phenology of the insect larvae is another important feature that should be
considered in monthly [MeHq] differences. Indeed, the replacement of the over
winteringorganisms by the newly hatched generation may explain why [Hg] in
insects like Corixidae dieopleadecreased from Mayune to July and then

increased towards the end of gienmemwhile thelong-lived, large bodied predators

like Damselfly (Zygoptera) siwed a constant increase of [MeHghisincrease
couldresult from a longer ontogeny and the higher trophic positions of the preys
eaten by the older instars of Zygoptera. On the contrary, taxa that havévauprt
overlapping generations like the primp@onsumers amphipods or gastropods showed
modest changes in [MeHg]. But overall, in spite of differences in temporal and spatial
conditions, the greatest dissimilarities of [MeHg] and MeHg burdens took place

among functional groups.

In Lake St. PierrdMeHg]/[THg] were always high even at the grazer trophic
level (over 50%), and reached almost 100% in predators of both types (edible and
inedible). Among primary consumers, the more generalist feeders such as amphipods
had the highest ratios, probably base ofa substantiafeeding upon animal tissues
(Pennak 1953; Tate and Hershey 20@B).the contraryherbivorous taxa like snails
that scrap algae had a relatively lowevigHg)/[THg] ( @ 5 0 % ge)nElezated r a
[MeHg] and MeHg]/[THg] in macroinvertebrates living ithe macrophytebeds
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could be linked to the high Hg methibn rates observed in Lake Bterre
epiphytes Klamelinet al. 2004. It has been hypothesized timawly metlylated Hg

is most rapidly transferred in the foaabs Desrosiers et al. 200ba

The bottoraup increase of Hg between primary and secondary consumers is
consistent with the expected biomagnification of Hg as a function of trophic level
(Cabana et al. 199 butthis has beerarely demonstrated in littoral food webs
(Cleckner et al. 1998; Allen et al. 2005). These findings contradict some previous
studies like those of Parkman and Mei®9B) and Tremblay et al. (1996jat
showed greater [THg] in detntres than in predatoesidexplained these
discrepancies by the characsécs of the detritic materiaBamples of the latter
studies included a mixture of littoral and bottom dwelling macroinvertebrates of
boreal lakes. This habitat contrasts radicalith the lush macrophyte beds of Lake
St. Pierre where the community is dominated by scrapers and navdets. Given
that detritus hava poor nutritive valuajetritivores must ingest large quantities of
sediment material that is rich in inorganig.Hn contrast, the majority of
macroinvertebrates of Lake St Pierre feed on epiphytic dlggmiblished data.
Cremona, Université du Québec a Montyéaht have a higher nutritive value than

detritus and sustain Hgethylation

1.4.2 MeHg bioaccumudation in inedible predators

Among functional groups, inedible predegdad the greatest [MeHg] and
[MeHg]/[THg] of all macoinvertebrates. In some tax&)¢Hg]/[THg] were close to
100%;such high ratios have only been reportedsan piscivorous fist{Bloom
1992). In Lake St. Pierre [MeHqg] of inedible predators are indeed comparable to the
[Hg] of 400 mm walleye $ander vitreuditchil; Simoneau et al. 20Q05Previous



28

research conducted in two strikingly different systems, namely, the Canadian Boreal
lakes (Allen et al. 2005) and the wetlands in the Everglades (Cleckner et al. 1998)
have also found that Notonectidam (nedible predator) was the invertebrate taxon
most contaminated with MeH@Jthoughno accounthad been advanced to explain

the greatr [MeHg] in inedible predatorsye advance tharethe life span of the

inedible predators and their trophic stadwslikely factors explaining thgreagest

[MeHg] in inedible predatordVe can presume that organisms that receive little
predation pressa are more likely to reach their maximum life expectancy and thus
accumulate more Hg. Indeed, this has ba@eservedn insects not eaten by fish
because of their large size (Wong et al. 19Bé)thermorein ourstudyit is not only

the size that causgsedation avoidance but rather chemical defenses of the potential
prey. The high [MeHg] in some inedible macroinvertebrates could also be explained
by their fluid feeding mode. For example the heteropterans and some coleopterans are
piercerssuckers thaihgest only the soft tissues of their prey compared to other
predators that are cheweketergterans(excludingcorixids) inject enzymes into the
body of their prey to dissolve internal organs and suck the resulting body fluids. In
our study, minute (2 m) Neopleasp. feeding mainly upon the soft parts of
microinvertebrates also exhibited very high [MeHg] compared to larger bodied
Zygoptera, which usually prey on whole organisms. MeHg concentsadi@n

generally lower irtheexoskeletorof organisms conmgred to other body parts

(Boudou et al. 1991). In our samples, the [MeHg] in exuvia of macroinvertebrates
(Anisoptera, Gomphidae) was tésid smaller than those of whole posblt adult

body unpublished data, F. Cremona, Université du Québec a Mgniréal

importance of feeding mode for [MeHgas alsabservedn our studybetween the
larvae and the adults of Gyrinidae (whirligig beetles). Whirligig beetle larvae feed
exclusively on body fluids of their prey and had thrice greater [MeHg] than those of
the adults who are also predatory but chewers instead of fluid feeders. The fact that
adult Gyrinidae are able to prey on terrestrial invertebrates falling on the water

surface, and thus integrate terrestrial organic matter less contaminated in MeHg could
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also explain theirelatively low [MeHg] compared to larvae. A final explanation of

high [MeHq] of fluid-feeding inedible predators is that this feeding mode allows
invertebrates to handle and kill larger prey than engulfing predators and thus receive
MeHgfrom more contaminated, largbodied preys. Indeed, Dytiscidae larvae or
Belostomatidae are usually able to ingest prey items the same size or larger than
themselves (Peckarsky 1982; Tate and Hershey 2003).

1.4.3 Relative MeHg burdens of functional graups and implications for MeHg
transfer to fish

Woodward and Hildrew (2002) addressed the lack of a quantitgtiw®ach in
food web research, and their observation can alsgppked to studies on
contaminant biomagnification. Thus, MeHg burdens tat@account the importance
(in terms of biomass) of a given trophic level in the Hg transfer to the upper trophic
levels; this information cannot be obtained using solely MeHg concentrdtions.
Lake St. Pierre, grazers constituted four fifths of the bignaspublished data, F.
Cremona, Université du Québec a Montréal) but they only accounted frethiahe
to threequarters of the MeHg pool, contrasting with inedible predators that had ten
times less biomass boonstitutel one tenth of the MeHg podlhese trophic dead
ends thus limit during their lifetime the pool of MeHg that could be transferred to fish
by secondary consumers in the aquatic food web. It is not known if these insect
carcasses are edible by fish, but it can be hypothesized that as stefarsive
compounds decompose, nothing would prevent these organisms from entering the

food web via detritivores

The presence of inedible predators in a food web could explain some paradoxes
about Hg contamination in fish. Thisay bethe case in Lak8&t. Pierre where [Hg] in
walleye are consistently low#éan thoséoundin manyborealQuebedakes
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(Simoneau et al. 2005yhile those of invertebrates are equal or gre@memblay et

al. 1996) In the Simoneau et .g2009 studythe low [Hg] in fish wvith respect to

their preywasexplained by higher fish growth rates in Lake St. Pierre compared to
the other lakesHowever, the majority of the MeHg found in fish flesh comes from
their diet (Hall et al. 1997) and thus food web structure and food cimajthle

(Cabana et al. 1994) might also be import#¢. propose an alternative hypothesis to
explain lower that expectd#ig] in fish wheninedible predators are present. Tish
that feed more on littoral zorsdould relyon lower trophic levelgpreycompaed to
thosethatfeedin a milieu withoutinedible predatorsThe presence of trophiead
endsmay thus explain lower Hg concentrations in fish from eutrophic lakes in
general (Rudd and Turner 1983; Hanten et al. 1,388 in Lake St. Pierre in

particulr, because Ny eutrophic systems are shallow and usually have vegetated
beds on their littoral zones, which inedible predators fé@othemus 1996;

Bouchard 2004).

To ourknowledge, this study is the first to take into account inedibility of the
organsms in MeHgransfertin aquaticecosystemsWe have demonstrated thvetien
inedible consumerare present, theyavethe greatest MeHg concentratgin the
littoral zone. We also have showirat 10% of the macroinvertebrate Meplgpl is
sequestrated imedible organisms and thus hardly available to fish consumers. We
thus recommend a better characterization of the littoral invertebrate communities in
order to establish better predictive models of mertnanysfertin aquatic food webs,
especially in thdittoral zone and in wetlands. Indeed, if researchers do not take into
account inedibility in studies of Hgansfertin ecosystems, this could lead to an

overestimation of MeHg available to fish and impair the accuracy of these models.
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Compilation of the mean [Me#] and [THg] (ng Hdg™* DW * SE) in invertebrates
from Lake StPierre sampled in 2003 and 2004

Taxon Functionalgroug' [THg] N [MeHg] n
Annelida
Glossiphonidae P 91+11.91 23 41+17.56 6
Mollusca G
Prosobranchia 85175 58 40+£6.7 47
Pulmonata 81+5.44 110 37 £4.96 75
Arachnidia
Araneae P 282 1
Hydracarina P 134 +£13.46 18 55%30.46 2
Crustacea
Gammarus fasciatus G 60 £5.77 98 45+5.25 67
Hyalella azteca G 49 +18.06 10 38136 10
Asellussp. D 119+11.42 25 67 +12.97 11
Insecta
Ephemeroptera
Baetidae D 76 £13.12 19 79+19.23 5
Heptageniidae G 134 1 '
Odonata P
Coenagriorsp. 120+ 7.9 52 110+9.38 21
Libellula sp. 85 + 28.60 2 '
Aeschnidae 85.51£23.99 4 107.5+£525 2
Hetergtera
Belostomasp. IP 143+23.35 6 121 +24.83 3
Callicorixa sp. P 113 +£8.62 14 99 +9.86 19
Gerrissp. IP 176 2 '
Ranatrasp. IP 406 1 378 1
Notonectasp. IP 236 £20.19 6 242+16.25 7
Neopleasp. IP 162+11.91 23 150+ 11.93 13
Mesoveliidae IP 159+32.44 3 163+30.46 2

Trichoptera
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Taxon Functionalgroug [THg] N [MeHq] n
Hydroptilidae G 63 +21.23 2 '
Leptoceridae D 68 £ 20.18 8 37+19.36 6
Limnephilidae D 37 +32.44 3 '
Phryganeidae D 33 1

Lepidoptera
Pyralidae G 46 + 25.55 5

Coleoptera
Dytiscidae (Af IP 220+3298 3 1772483 3
Dytiscidae (L) IP 195+2856 4 ‘
Gyrinidae (A) IP 155+2159 3 39 1
Gyrinidae (L) IP 212+3298 4 148 1
Curculionidae G 82 1 '
Haliplidae (A) G 76 1
Hydrophilidae (L) P 79 1

Diptera
Odontomyia sp. D 79 £32.98 3 11 1
Chironominae D 81+8.81 42 61+11.10 15
Orthocladiinae G 73 +9.52 36 40+9.17 22
Tanypodinae P 36 1 '
Sciomyzidae P 113
Simuliidae D 30 + 32.98 3 33 1

Note: ' , no data available.

D = detritivore, G = grazer, IP = idible predator, P = predator.

bA = adult, L = larvae.
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Table 1.2
Test effect model of log ((MeHg] in dig* DW) in invertebrates with selected
caegorical explanatory variables

Sum of df Mean squarF ratio P r?
Model 1 0.15
Year 0.08 1 0.08 0.15 0.69
Month®>  15.21 4 3.80 7.35 0.0001
Statiorf  15.12 3 5.04 9.74 <0.0001
Model 2 0.11
Year 0.63 1 0.63 1.16 0.28
Month 15.70 4 3.92 7.26 <0.0001
Shord 6.04 1 6.04 11.18 0.0009
Model 3 0.47
Year 0.60 1 0.60 1.88 0.17
Month 14.85 4 3.71 11.46 <0.0001
Station 2.06 3 0.68 2.12 0.09
Func. 68.72 3 22.90 70.71 <0.0001
Model 4 0.47
Year 0.70 1 0.70 2.18 0.14
Month 15.21 4 3.80 11.77 <0.0001
Shore 1.72 1 1.72 5.32 0.02
Func. 77.45 3 25.82 79.91 <0.0001
42003, 2004

®May, June, July, August, September.

°ADF, BSF, GIR, MAS.

%horth, south.

®detritivore, grazer, predator, inedible predator.



35

Table 1.3
Methylmercury burden of eachrfational group and its relae contribution to the
total MeHg burden represented by nine Downing boxedglgg) for each sampling

effort
Det?® Gra® EPS [P Total % % Gra. %E.P. %I.P.
burdef  Detf
200307 BSF 0 0 455 695 1150 0 0 3956 60.44
GIR 0 2059 079 O 21.38 0 96.31 369 0
200308 ADF 0 5953 0 0 59.53 0 100 0 0
BSF 0 126  6.74 1203 20.03 0 6.29  33.65 60.05
GIR 0 2244 0 0 22.44 0 100 0 0
200309 ADF 0 640 0 0 6.40 0 100 0 0
BSF 012 1377 261 O 16.50 073 8344 1583 0
GIR 0 2867 0 0 28.67 0 100 0 0
MAS 0 2035 537 O 25.72 0 79.12 2088 O
200405 ADF 0 017 0 0 0.17 0 100 0 0
BSF 035 058 0 0 0.94 37.87 6213 0 0
MAS 291 186 0 291  7.67 37.88 2420 O 37.92
200406 ADF 0 295 0 0 2.95 0 100 0 0
BSF 0 352 091 051 493 0 71.27 1838 10.35
GIR 035 544 300 O 8.79 401 61.89 3410 O
MAS 1323 394 0 0 17.17 7703 2297 0 0
200407 ADF  0.60 2.06 255 0 5.20 11.44 3959 4897 O
BSF 005 324 022 613 9.65 056 3355 230 63.59
GIR 014 626 122 0 7.62 1.87 8218 1595 0
MAS 0 065 0 0.06 071 0 9136 0 8.64
200408 ADF 037 994 0 0 10.31 363 9637 0 0
BSF 193 2934 254 0 33.81 571 8679 750 O
GIR 045 3176 0 0 32.21 141 9859 0 0
MAS 012 225 0 0 2.37 496 9504 0 0
200409 BSF  30.59 20.39 12.44 6.83  70.24 4355 29.03 17.71 9.72
GIR 0 288 0 0 2.88 0 1000 0 0




Table 1.3
continued

®Detritivores.

bGrazers.

°Edible predators.

Ynedible predators.

Total burden = Det. + Gra. + E.P. + I.P.

"% Det. = (Det. / (Det. + Gra. + E.P. + |.P9100. See equatiof3).

36
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1.6) FIGURE CAPTIONS

Fig. 11: Mean MeHg (black columns) and THg (white columns) concentrations
(ng.g' DW +SE) of the four macroinvertebrate functional groups sampled in Lake St.
Pierre.

Fig. 1.2:Monthly means (x SE) of macroinvertebrate MeHg concaatra for the

two years of sampling. Only the dominant taxa found at least in four out of five
samples are shown. Functional groups are
&: inedible predators.

Fig. 1.3:Schematic representation of individd4éHg burdens (16ng Hg) and

[MeHg] (ng&y™ DW; italics and in brackets) in littoral macroinvertebrate potential

prey to fish. Lower row represents macroinvertebrate primary consumers; middle row
represents macroinvertebrate secondary consumers. Crimesecepresent inedible
organisms that are avoided by fish. Drawings represent from left to right: i) lower
row, Bithyniidae (Prosobranchia), Physidae (Pulmonata), Chironominae (Diptera),
and Gammaridae (Amphipoda); ii) middle row: Notonectidae (Hete@pter
Coenagrionidae (Odonata), and Dytiscidae (Coleoptera). Macroinvertebrates
drawings are modified from Bouchard (2004).
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Résumé:

1. L6obj eéudeétditdedéerminer tes seurces de matiere organique (MO)

et de méthylmercure (Mefjdesma cr oi nver t ®lon®emaledre au douce
primaires

2. Les rapports isotopiques dg@sCi8otopes s
des source&piphytes, macrophytes, matiéres particulaires en suspension eMPS)

des consommateunsvertébrédurent mesurédans un lac fluvial recouvert

dobassembl ages macrophytiqgues (®mergentes e
3. Pour déterminer lacontubt i on r el ati ve de chaque sourc
des macroinvertébrés nous avons utilisé le modele IsoSource qui examine toutes les
combinaisons possibles de solutions pour chaque source.

