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SOMMAIRE

Les bassins versants constituent une source potentielle de mercure pour
les lacs en raison de I'affinité de ce métal envers les substances humiques du
sol. Les perturbations telles que le feu et la coupe forestiére entrainent la
modification de la couche organique superficielle du sol et peuvent donc
influencer la mobilisation du mercure vers les milieux aquatiques adjacents. Le
but de cette thése a été de déterminer et comparer les concentrations en Hg
dans les organismes aquatiques de 38 lacs du Bouclier canadien dont le bassin
versant avait été coupé ou brllé par des feux de forét naturels, ou n'avait pas
été perturbé. Pour ce faire, nous avons étudié le zooplancton (premier chapitre),
les invertébrés benthiques de la zone littorale (deuxiéme chapitre), une espéce
de poisson piscivore, le grand brochet (Esox lucius) (troisiéme chapitre) et
plusieurs espeéces de poisson occupant différentes positions trophiques

(quatriéme chapitre).

Les concentrations en MeHg des invertébrés benthiques (Amphipoda,
Ephemeroptera, Trichoptera et Odonata) récoltés quatre ans aprés les
perturbations n'ont pas différé significativement parmi les trois groupes de lacs.
Par contre, des invertébrés benthiques de quatre lacs coupés pendant notre
étude ont systemathuement présenté les teneurs en MeHg les plus élevées.
Des corre jléttons positives ont été observées entre les teneurs en MeHg chez

les invertébrés benthiques et le Hg total chez la perchaude et le brochet.

Chez les poissons, les teneurs en Hg ont été plus élevées dans les lacs
coupés par rapport aux autres deux groupes de lacs, indépendamment de la
position trophique occupée. Cependant, les différences entre les lacs brilés et

de réféerence n'étaient pas significatives. Les mémes tendances ont été




iv
observées par rapport au méthylmercure (MeHg) chez le zooplancton un, deux

ou trois ans suivant les perturbations.

Chez le zooplankton, des variations saisonniéres ont été constatées: les
teneurs en MeHg ont été les plus basses a la fin du printemps, atteignant un
maximum au milieu de I'ét¢, quand la méthylation bactérienne était

probablement la plus intense, et diminuant au début de I'automne.

Des facteurs reliés a la méthylation et au transfert du Hg vers les lacs
(carbone organique dissous — COD, pH, sulfate, température) ont expliqué les
variations des concentrations en Hg chez les organismes étudiés. Les teneurs
en Hg ont été aussi fortement corrélées a la position trophique des poissons.
Une bioampilification du Hg au long de la chaine trophique a été observée dans
les trois groupes de lacs. Les concentrations en Hg dans la majorité des
populations de poissons piscivores des lacs coupés ont dépassé la limite pour
la consommation humaine définie par I'Organisation Mondiale de la Santé (0.5

ug.g™ de poids humide).

L Des co;ré’;ations positives entre les concentrations en Hg/MeHg dans les
différents orge;;lismes étudiés et le rapport entre la superficie déboisée et le
volume du lac récepteur ont été observées. Ces résultats indiquent que
I'exploitation forestiére, en augmentant I'apport de COD vers les lacs, peut
interférer avec le cycle naturel du Hg des bassins versants et intensifier

I'accumulation de ce métal dans les organismes aquatiques.
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INTRODUCTION




Une des particularités du mercure (Hg) consiste en sa capacité d'étre
efficacement accumulé et amplifié au long des chaines trophiques,
spécialement sous sa forme organique, le méthylmercure (MeHg). Il en résulte
que des teneurs relativement faibles de Hg dans 'eau peuvent étre suffisantes
pour entrainer des niveaux élevés chez les poissons situés en haut de la chaine
alimentaire, méme dans les lacs éloignés de toute source ponctuelle de
pollution. Par conséquent, des facteurs affectant les concentrations de Hg dans
'eau jouent un réle important sur la contamination des organismes aquatiques.
Parmi ces facteurs, il faut considérer les interactions entre les milieux aquatique
et terrestre, car les bassins versants constituent une source potentielle de Hg

pour les lacs.

Le Hg présente une forte affinité pour les composés humiques de la
couche superficielle du sol, d'ou il peut étre transféré vers les écosystémes
aquatiques adjacents. La coupe a blanc et le feu de forét peuvent donc
influencer ce transfert, car ces deux types de perturbation entrainent la perte du
couvert végétal, la diminution de I'évapo-transpiration, la montée de la nappe
phréatique et la mobilisation de la matiére organique du sol a laquelle le Hg est
associé. D'ailleurs, au Canada, le feu et la coupe constituent des perturbations
majeures de la forét boréale. Annuellement, environ un million d’hectares sont
touchés par I'exploitation forestiere, et une aire aussi ou méme plus importante

est ravagée par les feux de forét (Natural Ressources Canada, 1995-1996).