4. Les résultats montrent que les sources autochtones égdégiphytes et, dans une

moi ndre mesure, macrophytes) deent pr ®po
macroinvert ®br ®s, (sillet). Pl tatd doéjulesdi®dH ut de |
allochtones constituenine source de M@on négligeabl@our lesconsommadurs

primaires.

5La proportion doé®piphytes dans | 6ali ment a
positivememavec leur pourcentage de MeHgl néy avait m@mas de r el
proportion de MPS assimilée et la contamination au Hg des consommateurs

invertébrésCes r ®sul tats sugg rent que |l es ®piph
privilégiée pour le MeHg dans les réseaux trophiques littoraux.

Motscléessmacr oi nv er t ®bmo@ete IsdSheca, périphgtasatapes
stables, réseaux trophiqueséthylmercurezonelittorale.

Abstract:

1. Themainobjective of this studywasto assess sourcesraethylmercury (MeHg)
for freshwater littoral macroinvertebrates primary consumers.

2. Isotopic ratios of carbon and nitrogen stable isotaés, (ii*°N) of sources
(epiphytes, macrophytes, suspended particulate matter &)
macroinvertebratesonsumers wermeasued inafluvial lake with an extensive
macrophytes bexdemergent and subrgesd).

3. To determine the relative coifgution of eachfOM source tanacroinvertebrate
dietswe used the IsoSource modeht examines all possible combinations of
solutions for each source

4. Results show that autochttoars littoral sources (epiphytasd to a lesser extent,
macrophytes) are preponderant ia thet of macroinvertebrates, especiallgarly
summer (July)Later Augus), allochthonousSPM constitutea nornegligibleOM-
sourceto the prmary consumers

5. The proportion of epiphytes in macroinvertebrate diet was positively correlated
with thepercentagef MeHg in their tissuesThere was no relationship between SPM
assimilation and Hg contaminatiaonmacroinvertebrate consumer$iese results
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suggest that epiphytes constitute the privileged path of entiidblg in littoral food
webs.



2.1) INTRODUCTION

Riverwetland systems are characterized by complex food webs, which span
bothterrestrial and aquatic environments (Haines & Mgne, 1979). The
composition oforganic matter (OM) in rivewetland systems is determined by the
mixing of tarestrial, lacustrine, and riverine sources (Albuquerque & Mozeto, 1997;
Hedges et al., 1986). One of the most difficult problems in these systems is
identifying the major sources of OM available to aquatic consumers. Indeed, the great
temporal and spatiakariability in autochthonous production and allochthonous OM
in wetlands represents a major obstacle (Hedges et al., 1986). Furthermore, as
organisms seldom rely on a unique food source during their ontegelayplethora
of sourcesare potentially avadible toa consumer at the same time (Peterson, 1999).
For macroinvertebrate primary consumers in wetlands, thegeagrallythree
groups of food sources: epiphytic algae, macrophytes (mostly submerged and
emergent)andsugpended particulate matter (SPBummins, 1973; Lamberti &
Moore, 1984; Frost et al., 2002).

Determining the OM source of lower trophic levels in wetlands is essential
becaus wetlands are considered net exporbémsnvironmental pllutants like
mercury (Hg) to other systen(St. Lous et al., 199% In wetlands, inorganic Hg is
thought to be methylated by mieowganisms into methylmercury (MeHg) which is
biomagnified up to food web consumers (Cabana and Rasmussen, 1994; Sampaio da
Silva et al., 2005This methylated form of Hg, is abiquitous neurotoxic metal and a
concern for freshwater ecosystem health worldwide (Lucotte et al., 1999; Boening,
2000). Importantmacroinvertebrate OM sources like macropkgpgphytes systems
have been described msjor methylating site¢Cleckner etl., 1999 Guimaréaes et
al., 2000;Hamelin, Planas & Amyot, 2004Thus in order to tracéeHg

contamination in those systemsvibuld beusefulto determingDM sourceas well.
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In the lastfew decades, the use of stable isotopes in food web studies has
provided a timeantegrated methotbr assessag OM sources available t@onsumers
(Peterson & Fry, 198dunger& Planas, 19931994; Peterson, 1999; Hershey et al.,
2006). Until recentlymost studies used two stable isotopes and a tworemdbers
model b assesthe contributionof OM sources (Post 2002). Phillips (2001)
demonstrated thafor n isotopic signaturesf the number of sources is greater than
n+1,a unique solutiomstablishing proportions of each OM source cannot be
obtained This means thain studies using two stabisotopesignatures, the
maximum number of sources a given organism may feed on is fimeag
researchers to give preference to some sources and exclude others. This leads to an
underestimation of the widespread omnivorynwertebrates (Zah et al., 200and
would partially be responsibfer the pooling of sources in large categories that
correspond taotoctitheonogsiva dllactithonousgepelagic vs. littoral (e.qg.,
France, 1995) instead of elucidating tlatigular proportion of each sourcko deal
with themultiple potential food sources, Phillips & Cregg (2003) have proposed a
method that examines all possible combinations of solutions with a small increment
(<1a) for each sourwmenpulfley palogo adne nalmepe d
which gives the most probable fdercentages) solutions. Thapproachs relatively
new anchas not yet beeemployedextensively in aquatic food wehbut recent
studies indicated a good potential for food web pariitig(Benstead et al., 2006;
Herwig et al., 2007).

With this tool,we aimto assess the contribution of the different OM sources to
the diets ofvetland macroinvertebras and the relationship of diet partitioning with
MeHg accumulationWe considered thfollowing OM saurces in the studied
macrophytébeds: epiphytes (periphyton attached to submerged and emergent
macrophytes), macrophytes (submerged and emergeadi$PM.
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2.2) METHODS

2.21) Study site

Our study was conducted in a fluviklke of the & Lawrence River, Lake St
Pierre, located in SouthernQue ¢, Canada (46A0806N 072A3906W
thrive in the shallow (<6m) topography of the lake and cover 80#tesiurface area
of Lake St. Pierre (300 kinVis, Hudon & Carignan2003). Thedke presents three
distinct water masses of different origins: the brown waters of the north shore, rich in
dissolved organic carbon (DOC), are under the influence of the OttawaaRiver
otherCanadian Shield tributaries and differ remarkably from thuthsshore waters.
Tributaries fromthe south shore drain agricultural fields and carry tyrnidrient
rich waters. Betweetihese twowvater masses clear waters from the Great Lakes flow
through the artificially dredged (>11m) navigation chanpedyentingthe other two
water massesom mixing (Vis et al.,2003).

Sampling was carried obetween 0 and 1.5 oepth,at thesummer
macrophytes biomass peakJuly and in August 2004 at two statiomslake St
Pierre, Girodeau Island (GIRgar thenorth shoe and Baie St. Frgois (BSF) a the
south shore. Both sites were coveredubmerged and emergent aquatic
macrophytes. GIR macrophyte cover was constituted mos8gigbus fluviatilis
(Torr.) andPotamogeton perfoliatud..) in July andS. fluviatilisandElodea
canadensifich. in August while BSF was covered wilgpha angustifolid_. and
Myriophyllum spicatunt.. in July andT. angustifolisandCeratophyllum demersum

L. in August.
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2.2.2)Sampling of macroinvertebrate consumers

A modified Downing lox (Downing & Rigler, 1984)with an increased
capacity of 13 and a handheldquatic net were used $amplemacroinvertebrates
Invertebrates were separated from their host plants by vigorous shaking. Content was
sieved on a 500 eme ejtarasn df ikbeepdndhé wi tNha | Igaek e
laboratory, organisms weigentified and grouped together according to taxon
composition, determined in general to the family level (Pennak, 1953; Clarke, 1981;
Merrit & Cummins, 1996). When theumber of individua collected for a given
taxon was insufficient for the stable isotopes analysis organisms fromea high
taxonomical level were grouped togeth&ccording tosome recent studies (Kaehler
& Pakhomov, 2001Jardine et al., 2005) gut clearing only marginaijuences

consumer stable isotope ratitt®isorganisms were not gut cleared.

2.2.3) Sampling ofOM sources

Macrophyt es aBnedc aeupsiep hoyft edsi f'f e nces in nm
signatures (Peterson & Fry, 1987; Keough et al., 1998), all dominant submerged and
emergent macrophytes were sampled at each site. In the strata from the sarface to
depthof 60cm, 9 feld replicates of both macrophyte types ahtheir associated
epiphytes were sampled using 0.68 L-4r&mn boxes (Downing Rigler, 1984,
modified by C. Vis, Environment Canada, Burlington, Ontario). Once in the
laboratory, epiphytes were separated froatraphytes by mechanical shaking (9
min in a Red Devil® paint shaker, method previously tested for removing epiphytes
without destroying algal cells). Two aliqudtsld replicate of the epiphyte
suspension were filtered on pgrembusted and preeighted G-/C filters and then

kept frozen until analysis.
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S P M SPMin Lake St. Pierreepresentgn summera mixture of
allochthonous terrestrial detritus with a significant fraction of autochtonous matter
(Caron et al., in presdntegratedvater samples were lbected for SPM using an
electric pump equipped with a 2{uén filter followed by a 64um filter. The pre
filtered water was then treated by ultrafiltration using a Pellicon filter system by
Millipore® with a 0.45um Durapore® merrane Thisprocessoncentates 50 to
100 L of water into a volume oflL The ultrafiltered water was then transferted
four 250ml Nalgene® bottles and stored in a freezer until analysis. More details
about SPM collectioran be obtained in Rheault (2000).

2.2.4 |sotopes andHg analyses

Samples were frozen BB0°C, a preservation methattle susceptible to
alteration of sample isotope ratios (Pons&ardmlou, 1999). The macroinvertebrate
samples containdaetween 3 and 100 individualsa&ropods shells arabercula
whichare suscepti| e t o *@nhsigdaitufe yeraaanuallyremoved prior to
analysis. Samples were then freelzied for 24 hours and grounded manually with a
10% HCI rinsed glass rod. For the epiphytes, filters were dried in an ovetCat 40
until constantveightswere abieved Carbon to Nitrogen atomic ratio (C/N) which is
an indicator of nutritive value (lower is more nutritive) was measured in OM sources
by a CarleErba™ at the Geochemistry geodynamics Research Center (GEOTOP
UQAM-McGill).

Isotopic analyses were penfoed with anisotopic Resolution Microma&%
mass spectrometer. Isotopicat i os wer e expressed in parts
the sample and a reference material following thadard equations (Verardo
Froelich & Mclintyre,1990):
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(1) tllsc = [(13C/12Csamp|él3C/12Cstandara | 1] X 1000
2) TN = [(*°N/*Nsampid™N/**Nstandar) i 1] x 1000

For C this reference is Vienna Pee Dee Belemnite (VPDB) and fdri\
atmospheric nitrogen @) Repeated analyses of an internal stanffax8 for each
group of 2650 samples) resultiein typical precision of + 04 f &€ and+ 0.4
f oPN. U
Tot al Hg (THg) and met hyl mercury ( MeHg)
(1989) method modified by Pichet et al. (1999). Inorganic Hg was calculatbé by
difference between THg and MeHg concentrations in“hdrg weight (DW).

2.25) Data treatment

At eachstation(BSF, GIR)andfor each sampling month (Julugust), six
OM sources were considertmbeavailable to invertebrate consumers: subnerge
macrophytes, emergent macrophytes, epiphytes growing on submerged macrophytes,
epiphytes growing on emergent cnephytesandSPM The predicted isotopic value
for each combination was computed using IsoSource software (Phillips & Cregg,
2003). All posdile contributions of each source combinatior1 Q%) were
examined using specified small (1%) increments with a tolerance value starting at
0. 05a. I f mi xture 1 sotopes were outside th
membersthetolerance value wasince ment al |y i ncreased by 0.0
reported the range as the 1st to the 99th percentile of source contribution dissibution
as recommended by Phillips &&yg (2003). Relatively high mimium contributions

indicate significant sources.
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Weassumed 0. 44 f r a c'iCicanboreisotopesiper fraphic lavel for all

organi sms ( POBN\s,t ,we2 0a0p2p)!.i eFdo rMcliCut chan et al
of 2.2a for her bi vonemaigentand sytamergess ms ( f eedi ng
macrophytes and theirrespect e epi phytes). The mean 2. 3a
by McCutchan et al. (2003) for mixed diet organisms was applied tq &>8&ston

may contain vegetal material and miaganisms. At each station and for a given

month, the signatures of the primarpgucers sources were all significantly different

(Tukey HSD,p<0.05) with a few exceptions. At BSF, the signatures of the epiphytes

growing onM. spicatumandT. angustifoliain July were merged according to the a

priori aggregation method (PhilliptNewsane & Cregg2005) because they were not
significantly different (Tukey HSDp>0.05). We did the same for the epiphyte<on
demersunandT. angustifoliain August. Nonrsignificant differences (Tukey HSD,

p>0.05) were also observed for the signaturesehthcrophytd&. canadensiand of

its epiphytes at GIR station in August that case, given that herbivores generally

prefer epiphytes to underlyimgacrophytes, we only used the signature of the

epiphytes As recommended by Philipps & Cregg (2038) graphical representation,

mean as well as minimum and maximum prdipos for each source were used.

Sources wergrouped intdhreemajor categoriesepiphytes, macrophytesndSPM

Isotopic signatures and Hg concentratiohsrganisms between samplingpnths

and stations were compared with ANOM# Tukey Honestly Significant

Differences (HSD) tests when more thao groups werdeingcompared (SAS

Institute Inc, 1991). Relationships between organic matter source proportions and

other variables werealculated usingPearson paiwise correlations.
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2.3)RESULTS

2.31) C/N ratios and isotopic signatures of OM sources and primary consumers

OM sources C/N atomicratios varied among OM sourcategories.
Epiphytes presented the lowest ratios, SPMsarmnergedanacrophytes intermediate
ones,and emergent ntaophytes the highedEpiphyteC/N ratics varied from 8.5 for
epiphytes collected o&. fluviatilisat GIR in August to 14.8 for epiphytes dn
angustifoliaatthe BSF station in August (Tab?l). For macrophyteghe C/N ratio
varied between 30 and 129 for emergent plants, and between 11.5 and 27.7 for
submerged macrophytes. The C/N ratios of the SPM w@rgrised between 12.4
and 24 Temporal variations iC/N ratios were observed for aburces. For the two
emergent macrophyspedes and foepiphytes on emergeahd submerged
macrophytesC/N ratios increagkup to 4 times betweeiuly to August (Tabl@.1).
On the othehand,C/N ratios for SPM and submerged macrophgeseased
between Jw and August; howevehe macrophyte species collecteduly were not
the same ones foumd August.

At each station and for each month, carbon signatures provided a good
discrimination (at least2 a ;  E1) gmong aquec OM primary producer sources
Discrimi Mdtwas darr ofi€¢La) haBpiphyties
plants had a distinct signature in relation to their o4t f'dCrands2 & f or
WN) . Di f f er e'ifCofegiphyies samee an efergent and on
submerged plantswee ¢ o n s p i ‘dCuobepighytes Trdmeemergent host plants
wereatleast6a depl eted in relation to the
2.1c and2.1d).

n

em

epi ph
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The signatures of OM in Lake St. Pierre encompassed a wide range of isotopic
v al u¥setendddroughlyoves 2044 scale, with the most
occurring for the submerged macroph@tedemersunat BSF in Augusti(
31.3N0.44) and the most @lnlr.i3Xxah dTRbolre SPM a
21 b, c) >™Nvarledbetdteen¥ and 154, the | owest averag:é
emergent. fluviatilisat GIR in Augustwhile the highesaverage signature was
measuredn epiphytes growing o8. demersumatBSF i n Augus$tThe(12. 9NO
spati al d i*% signatuoes indicatatiat ®¥1 solirces were more depleted
in BSF than in GIR, particularlyin Augysthi | e t he rever'®Ne was ob
values. Temporal variations were® ound in
an &N shiftedbyi548 and 2. 33 r esndleyécdtand@ @l yni 61 RSF a
from July to August.

Primary consumers After correction for fractionation, enajority of taxa fell
within the polygns delineated by the OM sourmed members, suggesting that the
main OM sources have successfully been sampledct station and each month
(Fig. 2.1). Signatures of both isotopes differed less between macroinvertebrate taxa
than between t h'%siOidturesexiendedfoi@ 7TH& @ n
Prosobranchiatbtl 3. 64 i n Puheifinfat ama®doa& ti;m Badkti d:
in Pulmonata (Table.2), which corresponds to two trophic levels when employing a
222 . 3a f tioa pet tioghic Evel. Similarly t&M sources, the majority of
i nvertebrate taxa present at bD®andmorst ati ons
enr i c HN at BSFrrompared to GIRNOVA, Gammarus fasciatus July
p< 0. 05°%Cfpo0 . @O0 N; &.dasciatiisn Augustp< 0 . 0 0 0°C  fa o°’M; i
Prosobranchia in Augugk 0 . 0 0 ¥C,fi<dr. 0 0™N; Phlmanatalin August
p=0.15b r*Cip< 0 . 0 0 PN).fMonthly variations in N signatures were observed,
wi t'™N dincreasing fr onfClariédyittletAbOVApUGI ust whi | e
fasciatusat BSFp= 0 . 2 9°Cfpo ® . @ 5"°NfGofasciatusn GIR p=0.57 for
iC,p< 0. 01®°N¥ or
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2.32) Contributions of the different OM sources

There vas astrongvariability in the contributions of each OM sourie
consumer diefTable2.3). The majority of OM ininvertebrate distcame from
autochthonous matter (epiphytes and mpleytes) with aminorinfluence of
allochthonous mattdSPM). At BSF, epiphytes(July) and epiphytemacrophytes
(August)constituted the bulk dhe diet ofprimary consumeswith a minimum
contibution nevelower than52%. At GIR, the invertebrates shifted fraamixed
diet in July to a more epiphytesacrophytes oriented diet in August.

Taxonomic differences were generally unconspicsudVithin the Gastropoda
class, Pulmonata exhibited a more detritivore diet compared to Prosobranchia
individuals. Insects (Baiglae, Leptoceridae, Chironominae, and Orthocladiinae) were

generallya little more phytophageous than other classes.

2.33) Hg concentrations of invertebrates

THg concentrations ranged between 35 Hdp§V in Prosobranchia, to 191
ng.g* DW in BaetidagTable 22). MeHg concentrations were comprised between 25
ng.g* DW in Prosobranchia and 131 ng.BW in Amphipods. Theercentagef
MeHg relative to THg in primary consumers ranged from 32% in Baetidae in August
to 86% in somé&. fasciatusTHg and Meld concentrations were more elevated in
August than in July (test effect model followed by ANO\W&0.05), while they did
not differ between stations (ANOVA>0.05). The mean adjusted concentrations of
THg increased from 64+8 ng:dW in July to 89+7 ng.g DW in August while
MeHg concentrations onfypsefrom 45+4 to 56+4 ng:yDW during the same period
of time. Thus, MeHg/THg diminished in macroinvertebrates from July to August.
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2.34) Relationships betweerOM sources and Hg concentrations

There weresignificantrelationships between OBburce calculated from
IsoSourcenutputsand Hg concentrations in macroinvertgeprimary consumers
(Table 2.4. The proportiorof macophytes in the diet warrelated with THg
concentrations (Peansaorrelation oefficient = 0.72p<0.001) andMeHg
concentrationgbut with a lower correlation coefficient € 0.61, p<0.05). The
percentage of epiphyte contributitmthe consumer diet was correlajgakitively
with %MeHg ¢ = 0.58 p<0.05) and negatively with THg €7 0.61, p<0.05) No
relationship was found between Hg concentrationsimary consumers and SPM
assmilateqp>0.05).

2.4)DISCUSSION

2.41) Contribution of the OM sources to macroinvertebrate diet

In contrast to the studyy Herwig et al. (2007)@nducted in the floodplain of
the Mississippi Riverthe majority of consumessgnatures in the St. Lawrence River
fell within the mixing polygon defined by the potential OM sources. Among the OM
sources considered, epiphytes and macropmytetethe gregest contributionso the
diets of Lake St. Pierre macroinvertebrgiémary consumers. SPEIsoconstituteca
non negligiblefood source, althougmostly in August when SPM was enriched in N
(lower C/N ratio).
The IsoSource model output data indicateat there is a considerable variatiarthe
contribution of each source for a giviexxon, often from 0 to 50% or more. This
large range in contributions is due to the array of possible solutions calculated by the

IsoSource model (Phillip& Cregg, 2003)At some stationdor instance aBSF in
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July, the range is narrowgas indicated by the clustering of primary consumers in
one corner of thenixing polygon. On the other hanat GIR in August, the

signatures of the consumers are roughly equidigtamt several organic matter
sources. In this latter case, additional informaisoneededo discrimirate among

food provenance&nowledge of the consumer organic matter preferences as well as
of thepalatabiliy of the sources could perminharrowng of the range of possible
solutions given by th IsoSource model. Most taxaliforal macroinvertebrate

primary consumesin our study are maiyopportunistic feeders (Clarke, 1981;
Jacobsen & Sandensen, 1995; Merrit & Cummins996; Tate & Hershey, 2003).
These organisms have faityspecialized mouth parts, suchtlas chewing

mandibles of amphipods, chironomids, mayfliesjdisflies, or the radae of
gastropods that can collect detritus, algadegeriphytic biofilm andnacrophyte
tissue (Clarke, 181; Carlsson & Brénmark, 2006). Thukey could potentially feed

on any of the food sources if their nutritional quality waslar.

The C/N ratios are indicators of the nutritional quality of the food sources (Tuchman
et al., 2003). Their large variatidgange thus illustrates the considerable differences
in edibility of the various OM sources available and could influesetective feeding

by primary consumex For examplgthe C/N ratio of decaying. angustifoliaat BSF

in August was 13, nearly tenitnes the ratio foepiphytes growing on this

macrophyte species. Herbivores are thus very unlikely to use this OM source once
theyhavescraped the epiphyte film covering it.ddroinvertebrate herbivores usually
assimilatehe food sourcaith greater nutent content when different sources are
available (Rincén & Martinez, 2006). On the other hand, when the C/N ratios of
macrophytes and epithytes are very close to each other, macroinvertebrates might
potentially assimilatbothOM sourcesndiscriminately.This was probably the case
for example, foiIC. demersumepiphytes, and SPM that had similar C/N ratios (11.5,
9.4, and 12.4 respectively) in August at BSF. ThusicN particulate matter could

also constitute a substantial trophic supparimacroinvetebrates. As suggested by

three indicators of invertebrate feeding preferenea( 1 °C ta M of the OM
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sources and of the consumers, (2) output data from IsoSource, and (3) nutritional
quality of the sources as indicated by C/N ratios, macrdiebetes at BSF appeared
to switch from an epiphyte diet in July to a mix of epiphytes, submerged macrophytes
and SPM in August.

At GIR, however, OM preferences could not be as clearly establi€iiddatio
rankingsof the sources (epiphytes < SPM < i#iged macrophytes < emergent
macrophytes) were to some extent similar to what had desameed at BSF. In spite
of C/N ratios indicating thatost plants were slightly less nutritive than the overlying
epiphytes (C/N =10.9 for the epipieg and 16.2 fathe plant) invertebrates mawave
includedE. canadensis their diet. At GIR in August, the macroinvertebrate
herbivores may also have ingested. fluviatilis(C/N ratio = 71) as a trophic support
despite its high C/N te. If this plant is not consided in the diet, no other OM
source could explaithe (**C signaturedelowi 1 9 dound in consumers at this
station in August.

The contribution of macrophytes tquatic herbivorous invertebratiets seens
surprising sincehey aregenerallyconsideredittle nutritive comparedo algae

(Kitting, Fry & Morgan,1984; Bronmark, 1989; Suren & Lake, 1989). But several
studies report invertebrates grazing upon live (Sheldon, 1987; Jacobsen-& Sand
Jensen, 1995; Elger & Willby, 2003; Elger & Lemoine, 2005; Carlsson & Brénmark,
2006) and decaying (James et al., 20@fuatic vascular plants. Carlsson &
Bronmark (2006) observed individualstbe herbivorous snaiPomacea
canaliculatagrazing on the soft part§ macrophytes from the insideit after laving
penetrated in the plant véadecaying spot in the fibroustmle. At our sampling sites
we observed the same behaviouamphipods and some chironomid taXhese
organisms derive protection from predators and decreased competition with other
herbivores for food iexchange for a less nutritive, but plentiful Gigurce (Merrit

& Cummins, 1996). This tradeff maybe moe common in late summetgus)
whencompetition for foods high since grazer populatioae very well established

and the amount of periphytic algae is reduced by overgrazing (Cattaneo, 1983).
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Terrestrial OM inputs, illustratgolartly in our study by SPMignaturgCaron et al.,

in pres$, represented smallertrophic support fomacroinvertebrate primary
consumers in Lake St. Pierre. This is in agreement wigicent study by Clapcott &
Bunn(2003) whichreported low contribution of {plants to aquatic food webs,
despite their widespread disution and production, asay be the case for corn
within the Lake St. Pierre watershed. This finding implies that the invertebrate food
web in Lake & Pierre mostly depends on autochthonous OM. Nevertheless,
differencesn U*N ratios between the south (BSF) and north (GIR) shore stations
indicated thaterrestrialinputsdid influence the wetland. Organisms from the south
shore tended to have a high&Ni signaturenot because of their consumptiof
terrestrial detritus but becausetioé probable uptake of terrestrigi\ enriched,
inorganic N by primary producg This isotopic signahenappearso be propagated
through the entire lake food WwéChapter Ill;Anderson & Cabana, 2005).

2.42) Links between Hg concentrations andDM sources

The IsoSource model has been employed in some food web studies (Hall
Aspland Hall & Rogers 2005; Benstead et al., 2006; Gerardo Herrera et al., 2006;
Herwig et al., 2007), but npreviously published work hasnployed this mixing
model toapproactthe issuef contaminahtransfer in food webdn our studywe
found a correlation between the mean contributions of some OM sources and the
concentrations of Fig and MeHg in consumers. Epiphytic biofilms seem to be an
important source of MeHg for madnoertebrate herbivores asdicated by the
positive relationship between the MeHg/THg ratio andpireentagef epiphytes
consumed by macroinvertebrates. Tleistionship, suggests that the MeHg in
invertebrates comes mostly from epiphytes. In Lake St. Pierre, Hg results tend to

demonstrate that macrophytastain very low concentrations of both inorganic and
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methylated mercury forms compared pphytes (S. ldmelin, Université du Québec

a Montral unpublished data). Inorganic Hg concentrations in macroinvertebrate
herbivores represent a Igeercentagef the THg (Cremona et ak004). Hg transfer

in littoral primary consumers seems to be only marginaiked to macrophyte
consumption andhore dependent on the fluctuations of methylation rates in
epiphytesin fact, high methylation rates have been observed in epiphytes (Cleckner
et al., 1999; Mauro et al., 2004). The newly generated MeHg could then beyquickl
transferredo higher trophic levels dsas been experimentallymenstrated by
Branfireun et al(2005). Our findings support the growing corpus of evidemdhe
importance of an epiphy®ediated transfer of MeHg in freshwater systems.

Some studiebave found thathen at ur al a BN praved todea raidble U
tool for predictingthe transfer oHg concentrations in pelagic and benthic food webs
(Cabana & Rasmussen, 1994, 1996; Allen et al., 2005). These models did not seem to
apply to predict Hg concentratiomsmacroinvertebrates from wetlands. In our study,
0N variability reflectedOM source choice of herbivores in the IsoSoumiging
polygonmorethanit did prey-predator relationships. In other worttse "N signal

of primary consumers represents tlagiability of the foodwb fAbasel i neo for
isotope studies of food webs as has alrdzey reported (Vander ZandeGabana &
Rasmusseri,997; Post, 2002 hereforewhen only primary consumers are
considered Nisignaturesiremore indicator®f the source of OM than of the
trophic | evel wa Whe o mhiN esadvediniensionaltOM

source indicator in the IsoSource mixing model, significant relationships were
observed between Hg contaminat{dmg, MeHg,MeHg/THg) and theoutput

variables from the IsoSource model.
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2.5) CONCLUSION

Our resultsstress the significance of epiphytes as the point of entry for MeHg
contamination in the aquatic food weimd macroinvertebrates vectors of MeHg
transfer to organisms higher trophidevelssuch agiscivorous fish, and eventually
to human consumers. We halemonstrate that invertebrate primary consumers in
Lake St. Pierre marshes rely mostly on autochthonous OM sources, especially
epiphytesand to a lesser extent, aquatic macroptyMacroinvertebrates were
nevertheless able to assimilate suspended particulate matter or even decaying
macrophytes when epiphytes were less abundant. These findings are in agreement
with a growing number of studiesaognizing the importance of littorafganic
matter insustaining freshwatdood webs (Vadeboncoeurfander Zanden & Lodge,
2002; Bertolo et al., 2005; Hershey et al., 2006; Vander Zanden et al., R086).
broader perspective, this study is linked to previous research emphasizing the
importance of wetlands as privileged sites for MeHg production and trophic transfer
in ecosystems. Our findings could eventually contribute to the debatettand
restoration and maintenance, particularly in a place like Lake St. Pierre which
provided morehanhalf of the 100Qons of fish commercift harvestedn Québec
fresh watersén 2004
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Table 2.1
Mean +SE ofi™*C andi*N signatures as well as C/N atomic ratio®ajanic matter
sourcesat Baie St. Francois (BSEndGirodeau IslandGIR) in summer

Organic matter@urces UC (& uUN (in CIN n
Macrophytes
T. angustifolia(BSF, July) -27.7£0.4 5804 3 299 1
T. angustifolia(BSF, August) -27.410.4 6.5%1 2 1294 1
M. spicatum(BSF, July) -20.7+05 7.4+04 2 277 1
C. demersuntBSF, August) -31.3t0.4 125+x1 2 115 1
S.fluviatilis (GIR, July) -22+0.3 6.9+0.1 3 46.3 1
S.fluviatilis (GIR, August) -28+0.1 45+0.3 2 716 1
P. perfoliatus(GIR, July) -15.3+06 6.720.1 3 23.6 1
E. CanadensigGIR, August) -14.7¢0.1 7.720.3 2 16.2 1
Epiphytes growing on:
T. angustifolia(BSF, July) -24.8+0.2 9.8#0.1 18 9.8+0.1 18
T. angustifolia(BSF, August) -28+0.2 12.2+06 6 14.8#05 5
M. spicatum(BSF, July) -24.1+0.3 9.8403 6 7.4+0.2 6
C. demersuniBSF, August) -27.5£0.2 12.9+0.6 6 9.4+04 6
S. fluviatilis(GIR, July) -27.6x1.1 5.4+0.3 36 8.5+0.3 18
S. fluviatlis (GIR, August) -19.6£0.5 10.7+0.2 6 9.2+0.2 6
P. perfoliatugGIR, July) -16.5+1.1 8.1+0.3 12 9.6x04 6
E. Canadensi¢GIR, August) -12.740.5 10.2+0.2 6 10.9+0.2 6
SPM (BSF, July)* -17.7 4.6 1 2391404 3
SPM(BSF, August* -23.9 7.1 1 12.4+04 3
SPM(GIR, Julyy -11.3 4.8 1 17.742.8 3
SPM(GIR, Augus)* -15.2 6.9 1 12.4+0.3 3

Note: * samples collected in 2003.