1. Le Hg dans le milieu terrestre

Le Hg trouvé dans le milieu terrestre peut étre d’origine naturelle ou
anthropique (Nriagu et Pacyna, 1988 ; Landers et al., 1998). Dans le premier
cas, il résulte de I'altération des roches, dans lesquelles le Hg est présent a des

quantitégtqéces. Dans le deuxieme cas, le Hg provenant des eémissions
1




anthropiques peut étre transporté et déposé méme dans les régions éloignées
de toute source ponctuelle de pollution (St. Louis ef al, 1995). Ce transport
atmosphérique de longue portée est possible parce que le Hg présente des
formes volatiles, dont la plus abondante est le Hg élémentaire - Hg® (Stein et
al., 1996), avec un temps de séjour dans I'atmosphére d’environ un an (Xiao et
al., 1991). Le Hg® peut étre oxydé a la forme divalente (Hg®"), laquelle tend a se
complexer a des sels inorganiques, formant des composés solubles qui peuvent

précipiter (Stein et al., 1996).

Le Hg s’accumule surtout dans la couche superficielle organique des sols
(Meili, 1991 ; Lee et al., 2000). Par contre, dans les horizons minéraux, les
teneurs en Hg sont généralement réduites (Lee et al., 1994). Selon sa forme, le

Hg peut se lier a des composés humiques différents (Lodenius, 1987). Le Hg

inorganique - Hg(ll) - est plus souvent rencontré en association avec les
fractions humiques de poids moléculaire élevé, tandis que le MeHg s’associerait
plutdt aux fractions plus légeres. Cette interaction avec des fractions distinctes
de la matiére organique peut étre une des principales raisons de la différence
de mobilité géochimique entre les deux formes de Hg (Lee et Iverfeldt, 1991).

La mobilisation du Hg du sol des bassins versants est un processus
complexe associé a lé‘ mobilisation de la matiére organique (Aastrup et al.,
1991; Scherbatskoy et al., 1998). Voila pourquoi des études montrent une forte
corrélation entre les teneurs en MeHg ou en Hg total et les concentrations de
COD ou la couleur des eaux lacustres (Meili et al.,, 1991, Mierle et Ingram,
1991). L'exportation de Hg vers les écosystémes aquatiques peut dépendre
ainsi de l'interaction de plusieurs facteurs, tels que : I'hydrologie, la climatologie,
le type et l'usage du sol, le type et le pourcentage de couvert vegétal, les

caractéristiques morphométriques et les perturbations du bassin versant.

Les variations saisonniéres affectent de fagon particuliére I'hydrologie

des sols et donc la mobilisation du Hg. Balogh et al. (1998), par exemple,




rapportent des augmentations des teneurs en Hg total dans I'eau de trois
fleuves au début du printemps, quand le ruissellement de I'eau résultant de la
fonte nivale est plus intense. Pendant I'été les niveaux de Hg varient en fonction
des précipitations. De plus, a I'été, 'augmentation de I'activité microbienne du
sol accélére la dégradation de la matiére organique et produit ainsi des fractions
moléculaires plus facilement mobilisables (Cronan et Aiken, 1985). A I'automne,

le Hg accumulé dans les feuilles est transféré au sol (Lindberg, 1995).

La morphométrie (le rapport entre I'aire de drainage et l'aire du lac -
AD/AL) et la topographie des bassins versants peuvent aussi influencer le
transfert de Hg vers les lacs. Des études aux Etats Unis et en Suéde indiquent
une correlation positive entre le rapport AD/AL et les concentrations de Hg dans
les lacs (Swain et al., 1992) ou dans les poissons (Lee et Iverfeldt, 1991). Des

corrélations négatives ont ete détectées entre la pente du bassin versant et la

PR

concentration de COD des Iacs (D’Arcy et Carignan, 1997; Rasmussen et al.,

1989). Par conséquent, le flux de Hg vers les systémes aquatiques serait

minimisé dans les régions de relief accidenté.

La quantité de matiére organique exportée vers les lacs est aussi
influencée par le type de végétation. Dans une étude de Cronan et Aiken (1985)
la teneur en COD libéré sur les couches superficielles du sol d'une forét de

coniféres était plus élevée que celle du sol d'une forét de feuillus.

Les mmeux humldes constituent des sites de production nette et
d'exportation de MeHg (St Louis et al., 1994). Selon ces auteurs, dans les eaux
des bassins hydrologiques comportant des secteurs humides, les teneurs en
MeHg peuvent étre de 26 a 79 fois supérieures a celles ou les zones humides
sont absentes. Greenfield et al. (2001) ont observé des teneurs en Hg
modérément élevées chez la perchaude de petits lacs ayant plus de 6% de
terres humides dans leur bassin versant. Egalement, Rudd (1995) a observé

que les poissons des eaux brunes, alimentées en grande partie par des zones

-




humides, présentaient des concentrations plus élevées de MeHg que ceux des

eaux claires.