Table 2.2
Average +SE of*Candi™™N s i g n at utataband nGethyimegcyry,
concentrations ([THg], [MeHg] ing.g* DW) of macroinvertebrate primary
consumers aBSF and GIR in July and August

Macroinvertebrate taxon uc ueN [THg] [MeHg] n
Baetidae (BSF, July) -25.6 10.5 46 28 1
Baetidae (GIR, July) -18.2 7.9 45 31 1
Baetidae (GIR, August) -23.3 6.9 191 61 1
ChironominagBSF, July) -24.5 104 60 45 1
Chironominae (GIR, August) 19.5+0.4 8.4+0.6 77.5t11.5 55%18 2
Orthocladiinae (BSF, July) -22.5+0.3 10.5+0.2 39.3+1.6 28.3x1.2 3
G. fasciatugBSF, July) -24.7+0.7 10.6+0.1 58+3 49+1 2
G. fasciatugBSF, August)  -26+0.2 11.4+0.1 62.5+9.2 47.5+3.3 4
G. fasciatugGIR, July) -20£0.3 7+0.1 60+3.7 51.7+4.7 4
G. fasciatu§GIR, August) -19.6+0.6 7.6+0.1 75.4+8.9 64.68.1 7
H. azteca BSF, July) -23.8+0.1 10.6+0.1 46%4.7 38+4 3
Amphipoda (GIR, August)  -22.6 7.6 181 131 1
Prosobranchia (BSF, July)  -27 9.7 88 50 1
Prosobranchia (BSF, August -27.1+0.4 11.2+0.2 111.946.7 53.7+46 8
Prosobranchia (GIR, August -17.5+0.6 9.1+0.1 34.7+16.2 25%8 2
Pulmonata (BSF, August) -25.1+1  12+0.3 74.31£14.9 32.7459 2
Pulmonata (GIR, July) -13.6+0.1 7.4+0.1 51.5%4.5 2247 2
Pulmonata (GIR, August) -18.9+2.1 7.9+0.1 9142 64+4 2

1

Leptoceridae (GIR, August) -19.5 8.6 39 32




Table 2.3

Rangeof organic matter soura®ntributionsfor macroinvertebrate
consumergin %) using the IsoSourceiring model

(mean value in brackets)

OM source

Epiphytes Macrophytes  SPM
BSF July
Baetidae ns ns Ns
Chironominae  61-62 (61.5) 30-32 (31) 7-8 (7.5)
G. fasciatus 60-67 (63.5) 27-41 (34) 0-6 (2.5)
H. azteca 53-69 (61.6) 17-47 (31.7) 0-14 (6.7)
Orthocladiinae  41-70 (56.1) 3-59 (30.8) 0-27 (13.1)
Prosobranchia ns ns Ns
GIR July
Baetidae 0-75 (24) 21-60 (38.6) 26-44 (37.5)
G. fasciatus ns ns Ns
Pulmonata 0-31 (9.7) 6-23 (13.9) 72-80 (76.5)
BSF August
G. fasciatus 6-42 (24.5) 0-58 (27.6) 32-63 (47.9)
Prosobranchia  0-42 (21.7) 24-95 (58.7) 1-39 (19.6)
Pulmonata 46 0 54
GIR August
Amphipoda 0-44 (21.6) 52-64 (58.5) 12-28 (20)
Baetidae 0-6 (2.4) 64-66 (65.1) 31-34 (32.5)
Chironominae  0-89 (43.5) 20-44 (32.2) 8-40 (244)
G. fasciatus 0-43 (20.8) 28-40 (34.3) 37-53 (44.9)
Prosobranchia  2-100 (60) 0-32 (15.5) 0-45 (24.5)
Pulmonata 0-60 (29) 20-36 (28.2) 32-53 (42.8)
Leptoceridae 0-99 (49.1) 1845 (32.2) 1-37 (18.7)

Nns: no solution

69
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Table 24

Pearson paiwise carelations of percentage of food soumantributions i %)
and different forms of Hgoncentrations (in ng‘.]gDW) of macroinvertebrate
primary consumers in Lake St. Pierre
Significant correlations are presented in bold characters

Row THg MeHg MeHg/THg Epiphytes Macrophytes SPM
THg 1
0.78
MeHg (0.0001) 1
-047 0.09
MeHg/THg (0.0424  (0.72) 1
-0.61 -0.35 0.58
Epiphytes (00124  (0.18 (0.0178 1
0.72 061 -0.13 -043
Macrophytes (0.0017 (0.01149 (0.63) (0.09 1
0.02 -0.16 -048 -0.65 -040
SPM (095 (055 (0.058 (0.006 (012159 1
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2.7) FIGURE CAPTIONS

Fig. 2.1a: Mean + SE of stable isotoggios (i**N vs.i**C) of OM sources (squares)

and macroinvertebrate primary consumergcles) from Lake St. Pierre BSF station

inJuy 2004. Source ratiog®CarandorRectiedepypt
macrophytes) o tiNbecaudednf fracBdpadddotledlines

represent mixing polygon limits.

Fig. 2.1b: Mean + SE of stable isotope rati@8N vs. i**C) of OM urces (squares)

and macroinvertebrate primary consumers (circles) from Lake St. Pierre BSF station

in August 2004. Source ridQ,i oasndar+e2 .c208r rect e
(epi phytes, macr op h¥°N besause offractioatioBatted( SP M) f o
lines represent mixing polygon limits.

Fig. 2.1c: Mean + SE of stable isotope rati@’sN vs. i**C) of OM sources (squares)

and macroinvertebrate primary consumers (circles) from Lake St. Pierre GIR station

in July 2004. Source ratios are corrected byt+®. fi'eCr, and +2.2& (epi pl
macrophytes) o mNbeaulednffracBdpailgDottedlines

represent mixing polygon limits.

Fig. 2.1d: Mean + SE of stable isotope rati@’SN vs. ii"*C) of OM sources (squares)

and macroinvertebrate prary consumers (circles) from Lake St. Pierre GIR station

in August 2004. Source ridQ,i oasndar+e2 .c208r rect e
(epi phytes, macr op h¥°N besause offractioatioBatted( SP M) f o
lines represent mixing polygon limits.
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RésuméL 6 e nr i c h iUSNsdanms Enréseaaxrtrophiques de la Zitteeale est
encore malconnmal gr ® | 6i mportandandes emadil aixndé ®1

lacustreNous avonsvouldé er mi ner | 6i nfl uence du groupe
collecteur, fragmenteur, omnivore, prédateur, préddtéaratophage, piquesuceur)
et des variables stiot e mpor el l es (ann®e, mois, statior

s i g n atINrdes mdceoinviertébrés littorauXous avons échantillonné deux

années de suite durant la période libre de glace les macroinvelitfdarasx

phytophiles du lac St Pierrengrand lac fluvial du fleuve St Laurent, Québec,

CanadaL e s a n a [Py moatsent due la station est le facteur le plus important

pour expliquerlar ar i at’iNon sdii vii e du mois doé®chantill
fonctionnel.Les organismes échamihnés sur la rive sud, soumises a de forts

apports de mati re organiqgue et de fertildi
v a | e u'PNsplusiétevéds que ceux prélevés sur la rive nord dont le bassin versant

draine la forét boréale poussant RuBouclier Canadiel. 6 enr i chi ssement de

brouteurs aux prédateuttaitde 1.&, ce qui aeaxt 3i. Afa®mi®a®Wr al e m
admis. Les fragment e u'Ndesplus@assesators queles es v al
prédateursiématophages ont les plus élevéesL a s i g des inveréébrébe
augmetéme nsuel | ement daugaeantation tda@te® ,3 dp adwer man e
septembre. Il est donc recommandé de prendre en compte la station, le mois, et le
groupe fonctionnel dess osrigamitdesess ldeer si d o a

macroinvertébréafin decaractérisecorrectement leg2seaux trophiques littoraux

Key words: macroinvertébrés, réseaux trophiguamelittorale, isotopesstables.

Abstract: TheU**N enrichment in littoral food webs is naell-known despite the
importance of macroinvertebrates in lacustrine energy flikeswvanted to assess
the influence of functional group (grazer, collector, shredder, predator, predator
hematophagougredatorsucker) and spatiotemporal variables (ye@onth, station

of sampling on littoral macroinvertebrai&°N signaturs. For two years, during the
ice-free periodphytophilous littoral macroinvertebrates were sampled in Lake St.
Pierre, a large fluvial lake of the St. Lawrence River, Quebec, Caifdaaralyses
have shown that station w#he most importe factor for explaining™N variation,
followed by sampling month and functional group. The organisms sampled on the
south &ore, which is influenced by heavy inputs of agricultural organic matter and
fertilizers exhibited higheii*>N valuers than thossampled on theorth sore which
watershed is mostly constituted Gpnadian Shield boreal fore§&razefto-predator
enrichmenvaluedl.6a ,whichisi nf er i or t o ytadmittedhfoddda gener al
web research. Shredders exhibited the lowest valuesand predators
hematophagous the highest onéa\ signature of invertebrates increased monthly
during summer, with an amplitude ®fa between May and Sewhber. We
recommend better taking into account station, month and functional gréutprie
researctaboutlittoral food websandi*>N signature analyses.



3.1) INTRODUCTION

Stable isotopes are increasingly being used in food webs s{@lmset al.,
2005; Walter et al., 2006They are considered steady, timeegrated tool$or
takinginto accountffective assimilation of dietary items in organisfRsst, 2002).
This is especially truezhen they areompared to traditional mettis like stomach or
gut contentshat only provide a snapshot of tteeding habit®f anorganism(Hart
& Lovvorn, 2002 Schindler, 2002)Stable N isotope signatu(eiN) in particularis
used to position the trophic level of an organism or a group of organisargivanof
food web Minagawa & Wada, 19847ander Zanden &asmusser2001). Higher
trophic levels exhibih i g H>M valugswith respect tdower consurers or
producers, with a typicahcreaseof 3 . 4 a trgphacrlevel (Vander Zanden &
Rasmussen, 2001; Post, 2002). This approach has been successfully festzsgic
foodweb studies including a large variety of organisrasgingfrom primary
producerdo top-end consumersrpshioka et al., 1994U™N signaturds even
extensively used as tracer of biomagnifying persigtelititants like PCB or
methylmercury in aquatic pelagic food webs, with the highest trophic lalssls
being the most contaminatédabana &Rasmussen, 1994

However,not muchi sk n o whN traghio entichment into the aquatic
littoral food webs. This lack of knowledge may be caused by an historical bias in
favour of researches conducted in pelagic systems compared to littoral and benthic
ones (Vadeboncoeur et al., 2002)eMajors t u d i ‘@Nsn madroinertebrate
food webs have beeao farmostly focussed on strednmenthos (Zah et al., 2001;
Anderson & Cabana, 2005) or soil invertebrates (Ponsard & Arditi, 2000).
Nevertheless, a better knowledge about littoral macrdiebeate food webs is
important for wholdake studiesbecause it has been estimated that littoral production
might be equal or greater than pelagic production, and that fish are predominantly
supported by benthic secondary production (Vadeboncoeur 2002; Vander
Zanden et al2006).
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Consequently, i t t | e i nf ON diffaréencesinlittardd o ut U
macroinvertebrate trophic levels is available. Nevertheless, the diversity of
macroinvertebrate feeding groups is especially great in the vegetated littoral zone of
lakes and in wetlands that host thesnnumerous invertebrate taxa and thus
numerous niches (Minshall, 1984; Strayer 1985; &ypowning,1988),from
grazers and detritivores top fisheating predators like giant water bu@darke,

1981; Merrit & Cummins, 1996)Still within a given tropkc level, rerbivores for

example can host functional groups ld@apers that eat periphyton, shredders that
feed on coarse particulate matter, and collectors who generally prefer fine particulate
matteror planktonic algaéCummins, 1973; Vannote et &980; Cattaneo, 1983)

and thus may not beonsidered together as a unique baseline (i.e. primary consumer)
signatire of the food web

In addition even within a givefunctional groupinvertebrates regroup an
array of very dissimilar ingestion modes fremgulfers swallowing their whole prey
to fluid-feeders such as the predatory Dytlse (Coleoptera) larvae and Hetetera
exclusively eating preigested internal soft pawf organisms (Polhemu4996). This
variety of digestive modes could lead to wngant consequences regarding the N
transfer and th&N fractionation in invertebrate food webs (McCutchan et al., 2003).

There are factors other than feeding modes that could lead to different N
isotopic signals. Differences in the origin ofldadings fom watershedmfluence
0N signature of food webs (Anders&nCabana, 2005, 200D Brabadere et al.,

2007). Manure and ferti Nwhiesewége watercar ops ar
be depleted (Van Dover et al., 1992; DeBr&yRasmussen, 2002) or enriched
(levi tt et al., 2006). The s signmweaethasmena coul

underrating tPNeariabilitp amortg mvedebrates fin fodd web
studiesandleadng to erors in positioning organisms
The purpose of the present study is teeasshe influence of functional feeding

gr oup ONnsigrataresn macroinvertebrate littoral food wetmking in account
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theprovenancef N-organic matter. More specifically, we focus on invertebrates
dwelling in littoral beds of aquatic macrophytes

3.2)MATERIAL SAND METHODS

3.2.1)Study site

Ourstudy was carried out in a fluvial lake of the St. Lawrence River, Lake St.
Pierre located downstream Montréal, in Southern Québec, Cartaddakeis
shallow (mean depth <4m} extensively coveredith macrophyte bed®0% of the
Lake areaVis et al., 2003) and represe@b% of the St. Lawence marshes (Jean et
al., 2000. Major macrophyte species includdgimphea tuberosBaine Vallisneria
americanaMichx., Potamogetorspp. andScirpus fluviatils (Torr.). The center of the
lake is dredged to allow commercial boat transportation from the Great Lakes to the
Atlantic Ocean. The combined effedf the St. Lawrenceé&Seaway and water velocity
prevent mixing of the water masses which originate frometinain inflows. On the
north part of the lake, the water rich in coloured dissolved organic matter comes from
the Ottawa River antheforested Canadian Shield tributaries. In ¢tleatral part
flows clear water from the Great Lakes. In the southern p#nedakethe water
drains low lands devoted to intensive agricultuesulting in heavy loadsf manure,
fertilizers, and organic matter the tributariesValues of nutrient loadings and
concentrations in Lake St. Pierre can be found in Vis e2@06]. We selected four
sites located on both shores: on tiseth $1ore, Girodeau Island (G)Rind
Maskinongé (MAS), on theouth iore, Ansedu-Fort (ADF), and Baie St. Frangois
(BSF) a wetland poorly connected to the main flow of the lake 8.

3.22) Sampling of invertebrates
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Sampling was conducted 2003 and 2004t the four sitesn a monthly basis;
from early July taSeptembem the first yeaandfrom earlyMay to Septembg(for
the latter montlonly GIR and BSF were sampleid the secondsar We sampled
invertebrates living iimonospecificstandsof the following speciesCeratophyllum
demersuni.., Elodea canadensiich.,N. tuberosaPaine Potamogeton pectinatus
L., P. richardsonii(A. Bennett) P. perfoliatus L., Sagittaria latifoliaWilld., S.
fluviatilis, Typha angustifolid.., andV. americana

Two types of saplers were used: an enlarged ()3®owning box (Downing
and Rigler, 1984) and an aquatic hand ke two samplers are complementary
since the net permits to catch easilstfaoving insectsvhile picking up small
invertebrates attached to plants like midge larvae (Chironomidae) is easier with the
box. Tensamples were collected per statlmtweerthe surface to 5m deep9
sampleswith the Downing box and 1 with the handt. Invertebrates were separated
from plants with vigorous shakingnd predators weortedfrom non predators
immediately after sampling The content of each hit was

net

3.2.3)Sample preparation and stable isotope analgs

Because of the gregtiantity of individuals, sampled invertebrates were not
identified on the field but stored ina@olerprior to identification in the laboratory.
Methods of gut clearance have recently been questioned (Jardine et al., 2005).
Furthemore, overnight confinement to facilitate gut clearance can have potential
adverse effect on isotope ratios of consumers (Kaehler & Pakhomov, 2001); we thus
decided not to allow gut clearance of organisms colledteereafter, organismsere
kept frozen 8-80°C to nullify the effects of preservation on isotopic signature
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(Ponsard & Amlou, 1999). Invertebrates were identified usually to the family or
genus (Merrit& Cummins, 1996 for insect€larke, 1981 for gastropods, and

Pennak, 1953 for other macroartebrates)Shells of gastropods were removed
manually with stainless steel tweezers covered with Teflon. The organisms
comprising a unique taxaomere then countednd sortedn pre-cleanedvials (first

rinsed with 10% HCI and then thrice with Nanopureesjainvertebrates were
freezedried, and then ground with an aakbaredglass rod directly in the vial. For
nitrogen stable isotope analysis, samples from vials were weiigittetin cups prior

to combustion in a Carlo Erba C/N analyzer NA 1500 s&jesnnected to an

Isoprim Mass Spectrometer (M@cma s s ) . | sotopic results

notation where:

0N = [(RsampléRreferenca'l] x1000(1)

ar

expressed in units 2N e&/erardoietlal, 1090) an d

Reference materials were secondary standard (N1) of known netiatibe

international standard of atmospherig(NO . 4 3 & Vv . edanalyspsofaRe pe a't
internal standard (n=3 for each group ofMsamples) resulted in typical precision

of N 0.2 a.