Les inondations favorisent aussi la production de MeHg et son
assimilation w;;‘;‘”;WIZMsm'mmorganismes aquatiques. Suite a des inondations
saisonniéres du Fleuve Tapajos, un tributaire de I'’Amazones, Roulet et al.
(2001) ont observé une augmentation des teneurs en MeHg d'ordre de 200%
dans les sols inondés. D’autres auteurs ont reporté une augmentation des
concentrations de MeHg chez les poissons des réservoirs (Verdon et al., 1991).
Dans le deux cas, I'abondance de matiére organique fraiche et labile favorise

I'activité des bactéries méthylatrices.

2. Les effets des perturbations des bassins versants sur la qualité des

eaux des lacs

La végétation des bassins versants, parmi d'autres facteurs, influence
fortement la cohésion et la rétention des éléments du sol. Les perturbations des
aires de drainage, telles que la coupe et le feu, altérent les conditions physico-
chimiques et biologiques des sols (Keenan et Kimmins, 1993). Ces altérations
peuvent donc accentuer 'apport des substances dans les lacs. L'intensité de
cette exportation de matériel dépend surtout des pertes de couverture végétale,

des précipitations et de la nature du sol (Brown et al., 1973).

L'effet le plus évident du feu est la réduction de la biomasse forestiére.
Une partie des substances se volatilise ou est émise dans I'atmosphére sous
forme particulaire. L'autre partie est dissoute dans I'eau. Puisque la rétention de
'eau pluviale par les sols brilés est faible, I'exportation de matériel par
I'écoulement et le lessivage peut augmenter (Lewis Jr., 1974). L'analyse
chimique des eaux des 38 lacs suivis dans cette étude (Carignan et al., 2000)

montre que les lacs dont le bassin versant a été bralé présentent des teneurs




en NOs-N et SO42 plus élevées que celles des lacs coupés et de reférence, et
en PT, NH4" et K* plus élevées que les lacs de référence. Les concentrations de

ces éléments tendent & décroitre au long des trois années successives au feu.

La coupe forestiére peut altérer fortement le bilan hydrique des bassins
versants (Keenan et Kimmins, 1993). A I'échelle microclimatique, elle mterfere o
avec la radiation, la température, I'évapotranspiration, I'numidite, fetc,g Dune
part, la perte du couvert végétal provoque une réduction des taux
d’évapotranspiration (Bormann et Likens, 1979). D'autre part, elle augmente la
surface du sol atteinte directement par les précipitations et I'écoulement et le
lessivage s'intensifient (Keenan et Kimmins, 1993). Le sol devient donc plus
humide. Dans les régions ol la neige est un élément important du cycle
hydrologique, le débit de I'eau et la durée du ruissellement sont trés accentués
pendant la période de fonte. Dans les lacs de cette étude, la hausse des taux
d’exportation de carbone organique est leffet le plus remarquable de la coupe
forestiére (Lamont\z;ér;e\%;?;hlwaalatsf Cecx explique les concentrations accrues
de COD par rapport a celles observées dans les lacs brilés et de référence un
an aprés les perturbations. Ces concentrations tendent & diminuer dans les lacs
de coupe et & augmenter dans les lacs de feu si bien qu'aprés trois ans les
différences entre ces deux groupes ne sont plus significatives (Carignan et al.,

2000).

3. Le Hg dans le milieu aquatique : spéciation et interaction avec les

variables environnementales

La spéciation du Hg est le facteur déterminant de son comportement et
de sa mobilisation dans I'environnement, ainsi que de sa biodisponibilite. Les
principales réactions ou processus qui controlent cette spéciation sont:
oxydation / réduction, précipitation / dissolution, méthylation / deméthylation,

adsorption / désorption (Stein et al., 1996).

-




Dans l'eau, sous des conditions d’oxydation, le Hg®" forme des
complexes solubles surtout avec le chlorure (HgCly) et I'hydroxyde (Hg(OH),).
Ces composés inorganiques du Hg en général ne s’accumulent pas (Stein et
al., 1996). Sous des conditions réductrices, et en présence de H,S, HgS se
forme et g& précipite. Le HgS peut étre resolubilisé si le milieu est reoxygéné
(Driscoll et al., 1994). Dans 'hypolimnion, la mobilisation du MeHg peut étre
augmentée par la solubilisation de I'oxyde ferrique et de manganése, tandis que
celle du Hg inorganique peut étre diminuée (Regnell et al., 2001). Le Hg** peut
aussi étre réduit a Hg0 par action biotique, abiotique ou photochimique (Sellers
et al, 1996 ; Amyot et al., 2000).

Parmi les formes organiques du Hg, celle qui attire un intérét particulier
est le méthylmercure (CH3Hg"), car il peut étre bioaccumulé et bioamplifié au
long du réseau trophique. La méthylation du Hg (Hg” + RCH; — CH3Hg" +R)
a lieu dans les sédiments de surface ou dans la colonne d’eau (Ramlal et al.,
1993). Dans le sédiment, le taux de méthylation est élevé dans les premiers
centimetres et tend a diminuer avec la profondeur due a la diminution de la
population bactérienne (Winfrey et Rudd, 1990). La méthylation peut étre
chimique ou le résultat de I'action des bactéries méthanogéniques ou sulfato-
réductrices (Compeau et Bartha, 1985). Cependant, les mécanismes selon

. g Y
lesquels la méthylation se produit ne sont pas complétementﬁ‘dévoilésx}
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Quelques auteurs (Gilmour et al., 1992; Heyes et al., 2000) suggérent
que le MeHg est un sous-produit de la réduction du sulfate par les bactéries
sulfato-réductrices. Kerry et al. (1991) montrent que, sous des conditions
expérimentales, I'addition de sulfate a des teneurs semblables a celles trouvées
dans les lacs du Bouclier canadien (5 — 30 mg.L™") n’intensifie pas la formation
de MeHg. Deux hypothéses expliquent les résultats de Kerry et colgﬁorateurs X
la disponibilité de Hg est réduite due a la formation de HgS, ou l'activité
bactérienne n’est pas favorisée, méme si le taux de réduction de sulfate

augmente. Dans la méthylation chimique, I'alkyl d’étain, I'alkyl de plomb et le




triméthyl de plomb agissent comme donneurs du groupe meéthyl (Jernelov et

Beijer, 1979).

La méthylation est accentuée dans des conditions moderement acides et
wig%iﬂgu@sm(wmfrey et Rudd, 1990, Cossa et al., 1994). Regnell et al. (1996) ont
observé que la production de MeHg était au moins un ordre de grandeur plus
élevée sous des conditions anoxiques relativement a celle en présence
d'oxygéne. La méthylation est aussi influencée par I'abondance de Hg
inorganique et de matiére organique (lkingura et Akagi, 1999), ainsi que par la
température et d'autres facteurs agissant sur l'activité des organismes
méthylateurs (Miskimmin et al. 1992). A travers la méthylation, le Hg précipité
ou adsorbé est remobilisé et devient disponible a I'assimilation par la biote
aquatique. La deméthylation, par contre, diminue la disponibilit¢ du MeHg aux
organismes aquatiques. Elle a lieu surtout sous des conditions alcalines et
basses températures. Sellers et al (1996) ont montré que la deméthylation du

MeHg est influencée par des processus photochimiques.

4. Assimilation du Hg par la biote aquatique: bioconcentration,

bioaccumulation et bioamplification

Les organismes aquatiques assimilent le Hg soit a partir de 'eau, soit a
partir de la nourriture (Mason et al., 1995, Boudou et al., 1991), et le degré de
cette assimilation varie selon la forme du Hg. Riisgard and Hansen (1990) ont
observé que l'efficacité d'assimilation du Hg inorganique était inférieure a 1%
chez toutes les espéces aquatiques testées dans leur étude, tandis que celle du
MeHg variait de 34% chez les moules a 90% chez quelques especes de
poisson. Dailleurs, c'est cette efficacité qui explique la bioamplification du
MeHg au long du réseau trophique, méme si cette forme représente en général
seulement 1% du Hg total dans le milieu aquatique. Le taux de bioamplification

esfpluselevegwémwﬁ?fég niveaux trophiques inférieurs (Watras et al., 1998; Kim




and Burggraaf, 1999). Pourtant, di a la bioamplification du MeHg a chaque
niveau trophique, ce sont les organismes en haut de la chaine alimentaire qui
sont les plus affectés par la présence de contaminants a des basses

concentrations dans le milieu (Watras et al., 1998).

L’assimilation du MeHg dépasse celle du Hg inorganique qu’on considere
'eau ou la nourriture comme source. La bioconcentration (tendance d'une
substance a s’accumuler dans la biote relativement a l'eau) des formes
organiques est plus efficace possiblement parce que la diffusion des composés
méthylés, tels que CHsHgCl et CH3HgOH, au travers des membranes
biologiques est plus rapide (Boudou et al., 1991). Il a été constaté que, sous les
mémes conditions d’exposition et de concentration, I'accumulation d'un dérivé
méthylé de Hg (CH3HQCI) chez Salmo galrdner/ était 6,2 fois plus grande que
celle d’un dérivé morgamque (chlorure mercunque HgClz) (Ribeyre et Boudou,
1984a). D'autre part, plus le niveau trophique est élevé, plus le MeHg s’enrichit
dans les organismes par rapport a I'eau (Becker et Bigham, 1995). Driscoll et al.