3.2.4)Data treatment

Taxa were classified accordingttee following feeding functional group
(Pennak1953 Merrit & Cummins 1996) grazerssaapinglive algae and epiphytgs
shreddersf pieces of detrits or plant material; collectors stispended material or
fine particles; omnivorosiconsumers relying oa mix ofanimal and vegetalems;

predators of other invertebrates; predasuskerssucking other invertebrateody

w |
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fluids after having disgved them, and finallpematophaguspredators thasuck
their blood/hemolymph

We wsed JMP 5.(@or the statistical angses. Since many taxeere not found
either at all periods of time or at all the stations, we used a single linear model with
factorial test effect for data analysis. Adjusted values (i.e. Least Square Means, LSM)
o f Niwere used as the response variable. The LSM are predicted values from the
model across the level of categorical effects where the other model factors are
controlled by being set to neutral val{8AS Institute Inc., 1991; Uryu et al., 2001).
For example, in a model comprising four categorical factors, when comparisons are
made within one factor the weighdf other three factorareneutralizedCategorical
explanatory factors wereemporal (year, month), spatial (station) and trophic
(functionalgroup) factorsTukey Honestly Significantly Different (HSD) tests were
then performed on the adjusted valoes™Nio test interannual, monthly, station,
and functional group differences. Simple regression analysis was performed between
0N of predators and grazers sampled within the same macrophyte spiexzieh
station and sampling periad order to detrminel*>N trophic fractionation factor
betweenra grazer baselinendsecondary consumefBredators and grazers were

chosen because they were the best represented groups in our samples

3.3)RESULTS

On the 436 samples measuredifoN signature72 wee of collectors, 125
grazers, 142 omnivores, 38 gegors, 16 predatotsematophagus, 33 predatofs
suckers, and 10 shreddeTéie averagé™N valuesrangedbetweer6 . 6 & i n
Limnephilidae (Trichopterdpoverl 2a i n Hirudinae, a differe
trophic levels (Tabl®.1). The™N signature®f the most abundamrimary

consumers (grazers) and predators were correlpt€d0001,°=0.85, n=19) across
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sitesand periods of sampling (Fi§2) . Predator s ™"et&+tenriched
0. 14 aeto grdzast thethreesamped stations

3.3.1)Temporal and spatial heterogeneity

Within the factorial test effect modelpth temporalariables(year and month)
were significant (Tabl8.2). Macronvertebrates in 2004 had a high&M N
signatue than in 2003 §<0.0001;Fig. 3.38). Whenthe analysis was dormm®nsidering
only months sampleith both yeargJuly, August and Septembgthe LSM{™N
signatures weragain highem 2004 than in 2008<0.0001). Seasons were
significantly different, wih threedistinct periodsend of spring Mayune, mid
summer JulAugust and end of summer Septemlf€ukey HSD p<0.05,Q=2.73)
There was an increase in the macroinvertebrate averageit®Siignatures through

the summer, from an adjusted valueo®7® i n May to 9.95a in Sep

corresponds to an increment roughly equivalent to one trophic leveB(#in). For
grazers in La®Ne s$tg.naRiuerer e ,aitsteed tonti nuou
from May to September (Fi§.4).

Stationappeare@sthevariablewith the highest mean squdarable3.2). The
LSM &N value of the macroinvertebratems higher for organisms collected on the
south #ore than on theorthshore.Invertebrate LSM™N r anged fatthem 7. 7 4
two statons of thenorthshor e ( GI' R and MAS)upto® . 89464&ani n
the BSFwetland. Statisticallynorthshore stations signatures were significantly
lower than ADFones, themselvdswer than BSFones(Tukey HSD,p<0.05,Q=2.57,;
Fig. 3.3c).

3.3.2)Functional feeding group

C

-

/
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Differences amongomefunctional groupsvere significant (Tabl8.2). The
LSMUW™N i ncreased with the trophic Ilfoevel,

predatorshematophagus (Fig.3.3d). The "N signatures of mnivores, grazers and

fr

collectorswermear | y i dentical ,Bo3#@an@&.tl®m»d grazers

respectively. PradatorsL S MNowereh i gher ( 9. Predatpratdhan non
predatorshematophagus had t he h'iNglimosrdrast witHitile othed & ) U
predators, predatosuc k er s HMadvaa ueow 70. 964&), only
shredders. Tukey HSD test relagidifferences (p<0.05, Q=2.96gtween preators

and predatorematophagus on one side and all the others functional groups on the
other side (Fig3.3d).

3.4) DISCUSSION

sup

341)Functional feeding™roups differences i

As it has had been docunted by many authe (e.g.Minagawa& Wada, 1984;
Cabana& Rasmussernl 994 Ponsard Arditi, 2000; Hart& Lovvorn, 2002) the
majority of the pr edNtsignatyresthannen pedaterg ent e
taxa; the exception being the predatsuskersShredders like th&richoptera taxa
had t h e Nlsignateres,teveri cqared to otheprimary consumertke
grazersA non negligible reliance oterrestrial vegetation is expected in the
shredders diet since these insects serve as integratersestrial coarse particulate
matter (mostly leaves) to aquatic systems (Vannote et al., 1980). Terrestrial leaves are
indeed depleted itPN compared to aquatic plant, especially in temperate systems
(Peterson and Fry, 1987; Martinelli et al., 1999; Hgratial., 2007).

d h



93

The almost d e n N valads forigrazers and omnivores are unexpected,
because omnivores usually have a substantial amount of animal tissue to their diet
and thusare supposed to be enrichediN compared to the mostly phytophageous
grazers. In our stugyAmphipods Gammarus fasciatuSay andHyalella azteca
Saussureyvere the most abundant omnivore taxa, as they had often been observed
feeding on other organisms or individuals of their own speciesiestof starvation
(Pennak, 1953Tate& Hershey, 2003). Thagh, in a very productive system like
Lake St. Pierre where epiphytes and macrophytes constitute the greatest part of the
production (Vis, 20045ammarusandHyalella might rely on herbivory, anthus
t h e'INrsignature become undistinguishable to that of gragershermore, it has
been demonstrated (Chapter Il) ttmmarusandHyalella organic matter sources
are mostly autochthonous aquatic vascular plants and epiphytes during some parts of
yearAnot her factor that 8l ithésdamphipodsisthdrut e t o
excretion of ammonia, compared to uric acid for insects. It has been shown that
ammonia excretors exhipiia | e s s '&Nrsigniatorétead urid acid excretors
(Vanderklift & Ponsard, 2003).

The m@Narenrichment that we measured from
was inferior to the 3.4a factor generally
(Minagawa& Wada, 1984; Post, 2002) atalthat reported by Zah et al. (8.2 ,

2001). However, our lowaanrichment value was comparable to that measured by

Ander son and Cabana (1.8a; 2005) between i
predators in Southern Québec streams. Low enrichment values may indicate

omnivory in the macroinvgebrate food web, i.e. feeding on more than one trophic

level (Anderson and Cabana, 2008)cCutchan et al. (2003) noticed in their

literature reviewthat he 3. 4a enrichment factor seems
rely on a proteirrich diet like fish, ad that themean(i*>N enrichmenfor the average
consumewas cl ose to 2.2a i n |wotlkeunderpinthee dat a.

1.52 a N fractionation for invertebrates alone.
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In food web studies the influencetbifeedingmo d e N signaiuress yet
to be determined. Two interesting, but poorly documented macroinvertebrate feeding
groups were the predatoteematophagus and predatoisuckers whiclpresented
very different trophic enrichmeim our study. In our communitiepredators
hematophagus comprised leeches (Annelidtirudinae) andvater mites
(Arachnidia:Hydracarina) thaboth hadhe highest N isotopic ratio of the whole
sampled macroinvertebrates. The early larval stages of water mites are predominantly
ectoparasitesf bigger invetebrates like water boatmen (Cadae) or damselfly
(Pennak, 1953Proctor& Pritchard, 1989and are free living predatoirs the latter
stagesThus, adult wat er 'nNreflecingtheiispthpic ex hi bi t h
composition of their former host/preimilarly, leeches can attack fish that are
generally of higher trophic levei the food webs than invertebrates and thus get the
enr i ¢IN sighatute of the blood of the fish (Miller, 2000)

In cortrast with predatorkematophagus, predatorsuckes hadaveraga™N
signaturesignificantly lower than that of the other predators, and close to that of
macroinvertebrate primary consumers. These findings are astonishing because many
taxa of the top endwertebrate food web are predateuckerdike backswimmers
(HeteropteralNotonectidae), giant water bsi(Heteroptera: Belostomatidae) or
predaceous diving beetle larvae (ColeoptBrgiscidae). Individuals of those taxa
are even able to capture, handle and eat fish (Le Lé&u&toarec, 19977 ate&

Hershey, 2008 Theirtop-predatorstatus is clearly reflected by their greater
concentrations of biomagnified contaminants such as methylmercury in their tissues
(Cleckner et al., 1998; Allen et al., 20@hapter ). The particular feeding mode of
predabrs-suckers may explain their low N isotopic ratios sippsdatorssuckers

feed only on the internal tissues of their prey, and that soft body parts are depleted in
>N compared to the cuticle in invertebrates (Lancaster & Waldron, 2Betiyeen

tissue dfferential nitrogen fractionation of the prey must then influence titait.

Indeed, McCutchan et al. (2003)s&hown that fluid feeders ti@aa lower, negative

and very variable fractionation 6N of abouti0 . 4 N @herSaétdrs could
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explain the lower trophic position of this group such as the heterogeneity in size
distribution of individuals in a given taxa. In our samples, predatockers were
dominated by theaumerous minute individuals of the pigmy backswimnidgsplea
(HeteropteraPleidae) Neoplea that prey on microinvertebrates were the smallest
predators w collected in our study sites (size-2Inm).After excluding this taxon
from the predatorsucker group the meanjau s t°N signafursincreased from
7.96 & t o avragaiiN sigiaturdsscomparable to that of other predators

that we collected in this study.

3.4.2)Temporal and spatial variables

Weobserved i gni fi cant di ffer éNgsigradof bet ween ye
invertebrates collected in Lake St. Pierre. The organisms were more enri¢fied in
in 2004 than in 2003. Several concurrent environmental factors that influence the
isotopic signal of inorganic nitrogen could explain théi$ierences. Annudbke
productivity changes in macrophytepiphytes could affect the nitrogen signal.
Greater productivy reduces the amount wiorganic N available in the milieu, and if
N becomes scarce, less discrimination against the heavier isotope will occur in
organisms (Peterso& Fry, 1987; Kendall1998) This hypothesis appeat®owever
not applicablen the case of Lake St. Pierre since this lake primary production might
not be limited byN because of the continuous nutrient infliram the tributaries
(15.1C¢° NOs tons a yearR. Carignan Université de Montréal, personal
communicatiolj On the other hand, greater biomass production in a given year may
increase the duration of anoxia events in the macrophyte beds and hence
denitrification rates. Greater denitdfia t i on a | ':Nof the remaining e s
inorganic nitrogen pool¥e Brabandere et al., 2007).
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Changes in the nitrogen signal could also be due to differences in runoff
particularly over agricultural landlean water levelecorded in Lake SPierre was
greater in2004 than in 2003X85 Sea Level Elevation compared to 0.55 in the period
June to Octobelis, 2004). Increases in runoff should disgfeamore manure
(enriched in°N) and fertilizers (volatilization of lightéfN in artificial ammonia
fertilizer; Kendall, 1998) from the surroundings fields to the lake.*flNenrichedN
assimilated by primary producers would thus propagate along the food webs
(Hogberg, 1990; Petensp1999).

Within years, month appeared to have a greater importance in exglanNg U
variability. Through the summemacr oi nver t e br aiNesignatireot r e as e d
~3a. This incr eas e periods(May-duaedJulgAtigust, ande e di st i
September). Tis augmentationfrom May to Septembecorrespondso the
equialent ofone trophic level (Vander ZandénRasmussen, 2001; Post, 2002).
Previous studies are inconsistent™bout te
(Yoshioka et al., 1994; Stenroth et al., 2006 seeSyvaranta et al., 2006Jh e Nu
enrichment through theeason could be explained by ontogeny in predatory
macroinvertebrates. This explanation is nevertheless unlikely for grazers of algal
epi phytes that constitute the maNjshfrity of
is thus likely b reflect changes in periphyton algal composition and/or in nitrogen
availability through the summer. In our case, the most prolexiplanation is that
this steady seasonal enrichment might reflect a continuous loading of heavier nitrogen
isotope that sugrsedes fractionation effects by primary consur{®asvageX
Elmgren, 2004). This may elucidate why the invertebrates of the heavily agricultural
south iore (ADF, BSF) stationsresenh i g H°N signatures than those of the
north $ore stationsMacroinvertebrate fauria BSF exhibits consistently higher
U*°N thanin any other station. This station is located in a seloged wetland on the
south fiore between the intensive agricutumpacted Yamaska and St. Frangois
Rivers and has the highest ratio of agricultural developimennit of watershed area

responsible foNO;z concentrations e ac hi ng u p (RtCarigla® 00 e g. L
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Université de Montréal, personal communicati@trongtemporal and spatial
variations ofti™™N in littoral macroinvertebrates within the same si¢enonstrate the
importance otonsidering these variation factors in any sampling design of littoral

food webs in order to get an accurate figure of the isotopaafian organism.

3.5) CONCLUSION

Ourresulthave shown the influence ©N functi o
variability of littoral macroinvertebratesithin and between trophic levels.
According to our results, and previous studies on littoral feelds, the generally
accepted 3. 4a e trophicdekehveuidtnot beadkan as ageneral rule.
For aquatic invert ebWNerriehmdnidastdrof®dbs, an ave
appears indeed more realistic. We recommend beitesideringempord and spatial
factors as well. For example, in®™™ake St.
signatures of invert ebr dd &tetal of3oadfoetheo f about
entiresampling period. Thus ignoring temporal and spatial variabilitiiN studies
in aquatic systemsay inducea n e r PNosignatunes eguivaler bne trophic
level. A more detailed approach backed with knowledgmedrtebrate feeding
modesas well as temporal and spatial characterization is critical in ordetter b

understand food web structures and enengxel in the littoral ecosystems.
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Table 3.1
Nonadj usted nitrotNen ai)s wtad pe sr dtoiro s
major taxa sampled in 2003 and 2004 in Lake St. Pierre and their
functional group.