(1994), par exemple, ont observé chez la perchaude des concentrations de

MeHg un million de fois plus fortes que celles trouvées dans l'eau.

En ce qui concerne I'assimilation par la nourriture, la bioaccumulation du
MeHg est aussi plus efficace que celle du Hg inorganique (Huckabee et al.,
1979). Des concentrations de MeHg quatre fois plus grandes que celles de Hg2+
ont été observées chez des copépodes nourris avec des diatomées exposées a
'une ou l'autre de ces deux formes de Hg (Mason et al., 1995). Ces
observations sont dues, probablement, au fait que, chez les algues, le MeHg se
concentre plutét dans le cytoplasme, tandis que le Hg inorganique s’associe aux
membranes cellulaires. Comme le Qgﬂg‘rj«g@pn digére le contenu cytoplasmique
des algues, mais élimine généralement les membranes cellulaires, il accumule
essentiellement le MeHg a travers la nourriture (Ribeyre ef al., 1981). De cette
maniére, méme dans les niveaux trophiques les plus bas I'accumulation de
MeHg dépasse celle du Hg (Ribeyre et al., 1981). DU a la bioamplification du
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MeHg, le rapport entre les formes organique et inorganique du Hg tend a
augmenter d'un niveau a l'autre de la chaine alimentaire (Watras et Bloom,
1992). Mason et Sullivan (1997) ont constaté que déja chez les organismes du
lac Michigan appartenant au troisiéme niveau trophique (Mysis sp) le MeHg
était la seule forme de Hg observée. En fait, chez les poissons, le MeHg
représente souvent plus de 90% du Hg total (Bloom, 1992). Les résultats
obtenus lors de I'étude des chaines trophiques pélagiques des lacs du bassin
du Saint-Laurent illustrent bien la bioamplification du MeHg (Cabana et al.,
1994). Les truites grises (Salvelinus namaycush) des chaines les plus longues
ont montré des concentrations de Hg 3,6 fois plus élevées que celles des

chaines ou il manquait au moins deux niveaux trophiques.

L’alimentation est considérée la plus importante voie de prise de MeHg
par le poisson. Selon Hall et al. (1997), I'eau contrsbualt au maX|muA ;
15% du Hg dans plusieurs espéces de poxseons gu’ils ont étudiées. Ponce et
Bloom (1991) ont aussi observé que l'assimilation de MeHg par la truite
(Oncorhynchus mykiss) a partir de I'eau représentait autour de 16% de

/;:, m@g&s)éﬁ/’“z»«
Mf Jid
¥

I'assimilation totale.

Etant donné que la bioamplification du Hg dans les organismes résulte
du bilan assimilation-élimination (Korhonen et al, 1995), il faut aussi tenir
compte des mécanismes d’élimination de ce métal. Des études en laboratoire et
dans le milieu naturel (Lockhart et al. 1972) ont indiqué que I'élimination de Hg
total chez le brochet était trés lente (demi-vie d'environ deux années). Chez
Salmo gairdneri, il a été observé que I'élimination d’'un composé inorganique du
Hg (HgCly) était plus rapide que celle d’'une forme organique (CHsHgCI)
(Ribeyre et Boudou, 1984b). En fait, Trudel et Rasmussen (1997) ont estimé
que le Hg inorganique est excrete trois fois plus vite que le MeHg. Un dernier
element du bilan assimilation- ellmlnatlon est la dilution due au taux de

croissance de l'organisme (Reinfelder et al, 1998). Cette composante est
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importante chez les poissons, lesquels présentent généralement un taux de

croissance élevé par rapport au taux d’excrétion du MeHg.

5. Facteurs interférant sur la bioaccumulation du Hg

La bioaccumulation du Hg par les organismes aquatiques est le résultat
de linteraction des facteurs environnementaux (pH, COD, température),
écologiques (position trophique, productivité) et physiologiques (diéte, taux de
croissance, respiration, age, sexe). Cependant ces interactions ne sont pas
complétement expliquées et des résultats contradictoires sont souvent observés

dans les nombreuses études concernant le Hg.

5.1. Facteurs environnementaux 7
U@é“éf
r e

5.1.1 pH ys 72

#

Les concentrations en Hg chez la biote aquatique "'ébnt inversement
corrélées avec le pH, lequel peut interférer de plusseurs fag:ons avec \
I'assimilation et la disponibilit¢ du Hg (Jensen 1988, Ponce et Bloom 1991,
Haines et al. 1994, Andersson et al., 1995). Le calcium des eaux tend a varier
de facon inverse au pH, ce qui affecte la prise de MeHg par les poissons.

L'acidification contribue aussi a la mobilisation du sédiment et du COD présent,

5

lequel peut servir de substrat a la méthylation et comme source d’'énergie aux
organismes qui se nourrissent de matériel en suspension. Aussi en pH
légérement acide la production du MeHg est favorisée par rapport a celle du
diméthylHg. Dans notre étude précédente (Garcna et Carignan, 1999), bien que
I'étendue de variation du pH n’ait pas ét& large“»(S 4 - 7,3), nous avons observé
un rapport negatyg/g entre le pH et la teneur en KjleHg chez le zooplancton.

f

1
5.1.2. COD fg
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Le COD d’origine terrestre peut affecter la concentration en Hg dans le
milieu aquatique de plusieurs fagons. En plus de servir comme vecteur du Hg
inorganique ou du MeHg vers les lacs (Mierle et Ingram, 1991), le COD peut
favoriser la méthylation microbienne (lkingura et Akagi, 1999). Cependant,
I'action du COD sur le cycle du Hg est controversée. Plusieurs études montrent
que l'association du Hg aux substances humiques réduirait son taux de
sédimentation, de sorte que le Hg persisterait plus longtemps dans la colonne
d'eau. Par conséquent, la biodisponibilité du Hg augmenterait, ce qui
expliquerait la correlatlon posmve souvent observee entre la teneur en COD
dans l'eau et la concentrat:on de Hg/MeHg chez les dafferents orgammsmes
aquatiques (McMurtry et al., 1989; Haines et al., 1994, Plourde et al., 1997,
Westcott et Kalff, 1996; Sonesten, 2001). D’autres auteurs, toutefois, affirment
gue des niveaux élevés de COD dans l'eau résulteraient en une plus forte
complexation du Hg dissous et le composé formé serait moins disponible a la
méthylation microbienne (Cope et al. 1990, Grieb et al. 1990, Simonin et al.
1994). Dans ce cas, les concentrations de COD seraient inversement corrélées
avec celles de Hg/MeHg dans la biote. Dans les lacs touchés par notre étude, le
COD était positivement corrélé avec la teneur en MeHg chez le zooplancton, et
était la variable qui expliquait le plus la variation des teneurs en MeHg (Garcia

et Carignan, 1999).

Dans les lacs aux eaux brunes, le COD peut encore atténuer la
pénétration de lumiére et, donc, inhiber la photodégradation du MeHg (Sellers
et al., 1996). D'autre part, les substances humiques peuvent agir comme
chromophores efficaces dans les processus de réduction photochimique du Hg

divalent a Hg® (Amyot et al., 1997).

5.1.3. Température
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Bodaly et al. (1993) ont signalé une corrélation positive entre le Hg chez
les poissons et la température de I'épilimnion. Une augmentation de la
température peut favoriser le taux de méthylation. De plus, la température peut
aussi augmenter le taux d’accumulation du Hg due a une augmentation du

métabolisme des organismes (Meili et Parkmann, 1988).

5.1.4. Calcium

La prise de MeHg par les poissons peut étre influencée par la
concentration de calcium et la dureté de I'eau (Rodgers et Beamish, 1983). Le
Ca® %i{;;xwue la perméabilité des branchies au MfH,gj Par conséquent, plus
grand le niveau de calcium dans I'eau, plus petlte Ia concentration musculaire
de MeHg chez les poissons. |l semble que le Ca influence le flux des
molécules non polaires ainsi que des ions (Na', H" et CI) a travers les
branchies, affectant les processus de transport actif et passif (Rodgers et
Beamish, 1983). De plus, la charge électrique des branchies devient plus
positive sous des concentrations de Ca®" élevées, ce qui réduit la prise de

cations tels que le CHzHg" (Playle, 1998).

5.1.5. Autres variables environnementales

Le Hg chez les organismes aquatiques est aussi corrélé négativement
avec les teneurs en sulfate (Simonin et al., 1994; McMurtry et al., 1989; Haines
et al., 1994; Garcia et Carignan, 1999) et positivement avec les teneurs en Hg
dans le sédiment (Cope et al., 1990 ; Désy et al., 2000). Dans une étude de
laboratoire, Kudo et Mortimer (1979) ont comparé la teneur en Hg chez des
petits poissons (Lebistes reticulatus) d'un milieu ou I'HgCl, avait était ajouté au
sédiment avec celle chez les poissons maintenus dans le méme milieux mais

isolés du sédiment. Ces auteurs ont observé que chez les poissons en contact

’w,‘/f;
“Hens
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avec le sédiment les concentrations en Hg étaient neuf fois plus élevées que

chez les spécimens dont la seule voie d’assimilation du Hg était I'eau.