Taxon Functi*onal USN () n
group
Annelida
Hirudinae PH 12.68+0.35 11
Mollusca G
Prosobranchia 9.36+0.22 47
Pulmonata 8.70+0.18 78
Arachnidia
Hydracarina PH 9.48+0.43 5
Crustacea @]
Gammarus fasciatuSay 8.62+0.14 86
Hyalella aztec&Saussure 9.95+0.62 11
Asellussp. 9.16£0.49 13
Insecta
Ephemeroptera
Baetidae C 8.9+0.41 10
Odonata
Coenagrionsp. 10.27+0.28 29
Libellula sp. 11 1
Aeschnidae 9.8+1.57 4
Heteroptera
Belostomasp. PS 11.12+0.79 4
Callicorixa sp. ] 9.95+0.23 32
Gerrissp. PS 8.9 1

Ranatrasp. PS 11.6 1



Functional

Taxon . N (3 ) n
group
Notonectasp. PS 10.64+0.69 7
Neopleasp. PS 7.94+0.43 15
Mesoveliidae PS 9.65+0.15 2
Trichoptera S
Leptoceridae 9.12+0.13 7
Limnephilidae 6.6 1
Phryganeidae 8.5£0.2 2
Coleoptera
Dytiscidae PS (L), P () 96 L) 1(L).2
10.75+1.85 () 0
Gyrinidae pS (L), P 0 8.06+0.49 (L), 2(L), 2
7.740.36 () 0
Diptera
Odontomyiasp. C 10.5+1.7 2
Chironominae C 8.76x0.21 23
Orthocladiinae C 8.85+0.21 34
Simuliidae C 7.85+1.95 2
Tipulidae C 7.4 1

Note: * C=oollector, G=grazer, O=omnivor@=predator, PH=predatdrematophagus,

PS=predatosucler, S=shredder, L=larvaesimago

10C
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Table 3.2
Analysis of variancé or t he t es t"Neffnfesebraitesmode | o f
with temporal, spatial, and trophic categorical variables

Model and Sum of Mean : >
. df F ratio p r
variables squares square
Model 0.63
%ear 7339 1 73.39 68.29 <0.0001
"Month 237.08 4 59.27 55.15 <0.0001
Station 379.07 3 126.36 117.57 <0.0001

p )
functional 13295 6 22 16 20.62 <0.0001
group

a:Year 2003, 2004; b:month May, June, July, August, September; c station: ADF, BSF, GIR, MAS; d

functional group: collectors, grazers, , omnivorpsgddors, predatorhematophagus, predators
suckers, shredders.
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3.7) FIGURE CAPTIONS

Fig. 3.1: Maps of Quebec (yger left corner) and of Lake St. Pieriidhe sampled
stations are in alphabetical order: ArtieFort (ADF), Baie St-rancois (BSF),
Girodeau GIR), and Maskinongé (MAS).

Fig.3.22Rel at i ons hi p N \rleds afgeeatofumianal graup and

grazer functional group in communities sampled in Lake St. Pierre in 2003 and 2004.

Only communities containing both groups were retained ferahalysis. Symbols
represent communities collected in the dif
circles (8): GIR; triangles (Z)=0890WAS. Regr
<0.0001, n =19.

Fig. 3.3:Comparison of Lake St. Pierre maicra v e r t'® §meant+ SE) between

years (a), months (b) of sampl™ag, station
adjusted values calculated by the test effect model. Bars not connected by the same

letter are significantly differenp&0.0001for year; Tukey HSD test, p<0.05, Q=2.73

for month, Q=2.57 for station, Q=2.9@ functional group.

Fig. 3.4: Monthly variations of N isotopic ratios (+SE) of Lake St. Pierre
macroinvertebrate grazers in 2003 (white symbols, dotted line) and 2004 (black
symbds, solid line).
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CHAPITRE IV

BIOMASS AND COMPOSIT ION OF MACROINVERTEB RATE
COMMUNITIES ASSOCIAT ED WITH DIFFERENT TY PES OF
MACROPHYTE ARCHITECT URES AND HABITATS IN A LARGE
FLUVIAL LAKE
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RésuméL 6i nf | uenc e Idagchitectule des mdcraphytwarta d e

bi omasse, | 6abondance et | a richesse des n
ungrand lac fluvialdutS Laur ent ( Qu®bec, Canada). Une
|l ac de | a biomasse de macroinvert®br ®s ass
macrophytiques fut aussi cal cul ®e afin dobe

changements de végétation sur les commidsade macroinvertébrés. Les

macroinvertébrés phytophiles furent échantillonnés dans des lits de macrophytes

comprenant plus de dix espéces de plantes et trois habitats (émergent, flottant,

submergé), et dans trois architectte macrophytes (simple, ertnédiaire,

complexe) durant la période libre de glace pendant deux ans. Leéctaugillons

déinvert ®br ®s furent class®s en gquatre gro
pr®dateurs rampants, pr®dateur ¢$brésageur s) .
furent exprimées par unité de poids sec de plamidiomasse | 6 abondance et
richesse des communautés de macroinvertébrés étaient significativement plus grandes

dans les habitats submergés que dans les habitats émergents et {Cefzarisant

|l es macrophytes avec une architecture comp
de plus forte biomasse de macroinvertébrés que les plantes avec une architecture plus
simple. Ceci pourrait étre relié aux préférences de substrat des herbivores ¢gsrtout
gastéropodes) envevallisneria americanaDes différences de biomasse et
dbabondance de macroinvert®br ®s furent tro
de niveaux dbéeau. Durant | 6ann®e avec un n
demacroimer t ®br ®s ®tait 16% plus ® evEBre que d
conclusion] a bai sse de niveau dbéeau attendue au
diminution de la biomasse benthioggic onst i t ue un ®| ®ment doal
pour les pasons.

Mots clés:macroinvertébrés, groupe fonctionnehbitats de macrophytes
architecturalesplantes, zones humides, 1&t. Pierre

Abstract: The influence of macrophyte habitat and architecture on macroinvertebrate
biomass, abundance, and ricks@vas investigated in Lake St. Pierre, a large fluvial
lake of the St. Lawrence River (Quebec, Canada). A\dle estimate of
macroinvertebrate biomass associated with different macrophyte habitats was also
calculated in order to assess the quantitaffects of vegetation changes on
macroinvertebrate communities. For two years during thééseperiod,

phytophilous macroinvertebrates were sampled in macrophyte beds comprising more
than ten species of plants and three habitats (emergent, fltedeg, submerged),

and in three submerged macrophyte architectures based on plant morphology (simple,
intermediate, and complex). Invertebrate-saimples were classified into four

functional groups (detritivore, grazer, crawling predator, diving pred&mmnass

and density of invertebrates were expressed per unit of plant dry weight. The main
findings are that macroinvertebrate biomass, abundance and richness were
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significantly greater in submerged than in emergent and flolaged habitats.
However, nacrophytes with a complex architecture did not host significantly greater
macroinvertebrate biomass than plants with a simpler architecture. This could be
related to substrate preferences of herbivores (mostly Gastropoda) toward the tape
grassVallisneriaamericana Differences in macroinvertebrate abundance and
biomass were found between the two years associated with variations in the river
water level. During the year with average water level, total macroinvertebrate
biomass was 16% greater than in tharyeith a lower water level. We conclude that

a reduction in the water level of Lake St. Pierre, predicted to occur with climate
change, could lead to a decrease in benthos biomass which constitutes a crucial food
source for fish.



4.1)INTRODUCTION

The littoral zone is of critical ecological importance since it is considered the
main site of secondary production in lakes (Brinkhurst 1974, Vadeboncoeur et al.
2002). It is also within the littoral zone that macroinvertebrate richness and density
are geatest (Strayer 1985). Generally, macroinvertebrate biomass per unit of surface
area is greater on vegetated than onvegetated substrates (Rasmussen & Rowan
1997). A decline in macrophyte cover is thus often followed by a decline in
zoobenthic biomag®avies 1982). Macrophytes provide more surface area
attachment for periphyton (Cattaneo 1983, Gosselain et al. 2005), a major component
in the diet of macroinvertebrate primary consumers (Campeau et al. 1993).
Macrophyte beds also offer protection agaunstial predators and are suitable sites

for insect gg deposition.

Three types of habitats can be defined in the littoral zone according to the
specific composition of their macrophytes: marshes dominated by emergent plants
species, low turbulence argaspulated by floatingeaved macrophytes, and aquatic
meadows where the main habitat consists of species of submerged macrophytes.
Several studies have shown that macrophyte species have an influence on the richness
and the abundance of littoral insectroounities (Gerrish & Bristow 1979, Cyr &
Downing 1988a, b, Hanson 1990, Feldman 2001). The more diversified substrates
provided in the submerged macrophyte environment contain more ecological niches
than homogeneous systems such as the underwater pdréioement macrophytes
(Mackay & Kalff 1969, Tessier et al. 2004). Moreover, submerged macrophyte
assemblages offer larger surfaces for periphyton growth, especially in the canopy
(Vis et al. 2006). On the other hand, bare stems of emergent plants ssfer le
substratum for periphyton growth, less protection against turbulence, and higher
exposure to visual predators (Gosselain et al. 2005). Similarly, flolatved



macrophytes provide little habitat in the vertical dimension compared to emergent
plants ad reduce light penetration into the water column, thus limiting the growth of

periphyton.

Submerged macrophyte architecture can be defined as the fractal dimension of
the leaves of a macrophyte species (Jeffries 1993). Differences in architecture
betweermrmacrophyte species are striking, ranging from species with bare stems
(simplest architecture) to species with very delineated and dissected leaves that form
complex canopies (most complex architecture). Macrophyte architecture is believed
tostructuremacoi nvertebrate communities becaus
surfaceto-biomass ratio (Lalonde & Downing 1992). Greater surface area is
favourable for periphyton colonisation and may harbour more macroinvertebrates as
there is literally more habitéo use (Krecker 1939, Rosine 1955, Dvorak & Best
1982, McAbendroth et al. 2005). Changes in macrophyte specific composition could
then indirectly modify phytophilous macroinvertebrate community composition and

biomass.

In the context of global climatédhanges, modifications of lake and wetland water

level on macrophyte habitat are a growing concern (Coops et al. 2002; Wright et al.
2002). Climate changes, combined with larsg and other anthropogenic
disturbances could dramatically alter macrophyte ga@apecially in shallow lakes
because of their large littoral zone (Hudon 1997, 2004). As macrephighyte
complexes are the most important primary producers in the littoral zone (Vis 2004),
large-scale modifications of these plant assemblages coukkdaophic cascades in
higher trophic levels of the food web by altering phytophilous macroinvertebrate
communities and the fish populations that feed on them (Healey 1984, Bertolo et al.
2005). The first two goals of this study were to assess the icBugrhabitat and

macrophyte architecture on macroinvertebrate richness and biomass in a large and
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shallow fluvial lake of the St. Lawrence River, Lake St. Pierre (Quebec, Canada). The
third goal was to estimate the lakede biomass of macroinvertebratessociated

with emergent and submerged macrophyte habitats in order to assess the quantitative
effects of vegetation changes on macroinvertebrate communities. This particular
study site was chosen because of its extensive wetlands (20% of the St. Lawrence
wetlands, Langlois et al. 1992) that harbour a considerable macroinvertebrate fauna
and because twthirds of lake productivity is constituted by macrophytes and their
attached epiphytes (Vis 2004). Water level fluctuations in the lake have a strong
influence on plant biomass in relation to the plant habitat (Hudon 1997). High waters
favour an open water body with an increase in submerged macrophyte habitat but
with a lower biomass per unit surface area while low waters turn the lake into a large
marshlandhat could support twice the macrophyte biomass (Hudon 1997, 2004).
Currently, the water column depth of Lake St. Pierre is decreasing because of two
synergistic phenomena: fillingp with particulate matter brought in by tributaries
coming from agricultual land within the watershed and sediment retention by the
macrophyte beds covering a large part of the lake benthic zone (Morin & C6té 2003,
Carignan 2004).

4.2)METHODS

4.2.1)Study site and sampling design

More than half (6,200 ha out of 11,952) bétLake St. Pierre area is covered
by aquatic plants, representing one fifth of all freshwater wetlands on the St.
Lawrence River (Langlois et al. 1992). This wetland is highly productive, and

macrophytes and attached epiphytes contribute up to 708&eproductivity

Y Lac SaintPierre, Québec. Information Sheet on Ramsar Wetldutiats//www.wetlands.org




(Tessier et al. 1984, Vis 2004). Lake water originates from three major sources.
Brown waters rich in dissolved organic carbon (DOC) from the Ottawa River and
other tributaries on the Canadian Shield flow along the north shore (mean annual
flow 1500 m3 sl, Vis et al. 2003). The green waters from Lake Ontario flow in the
central channel (mean annual flow 9300 3.sFinally, tributaries draining

extensively farmed lands bring turbid, nutrigeith water along the south shore of

Lake St. kerre (mean annual flow 700 m3L$. Sampling was conducted during the
ice-free period at 4 stations in the littoral zone of Lake St. Pierre, three times from
early July to September in 2003 and during the first week of each month from May to
September 20D(Fig. 1). Two stations were situated near the north shore: the first
one close to the Maskinongé River (MAS) and the second one near Girodeau Island
at the eastern part of Sorel archipelago (GIR). The other two stations were located
near the south shordie Ansedu-Fort (ADF) and the Baie St. Francois (BSF)

wetland. All stations were shallow (depth <1.5 m) and extensively covered with

macrophytes.

4.2.2) Sampling of nacroinvertebratesand macrophytes

At each station, macroinvertebrate samples weteated within the dominant
macrophyte species (six in May and June and nine in July through to September),
with three samples per species. For this purpose, terrestrial plant remains were treated
as a single species. The sampler, a Plexiglas Downing Bdx\{@lume; Downing &
Rigler 1984) was slowly immersed in the water between the water surface to
deep and then gently closed, capturing invertebrates and macrophytes alike. The
content of the box was sieved througha-80th mes h net, and macr oi n
were separated from macrophytes by vigorous hand shaking in a plastic container. In

the fied, macroinvertebrates were ggerted in order to isolate predators and prey,
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and kept in NalgeneE jars filled with | ake
stored at T80AC. Thawed macroinvertebrates
genus with thexception of gastropods that were sorted bydabs (i.e.,

Prosobranchia, Pulmonata). Gastropods were manually removed from their shell.

Within each Downing box sample, all individuals of the same taxon were grouped

into a subsample. The following keysere used: Merrit & Cummins (1996) for

insects, Clarke (1981) for gastropods and Pennak (1953) for other organisms. We

classified the macroinvertebrate ssdimples into 4 functional groups:

grazers/herbivores (called grazers hereafter), detritivoresttwiéscavengers

(called detritivores hereatfter), crawling predators (e.g. odonates, and other poor

swimmers) and diving predators (i.e., vagile insects that actively swim and go to the

surface to breathe aerial oxygen, like dytiscids and notonectids)teébvates were

freezedried for 24h. Samples were weighed on a high precision AT201 Mettler

ToledoE electrobal ance (Mettler Toledo Can
Macrophytes were collected simultaneously with macroinvertebrates. Plants were

identified in the field and class#d into four habitat types: spring terrestrial plant

remains washedut by spring floods, and emergent, floatlegved, and submerged

macrophytes. Within the submerged macrophytes, three groups of species were

obtained relative to their architecture: simfplants with bare stems, iMallisneria

americang, intermediate (plants with long, entangled stems and leaves e.g.

Potamogeton perfoliatus.), and complex (i.e., plants with highly dissected leaves

like Myriophyllum spicatum, Gosselain et al. 2008acrophyte samples were kept

frozen at T180AC. Pl ant dry weight per unit

in an oven at 50°C until a constant weight was obtained.
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4.2.3)Data treatment

The invertebrate communities were quantified both as amasd(n individuals
per g DW or kg of macrophyte £1 SE) and as biomass (mg of invertebrates per g DW
or kg of macrophyte +1 SE). Since species representative of all 3 types of macrophyte
architecture were only found among submerged plants, comparisarstigecture
effects on macroinvertebrate biomass were only carried out among plants within this
habitat. Statistical analyses were performed by JMP (version 5.0, SAS Institute Cary,
North Carolina).Animal biomass (mgHg was log10 transformed to mee¢th
requirements of normality. We used a factorial test effect model (SAS Institute Inc.
1991) to disentangle the different categorical parameters (year, month, station,
functional group, habitat, architecture) influence on invertebrate biomass (Uryu et al.
2001). The output values are adjusted values or least squares means (LSMs) that were
tested with mean comparisons tests (TuKegmer Honestly Significantly Different
(HSD) test or ANOVA). The LSMs are predicted values from the model across the
level of caegorical effects where the other model factors are controlled by being set
to neutral values (SAS Institute Inc. 1991, Uryu et al. 2001). The categorical variables
were year (n=2), month (n=5), station (n=4), feeding functional group (n=4), habitat
(n=4),and architecture (n=3).