Des variables morphométriques reliées soit a I'apport de Hg des bassins
versants, soit a la méthylation, telles que la profondeur et le rapport entre I'aire
de drainage et le volume du lac (ou I'aire du lac) sont aussi souvent corrélées
avec les teneurs en Hg chez la biote aquatique (Suns et Hitchin, 1990,
Hakanson et al., 1988).

5.2. Facteurs écologigues

5.2.1. Productivité

En général, les poissons des lacs productifs montrent de faibles niveaux
de Hg (Meili, 1994). La plus grande biomasse algale dans ce type de lac amene
a la “biodilution” du Hg dans la chaine alimentaire, ce qui résulte en de plus
faibles concentrations de Hg dans les niveaux trophiques supérieurs. Pourtant,
Rudd et Turner (1983) ont observé des résultats contraires dans des bassins
expérimentaux : l'augmentation de la bioaccumulation de Hg avec
I'augmentation de la productivité due & lintensification de la meéthylation
microbienne. Dans les lacs de la présente étude dont le bassin versant avait été
atteint par le feu, la biomasse algale était plus élevée par rapport a celle des
lacs de coupe ou de référence (Planas et al., 2000). Etant donné que dans ces
lacs br(lés les teneurs en MeHg chez le zooplancton étaient inversement
corrélées avec les concentrations de chlorophylle a (Garcia et Carignan, 1999),

nos résultats supportent I'hypothése de biodilution.

5.2.2. Position trophique
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DU a la bioamplification du MeHg, dans les études comparatives sur la
contamination des organismes aquatiques, il est important d’établir le niveau
trophique des différentes especes dans un méme lac, ainsi que d’'une méme

espece dans des milieux différents. Cabana et al. (1994) ont montré que le

niveau trophique et le poids moyen expliquaient une grande partie de la

variance du Hg total chez Ieﬂtoula’di.

Des mesures discrétes du niveau trophique peuvent étre obtenues a
partir du contenu stomacal des organismes. D’autre part, I'utilisation du rapport
des isotopes stables d’azote, "°N/™N fournit une mesure continue de position
trophique. Cette approche est trés utile parce que le contenu stomacal est
souvent limit¢é ou n'est pas disponible et ne révéle pas des variations
saisonniéres dans la diéte. Par contre, I'utilisation des isotopes stables permet
une mesure d'assimilation de la nourriture ingérée en tenant compte du
renouvellement tissulaire (Kling et al., 1992) ainsi que du degré d’omnivorie des

organismes (Vander Zanden et al., 1997).

Puisque le rapport "N/"N augmente avec le niveau trophique des
consommateurs, les valeurs de §'°N définissent la position trophiquewréelle
occupée par les organismes. L'isotope plus lourd de I'azote augmenteifénviron
3,4 parts par mille de la proie au prédateur (Cabana et Rasmussen, 1954) dd a
lexcrétion préférentielle de l'isotope le plus léger & travers des processus
métaboliques. Kidd et al. (1995) ont montré que le §'°N était corrélé de fagon
significative avec la longueur, le poids et la teneur en Hg du brochet (r = 0,6 ;
0,99 ; 0,39), du meunier (r =-0,35; - 0,48 ; 0,19) et de la perchaude (r = 0,55 ;
0,6 ; 0,45). Ces rapports indiquent que ces espéces changent leurs habitudes
alimentaires et conséquemment leur position trophique & mesure qu'elles

grandissent.

Le 8N des poissons de taille ou d’age similaires peut varier d’'un milieu

a lautre d0 au différent fractionnement du N a la base des chaines
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trophiques. Ce fractionnement différentiel peut étre attribué a des variations de
la température épilimnétique ou de la disponibilité de nutriments, ou encore 3 la
composition spécifique des différents systémes (Peterson et Fry, 1987). De
cette fagon, dans les études comparatives des teneurs en Hg chez une méme
espéce retrouvée dans différents lacs, les valeurs de §'°N des consommateurs
secondaires doivent étre corrigées en fonction du 8N basal dans chaque
milieu. Cabana et al. (1994) et Vander Zanden et Rasmussen (1999) ont
propose difféerents mécanismes de correction en tenant compte,
respectivement, de la signature isotopique d’un ou plusieurs consommateurs

primaires appartenant aux milieux comparés.

5.3. Facteurs physiologiques

Les teneurs en Hg chez les différentes espéces peuvent étre influencées
par des caractéristiques physiologiques des organismes telles que : la longueur,
le poids, I'age et le sexe (Olsson, 1976). Donc, dans une étude de la
contamination des espéces de grande taille comme les poissons, il faut
absolument tenir compte de telles variables. Chez les invertébrés, dont le cycle
de vie est relativement court, les différences attribuées a ces caractéristiques ne

sont pas significatives.