4.2 .4)Lake-wide estimate of macroinvertebrate biomass

In order to forecast the influence of climate change on invertebrate
communities, we used the mean macroinvertebrate biomass per unit of plant we
measured in year 2003 and(2 and estimates of macrophyte dry mass that Hudon
(1997) calculated using hydrology data from 19884 and macrophyte biomass
measured during the 199®96 period. Year 2003 was considered a low watezl
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year and 2004 an average wdtarel year (Vs 2004). Lakavide estimates of
macrophyte biomass obtained from Hudon (1997) were:

-emergent macrophyte dry mass in low wdésel year: 94.4 .103 t,

-submerged macrophyte dry mass in low wéeel year: 50.9 .103 t,

-emergent macrophyte dry mass ireeage watetevel year: 47.8 .103 t,

-submerged macrophyte dry mass in average viatef year: 75.9 .103 t
(Hudon 1997). Macrophyte dry mass values were then multiplied by our
macroinvertebrate biomass measurements for 2003 and 2004 in order to obtain a
lake-wide estimate of macroinvertebrate biomass associated with macrophytes for
each year. This information was used to assess which year (dry year 2003, average
year 2004) supported the greatest total macroinvertebrate biomass. Because whole
lake estimate of the biomass of floatiAlgaved plants were not available, only

emergent and submerged macrophyte beds were considered in our analysis.

4.3)RESULTS

4.3.1)Characteristics of the sampled communities

From early May to early June, meadows and wetlanduded remains from
the former season (senescent macrophytes, nfesthmogetorspp.), young stems
of emergent macrophytes as well as terrestrial plant material (up to 1 m thick) washed
out during spring floods. At this time, periphyton was abundamhacrophyte
remains allowing the sustenance of grazing organismsigtemarus fasciatuSay
and Chironomidae of the Orthocladiinae gamily. In July, growing macrophytes
were dominated by submergBdtamogetorspp. and by emergent Typha and Scirpus
spp In August, submerged. americanawith simple architecture and the more

complexElodea canadensi$/. spicatumandCeratophyllum demersumere well
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established. In September, a decline in macrophyte cover was observed; many
decaying plants had been reredvrom their substratum by late summer storms and
were floating in assemblages of different species (Table 1).

Annual average macroinvertebrate abundance ranged between 11D ig

2003 to 5.7 ind § DW in 2004. Abundance and biomass were comdlép < 0.0001,

r> = 0.44, n = 691; Fig. 2). A large majority (up to 80%) of the sampled organisms
belonged to the grazer functional group (Table 2) with gastropods and amphipods
being the dominant taxa. The abundance of detritivores, constituted mosiglhys

sp. (Isopoda), was highly variable depending on the year, low (2 to 2.5%) in 2003 and
higher (around 15%) in 2004. Crawling predator contribution to total community
density varied from 6 to 20%, with damselfly lan@eenagrionsp. (Zygoptera)

being the most abundant taxa of this group. Diving predator biomass was the lowest
(< 7%) among functional groups and it was predominaetbyesented bieopleasp.
(Hetergtera: Pleidae).

Sixty taxa, mostly insects, were collected in Laké&trre in 2003and 2004. Total
richness varied according to season, with higher values wsamumer than in spring

and in late summer (Fig. 3A). The four functional groups were in general evenly
represented on all sampling dates. Grazer richness peaked in Augusajtan
macrophytes and their epiphytes were fully grown and thus more resources and
niches available, then dropped in September (5 taxa) when macrophyte assemblages
began to decay. Conversely, detritivore richness was the highest (9 taxa) in early June
when new growing macrophyte beds were still scarce but old macrophyte remains
and terrestrial detritus were abundant. The trends were less clear for the other
functional groups although crawling predators and diving predators were more

diversified in Junerad in July, respectively.
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4.3.2)Macrophyte habitat and plant architecture vs. macroinvertebrate richness

Macroinvertebrate taxonomic richness was influenced by the type of habitat (Fig. 3B).
Terrestrial plant remains hosted the least number of taven@$ubmerged

macrophytes the most (25 taxa). Richness on emergent macrophytes (21) was slightly
lower than on submerged macrophytes while floaleayed plants hosted even less

taxa (15). Only minor differences were observed in the contribution of each

functional group to total richness in each habitat. Nevertheless, there were more
grazer and diving predator taxa and less detritivore and crawling predator taxa in
submerged macrophytes compared to emergent plants.

Macroinvertebrate taxa richness variadelation to plant architecture. Within the
submerged macrophytes, the richest communities were found in plants with an
intermediate complexity (Fig. 3C) such as pondweeds (i.e., two spedétes of
richardsoniiandP. perfoliatu3. Complex plants supportedmacroinvertebrate
community nearly as rich as the intermediate architecture species while simple plants
(i.e., tape grasg. Americana harboured the poorest communities. Richness within
functional groups was not evenly distributed, the largest arrgseakr species being
found in pondweeds while complex plants hosted most of the predator species.
americana(simple architecture) beds supported all functional groups except diving
predators (Fig. 3C).

4.3.3)Year, habitat and plant architecture vs. nacroinvertebrate biomass

Macroinvertebrate biomass in Lake St. Pierre tended to be greater for
organisms dwelling in the submerged macrophytetat (Table3). Mean
macroinvertebratbiomasswvas roughly2-fold in submerged compared to emergent

and floding-leaved habitats and 40Id greater compared terrestrial plant remains
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Mean annual values were: 1.55 my@W for invertebrates collected in emergent
habitats, 4.66 mg HDW for those from submerged habitats in 2003. In 2004, for the
same monthsampled a 2003, they were 3.21 and 3.97 mj@W respectively.
Whenthe 2004 values from May and June were included, biomass was 2.61 and 3.12

mg g' for emergent and submerged habitats.

All variables entered in the test effect model were signitigas 0.05, Table
4). In model 1, where only temporal and spatial variables were used, mean squares
indicated that monthxplained the most variatidollowed by year and station
BiomassLSMs of invertebratesveresignificantly greater in August and Septber
than in previous month3gkey HSD testp < 0.05,Q = 2.73). In model 2, habitat
was entered and was highly significant, but it added little information to expkain t
variation in biomass (Table 4Month and year variables were significant andrthe
mean squares were nearly equal. When functional feeding group was entered in
model 3 all variables becam@ghly significantand the model explained a larger part
of the \ariation in biomass (Table 4The functional group mean squaraluewas
higherthan that ofall the othewariables combined’he mean biomass of
macroinvertebratewas significantly lower in 2003 than in 2004 (26.9 and 42.6 mg
kg' DW respectivelyANOVA model 3 Tukey HSD testp < 0.00). Submerged
macrophyte habitatsupportedsignificantly higher biomass than emergent and
floating-leaved macrophyte habitats, with terrestrial planta®s being intermediate
(Fig. 4A, Tukey HSD testp < 0.05,Q = 2.57).

With only data collected froraubmerged habitgta test effect model was
ertered withthe variableyear, month, station, and macrophyte architecture (model
4). All variablesweresignificant; with month as the strongest variabléth the
addition of functional group in model 5, station became non signifiCaetlatter
model explained nearlynalf of thetotal variation inrmacroinvertebrate biomass €
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0.42).Submerged complex and simple plahtsbourednore invertebrate biomass
than intermediate planghown byTukey HSD test for LSMs of macroinvertebrate
functional groups lomass extracteftom model 5 (Fig. 8). Considering
comparisons between grazers only (which are supposedly the group the most
dependentwperiphyton colonization and thus macrophyte architecture), it appeared
that plants with a simple architecture hosteghificantly more organisms than plants
with an intermediate architectundhile complex plants wermtermediatgFig. 4C).

In contrastall nongrazer taxa (detritivores, crawling, and diving predators) had
significantly higher biomass on complex pkatitan on intermediate ones lndre

not significantly higher thaon simple architecturglants(Fig. 4D, Tukey HSD p <
0.05,Q = 2.36).

4.3.4)Lake-wide macroinvertebrate biomass and habitats in low and normal

water-level years

Lake-wide estimates dbtal macroinvertebrate biomass diffeteetween low
andaveragevaterlevel years, witraveragehe waterlevel year having more
invertebrate biomass than low watevel year. Inthelow waterlevel yearan
estimated83 t of invertebrates were assoedith macrophytes. Of this biomass,
237 t (62%) were associated with submerged macrophyte habitats andelré6 t
living in emergent habitats. Ftre averagevaterlevel year, total invertebrate
biomasswvas estimated &56 t, with 301 t (66%) associdtavith submerged plant

habitat and 155 t associated with emergent plant beds.



4.4)DISCUSSION

4.4.1)Habitat and architecture influence on macroinvertebrate richness and

biomass

We have shown that aquatic macroinvertebrate biomass in Lake St.visrre
greater in submergduhbitatshan in emergent and floatigaved habitats or in
terrestrial plant remain3hese findings are in agreement with the majority of
previous studies where the influence of substratumewxasinedandit was found
thatsubmeged macrophytes hosted more phytophilous invertebrates thathtre
aquatic plants habita{®vorak & Best 1982, Cattaneo et al. 1998, Feldman 2001,
Tessier et al. 2004ut seeHanson 1990, Strayer et al. 2003). In our study, stronger
correlationsverefound between invertebrate abundance and biomass than in
previous research (e.g., Lalonde & Downing 1992) probably begaisaly
considered macrobenthos, defined roughly as organisms retained by nets larger than
250em (Kalff 2002) This resulted in less than two orders of magnitude in size
differences of macroinvertebrates (max: Zygoptera larvae, 4.0 mgDaypniasp,
0.042 mg).

In contrasto literature dataywe foundmacroinvertebrate taxonomic richness
was grater in beds of submerged macrophytes that in the other aquatic plant habitats
in Lake St. PierreResults of previous research are inconsigiatiis topic
(Cattaneo et al. 1998, Feldman 2001, McAbendroth et al. RO0SeeMackay &
Kalff 1969, Tessieet al. 2004). Terrestrial plant remains hosted very poor
communities (between 1/3 to 1/5 as many taxa as the other substratiés most
prominent taxon in this habitat wasisopod of the genu&sellus However, since

terrestrial plant remains weralyg sampled in May, it is difficult to definitively
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conclude whether sampling period or habitat was responsibllecftmw richness
observed.

Plants with a complex architecture did not host significantly greater biomass
than simpler plants, whidl inconsistent with the generalpcceptedypothesighat
complex plant assemblages constitute more favourable conditions for
macroinvertebrates (Krecker 1939, Cyr & Downing 1988b, Jeffries 1993, Cheruvelil
et al. 202, McAbendroth et al. 2005, Xie et al. 2006t seeCyr and Downing
1988a). One of the reasoius thisobservation is that more complex environments
supportagreater number of individuals, but of smaller beilge compared to
simpler environments (Jeffries 1993). However, this explanation iselyin this
study because macroinvertebrate abundance and biomass were colfigdisres
were more abundant on the macrophyte species with the simplest architecture such as
the tapggrassed/. americanalt has been shown th¥t americanabeds can
sometimes support large communities of gastropods (Lalonde & Downing 1992)
which constituted the majority of the grazat®ur study sites. This macrophyte
species, with its long and narrow, tagieaped leaves, allow more light penetration
and nutrient eXtange than beds of denser plants Baetamogetorspp., thus
favouring periphytorgrowth (Kairesalo 1983). Furthermore, greater water circulation
in V. americanastandscan favour other critical conditions for macroinvertebrate
distributiors like dissolvedO, (Caraco & Cole 2002\hichis especially important
for macroinvertebratethat obtain their oxygen from water suchaagphipods and
Prosobranchia. In the case of herbivores, our results do not support our hypothesis
that architectureomplexity sustais higher biomass, indicating that architecture
alone may not be a good predictor of invertebrate distriblinfound that
Vallisnerianot only supported greater graeomass but was also a good habitat for
clinging predators like damselfly larva€denagrionsp.). HoweverVallisneria

hosted comparatively poorer phytomacrofauna communities than the more complex



submerged macrophyte species. The diving predators in particular, which were
mostlyhemipterans in our study, were absent in\fa#lisneriabeds. These insects
breathe oxygefrom air(Merrit & Cummins 1996) and could exploit less oxygenated

waters where competition for foodl@wer.

4.4.2)Implications of water level changes on invertebrate biomass distribution

In our twoyear studyannuadifferences affected the distribution of
macroinvertebrates in Lake St. Pierre. During the low wlatexl year, our model
predicted anean invertebrate biomass per plant unit nearly half the valie of
averagevaterlevel year.n additionto a decresein the availabilityof substragésand
submerged habitats, low watewvel episodesnay result iran increasé water
temperature that can reduce dramatically thedubility and lead to hypoxia. The
majority of invertebrates that wesampled, withtie exception of some diving
predators and Pulmonata, breathe dissolved @v waterlevel episodes could thus
result in benthos flight or even benthos kills (Rahel & Kolar 1990, Hogg & Dudley
Williams 1996). Furthermore, in these nearly treeless marsitie$emw physical
refuges, lower water levels result in increasing exposure of benthos to UV penetration
into the water column. U\B especially can penetrate upadalf metein eutrophic
ponds and have lethal effects on individuals of aquatic invereepogiulations
(Hurtubise et al. 1998).

Based orlake-wide estimatesa waterlevel reductionappeaedto have an
adverse effect on macroinvertebrate biomass in Lake St. Pierre. Though the
proportions of macroinvertebrates dwelling in submerged relatigsergent
habitats remaedmore o less the same (2/3 of the biomass) in the two scenarios, the
total macroinvertebrate biomassel6% between a low anchaveragevaterlevel
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year, which corresponds to 73 t of invertebraBdgmassestimates wereonsrvative
because organisms living in sediments were not samplddidualssmaller than
500em were not retaingdandmacroinvertebrates associated with floatiegved

plants or macroalgagere not considered he decrease in macroinvertebrate biomass
may have a bottorup effect by reducing food availability to fispeciesand
consequentlyeducetheir populatiorsizes Recurrent low watelevels over multiple
years could thubave severeonsequences for local fisheries dnecommunity

economy.

4.5) CONCLUSION

In this study of Lake St. Pierraie demonstrated thabacroinvertebrate
distribution differed between aquatic plant habitatglsubmerged macrophytes
hosted greater biomass, abundance and richness than emergent andldaatidg
plants.The achitecture of submerged stands did not have a significant influence
sinceplants with finely dissected leavdil not beama greater invertebrate biomass
than simpler formsin the case of grazemrchitecture alone may not predict biomass
as illustated by théigh densities of organisms on simple tape gkas&mericanalf
Lake St. Pierre evobsfrom an operwater system towards a large wetlasda result
of climate changes, macroinvertebrate dersityuld decreas¢hus causing a

reductionin prey items for fishand potentially decreasing fisheries yields.
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Table 4.1

Spatial and temporal composition of the sampled macrophyte beds, and other substrates in Lake St. Pierre during the ice
free season in 2003 and 2004

Habitat Species Architecture Sampling month Station
Terrestrial plant Dead terrestrial plants | May MAS
Submerged Diverse macrophyte species  Complex September GIR
Ceratophyllum demersum Complex September BSF
Elodea canadensRich. Complex August GIR
Potamogeton pectinatuk. Complex June ADF
P. richardsonii(A. Bennett) Intermediate May, June ADF, BSF, GIR, MAS
P. perfoliatus L. Intermediate July, August ADF, BSF, GIR, MAS
Vallisneria americanaMichx. Simple June, July, August ADF, BSF, MAS
Floatingleaved Nymphea tuberosBaine i July BSE
Emergent Sagittaria latifoliaWilld. i July, August, September ADF, GIR
Scirpus fluviatilis(Torr.) T June, July, August ADF, GIR, MAS

Typha angustifolid.. T May, June, July, August, Septeml ADF, BSF, GIR
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Table 4.2
Total macroinverterate abundandg. individuals g* DW) and biomass
(mg g* DW) of the 4 functional groups collected in 2003 and 2004
in Lake St. Pierr¢percentages of totabmmunityabundance or biomasse in

brackets)
Functional group Abundance Biomass
2003 2004 2003 2004
Grazers 18749 (87.18) 8533 (73.84) 6441 (82) 5733 (61.26)
Detritivores 472 (2.19) 1902 (16.45) 192 (2.44) 1023 (10.93)

Crawling predators 1817 (8.45) 717 (6.20) 795 (10.12) 1988 (21.24)
Diving predators 467 (2.17) 404 (3.50) 426 (5.42) 614(6.56)
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Mean biomassnig g* DW +1 SE) of the macroinvertebrate ssémples classified ia four functional groups
and sampled in Lake St. Pierre, as a function of habitat and submerged macrophyte architecture

(number of sulsamples given inrackets)

Habitat Architecture Subsample mean biomass
All groups Grazers Detritivores Crawling Diving
average predators predators
Emergent 2.38+0.81 1.94+ 0.49 4.26 + 3.50 1.86 + 0.53 1.30+0.41
(155) (81) (34) (26) (14)
Floating 1.86 + 027 2.58 +£0.48 1.68 + 0.52 0.68 £0.16 2.05+0.84
leaved (97) (43) (14) (26) (14)
Submerged 4+0.35 6.34 £ 0.57 1.66 + 0.61 0.89£0.12 0.93+£0.25
(434) (237) (72) (106) (29)
Simple 6.38 + 0.91 10.06 + 1.27 0.74£0.14 0.52+0.11 i
(95) (58) (16) (22)
Intermediate 2.25+ 0.24 3.65+0.39 0.39 £ 0.06 0.55+0.1 0.86 £ 0.32
(207) (114) (34) 47 (12)
Complex 5.02+£0.83 7.74+ 1.46 430+1.91 1.52 +0.28 1.05 + 0.40
(132) (65) (22) (38) (7
Terrestrial 0.24 £0.10 0.15+ 0.05 0.31+ 0.20 T 0.24
plant remains (12) (5) (6) (2)
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Table 4.4
Test effect model of log(biomass+1 mg k{) of invertebrates collected in Lake St.
Pierre with selected variables

Model and source  Sum of df  Mean square F ratio P r
squares

Model 1 0.13
Year 5.86 1 5.86 12.61 0.0004

Month 36.49 4 8.62 18.55 <0.0001
Station 7.18 3 2.39 5.15 0.0016

Model 2 0.15
Year 6.49 1 6.49 14.34 0.0002

Month 25.68 4 6.42 14.17 <0.0001
Station 7.11 3 2.37 5.23 0.0014
Habitat 9.47 3 3.15 6.97  0.0001

Model 3 0.30
Year 4.81 1 4.81 12.87 0.0003

Month 20.62 4 5.15 13.77 <0.0001
Station 9.91 3 3.30 8.83 <0.0001
Habitat 11.67 3 3.89 10.4 <0.0001
Functional group 55.16 3 18.38 49.14 <0.0001

Model 4 0.16
Year 4.32 1 4.32 9.17 0.0026

Month 16.39 4 4.09 8.69 <0.0001
Station 5.86 3 1.95 4.14  0.0065

Plant architecture 5.35 2 2.67 5.67  0.0037

Model 5 0.42
Year 3.23 1 3.23 9.98 0.0017

Month 11.13 4 2.78 8.59 <0.0001
Station 1.34 3 0.44 1.38 0.2478

Plant architecture 4.28 2 2.14 6.61 0.0015
Fundional group 63.43 3 21.14 65.28 <0.0001
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Table 4.4
Continued

*samples collecteth submerged habitats. Year: 2003, 2004; Month: May, June, July, August,
SeptemberStation: ADF, BSF, GIR, MAS; Habitat: emergent, floatiegved, submerged,
terrestral plant remains; Architecture: simple, intermediate, compterctional groupdetritivores,
grazer, divingpredator, predator.



4.7) FIGURE CAPTIONS

Fig. 4.1: Maps of Quebec (upper left cornendalLake StPierre Gt. Lawrence River,
QC, Canada). Theampled stations are in alphabetical order: Aths€ort (ADF),
Baie StFrancois (BSF), Girodeau (GIR), and Maskinongé (MAS).

Fig. 4.2: Relationship between abundance and biomass of macroinvertebrates
sampled in 2003 and 2004. Log (biomass). 598979 4.6557123 log (abundance);
r? = 0.44;F ratio = 556.9p < 0.0001;n = 691. Each point represents all the
individuals of the same taxa collected with a Downing box.

Fig. 4.3: Richness of macroinvertebrate functional groups sampled in Lake St. Pierre
in 2003 and 2004, in relation to month (A), habitat (B) and macrophyte architecture
(C). Richness represents the cumulative number of taxa of the four functional groups.

Fig. 4.4: Comparisons of adjusted biomas@lesast square means, LS

invertebrates imliffering habitats (A) and plant architectures (B, C, D). Bars represent
themean value with standard error. Bars not connected by the same letter are
significantly different (Tukey HSD tegh,< 0.05). Functional groups tested: all (A,

B), grazers onlyC), all but grazers (D). &M are extracted from model 3 (A9nd

model 5 B, C, D). TPR = terrestrial plant remains.
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Fig. 4.1
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CONCLUSION GENERALE

De cette these de doctorat, il apparait que les macroinvertébrés jouent un role
considérable dans le transfert de MeHg et dans pitssprocessus écologiques qui y
sont | i®s. Tout dobéabord, dans | es r ®seaux
pu observer que certains organismes participent a une dynamique originate de
transfertd un pol l uant envi r ontophimees thaditrel).l e MeHg
D6bautres organismes au contraire, sb6av ren
contaminationd®ottomup par le MeHg (consommateurs primaires, chapitre Il) et
leursvaleursd&™N i ndi quent probabl ement | 6influenc
bassinversant (chapitre Ill). Enfin, les macroinvertébrés refletent le degré de
compl exit® spatiale des niches -dssousogi ques
les conclusions princifpes de chaque chapitre et leurs implications scientifiques et

environnementales.

Chapitre I Bien que des mesures des camications de MeHg chez les
hétérpteres et coléoptéres aient été effectuées par certains auteurs (Gieckner
1998; Allenetd., 2005), <cbdbest | a premi re fois que
organismes est considérée dans une étude de transfert de MeHg. Notre étude a montré
que les macroinvertébrés prédateurs non consommables ont les concentrations en
MeHg les plus élevées de toles macroinvertébrés aquatiques. La quantité de MeHg
s®gquestr®e dans ces organismes peut repr ®s
de MeHg mesurée chez tous les macroinvertébrés. Cette observation pourrait
contribuer a expliquer les faibles cemtrations en MeHg des poissons du lac St
Pierre (Simoneaat al, 2005), car les impasses trophiques sont présentes dans la
zone littorale et nulle part ailleurs, et le lac St Pierre est une immense zone littorale.
Certaines questions restent néanmoins s@ponse et appellent a des

recherches futures. Par exemple, quel est le depesimortendu MeHg des
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impasses trophiques ? Est que le MeHg séquestré dans ces organismes de leur

vivant est rendu bioaccumulable aprés leur mort ? Tout donne a peesaui,

pui sque | dinactivit® des glandes pygidiale
composeés défensifs chez ces insectes devraient cesser de faire obstacle a leur
consommation. Dans le cas contraire, les cadavres de ces organismes deviendraient

des «@utsé de MeHg, ce qui nda pas ®t ® observ®
cantonnée aux réseaux trophiques aquatiques, mais nous ne savons pas dans quelle
mesure | es pr®dateurs terrestres peuvent s
trophiques ves les écosystemes terrestres. Certains prédateurs potentiels comme les

oiseaux sont réputés posséder des papilles gustatives en plus faible quantité que les
poissons (Brower, 1969). lls ne seraient donc pas autant r@autes h&eroptéres

et les colépteres comme le sont les poissons. Dans le cas de cette éfddelde

initialement lié aux impasses trophiques pourrait donc se retrouver lié aux détritus

benthiques a la mort des impasses trophiques ou a la biomasse terrestre en cas de
consommation desnpasses par des prédateurs terrestres. Dés ce moment, on se rend
compte que | dapproche ®cosyst®miqgue interd
mieux comprendre le cycle du Hg puisque le polluant & un moment de son cycle

s 0 ®c h a ghamp de vsiow disciplinaire.

Chapitreli Not re ®tude a montr® ~ | 6aide des
macroinvertébrés du lac St Pierre tirent majoritairement leur matiére organique de
sources autochtones comme les épiphytes et, dans une moindre mesure, des
macroplytesL e d®bat sur | 6origine de |l a mati re
| acustres est connu (Meil i, 1992) . On a su
zone lacustre a recevoir les apports de matiére organique du bassin versant, la zone
littorale @ait majoritairement consommatrice de matiére organique allochtone.
Dbautres chercheurs ont avanc® que | a zone

des | acs, et qubéalors cbest surtout | a mat
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consommeée. Comme dales lacdluviaux de faible profondeur lesacroinvertébrés

constituent la principale source de matiére organique au cour$den t deg ® n i e

poi ssons, il s edaaiptr tse nntoase trl Gsbual atfadbtrsme ® de
dans les réseaux trophigs de ces écosystemes transite depuis les complexes
macrophytesepiphytes. Une étude temporelle plus exhaustive, basée sur une année

par exemple, permettrait de r®duire | es zo
changement dobéali meintaemimne de® mines cieh e & w
une part croissante des sources de matiere organique allochtone. Les invertébrés

pourraient ainsi se nourrir de matiere organique autochtone durant la période de

croissance des algues et de matiére organiquetlloame | e r edist e de | dan
shift).

Les processus de méthylation au sein des épiphytes sont étudiés depuis
recemment (Clecknest al, 1999; Desrosierstal, 2006) . Cependant, |
quantitative des épiphytes dans le transfert de MeHg aeaumvtrophiques
sup®rieurs nda pas encore b®nNn®f i ci ® de rec
relation statistique directe entre les [MeHg] des macroinvertébrés et la proportion
d6®pi phytes dans | eur ali ment atélaiom, nous a
entre cette derniere variable et le rapport MeHg/THg. Cette observation, combinée a
| 6anticorr ®l ation entre | a proportion do®p
| eurs concentrations de THg et des Hg i norg
épiphytes pourraient probablement constituer la voie privilégiée par laquelle le MeHg
entrerait dans les réseaux trophiques aquatiques de macroinvertébrés littoraux. Ainsi,
les processus de méthylation au sein des épiphytes seraient alors lesyxincipa
facteurs a méme de moduler la quantité de MeHg disponible pour les niveaux
trophiques supérieurs. Cette idée avait eté exposée dans un précédent travail de
synthese environnementale (Cremona, 2005). Elle pourrait acquérir une force

supplémentaire a laimiére de ces nouveaux résultats. Dans une approche



15C

écosystémique, pour réduire quantitativement le MeHg biodisponible dans les
réseaux trophiques, il faudrait alors agir sur les facteurs influencant la méthylation
épiphytique (pH, @dissous, etc.). Desesuredottomup de ce type permettraient
de «fermer le robined de la méthylation et donc de diminuer en valeur absolue les

quantités de MeHg qui se propageraient dans tout le réseau trophique.

Chapitre IlIT Les macroinvertébrés prédateurs broysussnt enr i chi s doe
1.6a par rapport ° leur proie®™ Bdieen3.qdude | e
par niveau trophique a été mis en évidence depuis longtemps (Minagawa et Wada,
1984), |l a plupart des ®tudes subs®quentes
questionner sa validité dans des conditions physiologiques et trophiques particuliéres.

Il semble que cette valeur de 3.4a soit ap
nourrissant déorganismes riches en prot ®in
McCutcharet al.2003) mais ne conviendrait pas en ce qui concerne les invertébreés.
McCutcharet al. (2003) ont montré que tous consommateurs confondus (poissons,

insectes, etc)l8°N doéun consommateur ®tait plus ®I e
rapport a sa source de matiére organique. Notre étude démontre que chez les
macroinvert®br ®s | 6enrichissement serait d
consommateurs secondaires. Quellag@ient étre les conséquences de cette

h®t ®r og®n®i t ® des f aiNdanslesséseduX gophigues® i s s e me n
Tout dbéabord, | es ®quations de calcul de n
cette caractéristique, en particulier dans lesleasombreux niveaux trophiques

occupés par des invertébrés. Les équations devraient employer un facteur

déenrichi ssement de ~1.6a pour | es niveaux
supérieurs. Cela contribuerait a éviter des niveaux discrets tropchppr dans les

niveaux inférieurs, par exemple un consommateur avét™™n de 2a pl us ®I| ev

sa source seraile factod 6au moi ns un niveau trophique s
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empl oyait un facteur dobéenrichissement de 3

peu pres un demi niveau trophique plus élevé que sa source.

En |lien avec | es chapNseulessundutiet 11 il aj
inadéquat pour prédire les concentrations en MeHg des organismes de la zone
|l ittorale. En effet, nous noavitNes pas trou
concentration en BHg chez les macroinvertébrés. Les organismes les plus
concentrés en MeHg (prédateurs non consommables) sont ceux présentant les valeurs
d e®™Nlparmi les plus basses, & cause notamment de certaines particularités
physiologiques et écologiques. Au conteaicertains détritivores consommant de la
mati re al | oc*iNootdes coacentrationk mezcurielles trés basses.
Dans |l a zone |ittorale, ©“ I 6inverse de ce
apparait donc que la variabilité isotopidaglus élevée se trouve dans la signature
de®it (source de mati re or dhNfivepwe) et non |
trophique). Et comme nous | davons vu, <cbes
matiere organique) qui va déterminer les conceaontraten MeHg pour tout le reste

du réseau trophique littoral.

ChapitrelViLa bi omasse et | 0abondance des mac
sont plus élevées dans les habitats de plantes submergées que dans les habitats de

plantes émergentes. Elles sont apiss fortes chez les macroinvertébrés

®chantill onn®s dans des macrophytes ~° | dar
macrophytes © | 6architecture plus simple.
Pierre aurait pour ¢ ons ®mssedemacroidverelrési sser
phytophiles. Ces résultats nous aménent a penser que le remplacement des

peuplements de macrophytes submergées par des peuplements de macrophytes
®mergentes soOav®rerait n®f aste pour | es co

etdonc par cascade trophique pour les consommateurs comme les poissons qui
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d®pendent de ces communaut ®s. Le |l ac St Pi
économique considérable pour sa région avec enviror® s@0pbissons péchées

chaque année par lescp@ries commerciales, mais il est également classé comme
«réserve de biosphéee par | 6UNESCO. Des modi ficati ons:e
conséquences exposées plus haut pourraient considérablement altérer sa valeur

économique et patrimoniale pour lepptations humaines.

Pourconclure nous pouvons dire que dans | 6®co
existe une double modulation des flux de MeHg ut d & bebh avecdes e
recherches menées sur la méthylation, il apparait que les macroinvertébrés
consenmateurs primairegeuvent se nourrir de deux sortes de matiere organique.
Soit de la matiere organique autochtone contaminée au MeHg, soit de la matiére
organique allochtone peu contaminée. En choisissant de se nourrir majoritairement de
sources matiérerganique autochtone (les épiphytes) contaminée en MeHg, les
consommateurs primair@sodulent une premiére fois le transfert de MeHg vers le
reste du r®seau trophique. Il s constituent
bioamplification du MeHg dans le résetrophique. Les organismes se nourrissant de
cesconsommateurs primaires vont par la sed# permettre la continuation de ce
transfert vers lepoissons (prédateurs consommaptast la bloquer dans le réseau
trophique aquatiquepfédateurs non consonables i.e.impasses trophiqugs, c 6 e st
donc une deuxi me modul ation possible. Le
aquatigue du lac St Pierre apparait donc tres original (formeXex avec deux
sources a la base du réseau et deux voies possilitesisfert) comparé au modele
théorique linéaire de chaine trophique (forme ém@vec une source et une voie) de

transfert de MeHg.

§ http://www.mapag.gouv.qc.ca/Fr/Pechefithmecheaquaculture/pechecommerciale
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