Quand la corrélation entre la concentration en Hg et la longueur, le poids
ou I'dge des poissons est significativement positive, on peut supposer que la
bioaccumulation a lieu. Dans ce cas, les concentrations de Hg doivent étre
standardisées a une longueur, poids ou age commurrg’g (moyennes de la
capture) pour permettre la comparaison inter-lacs. D'autfe part, si la corrélation
n'est pas significative, on suppose qu'il n'y a pas de bioaccumulation et on peut
utiliser la concentration moyenne de tous les poissons de la méme espéce pour

représenter chaque lac. Le choix de la caractéristique physiologique (longueur,
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poids ou &ge) qui représente le mieux une espéce varie beaucoup d’une étude

a l'autre et fait I'objet de quelques controverses.

5.3.1. Longueur

Dans la plupart des études la longueur apparait comme la variable
physiologique dont la corrélation avec les concentrations de Hg est la plus forte
et significative (Scott et Armstrong, 1972, Olsson, 1976). Penn (1978) a observé
que des correlations significatives entre le Hg et la taille étaient plus communes
chez les poissons piscivores (63%) que chez les non-piscivores (45%). De plus,
le facteur de bioaccumulation était généralement supérieur chez les premiers
par rapport aux non-prédateurs. Simonin et al. (1994) ont signalé une relation
curviligne entre la concentration de Hg et la longueur des perchaudes. Puisque
les plus grandes perchaudes tendent a devenir plutét piscivores, cette relation
peut étre attribuée & un changement de diéte. Le touladi (Salvelinus
namaycush) peut aussi connaitre un taux de croissance accélérée suite au
changement d’un régime benthivore a un régime piscivore (MacCrimmon et al.,
1982).

5.3.2. Poids

Johnston et al. (1991) ont observé que les variations de la concentration
de Hg chez les individus de méme taille appartenant & une méme espéce
seraient dues a des différences de la masse corporelle. Les critiques relatives &
l'utilisation du poids sont basées sur le fait que cette variable est la plus sujette
aux variations a court terme parce qu'elle est dépendante de I'alimentation. Le
poids peut varier d’un jour & l'autre, en particulier chez les grandes espéces
piscivores comme le brochet, & cause de la variation de la quantité de nourriture
dans le tractus gastro-intestinal (Olsson, 1976). Cependant, chez les espéces

de petite taille comme la perchaude, ces variations ne semblent pas étre
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importantes, de sorte que le poids est souvent la variable la mieux corrélée

avec le Hg (Watras et al., 1998, Nilsson et Hakanson, 1992).

5.3.3. Age

Parmi les trois variables physiologiques, I'age des individus est la moins
utilisée dans les études sur la contamination par le Hg. Ceci est dG moins a
l'absence de corrélation entre I'age et le Hg qu'aux efforts requis pour

I'estimation de I'age.

Dans une étude intra et inter-spécifique, Penn (1978) a signalé que la
correlation entre le Hg et I'age des poissons était moins variable que celle avec
la taille. Berninger et Pennanen (1995) ont aussi suggéré I'utilisation d’une age
standard pour la détermination des niveaux de Hg chez la perchaude. Skurdal
et al. (1985) ont observé que les teneurs en Hg augmentaient rapidement avec
I'age chez le brochet, par rapport aux espéces planctivores. Rask et al. (1994)
ont trouvé des corrélations entre les concentrations en Hg et I'age (/2 = 0.84)

aussi fortes que celles entre le Hg et la longueur du brochet (7 = 0.83).

5.3.4 D’autres variables physiologiques

Olsson (1976) a observé des niveaux plus bas de Hg chez les femelles
par rapport aux males de méme poids. Ceci suggére que les échantillons

devaient étre séparés selon le sexe des individus.

Suns et Hitchin (1990) ont standardisé les concentrations de Hg & partir
du facteur de condition du poisson. Cette variable peut étre considérée comme
une mesure de la santé relative et correspond au rapport entre le poids du
poisson et sa longueur. La condition de santé est influencée par la disponibilité
de nourriture, la densité de la population et les relations prédateur-proie. Dans
I'étude de Suns et Hitchin (1990) ainsi que dans celui de Grenfield et al. (2001),
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il a été trouvé des corrélations fortement négatives entre la condition du poisson

et le pH ou 'accumulation de Hg chez la perchaude.

Ale
i
w%”w? fw

6. Objectifs de cette étude
2"

Ce projet est en fait un suivi plus vaste d’'une étude réalisée dans le

méme ensemble de Iacs (Ggrcna et Carignan, 1999). Dans cette étude
=

précédente de 38 lacs distribuemautour du Réservoir Gouin, au Québec (Figure

1), il a été constaté que les teneurs en MeHg chez le zooplancton des lacs dont

le bassin versant avait été récemment coupé (N = 9) étaient supérieures a
celles du zooplancton des lacs naturels (N = 20) ou dont le bassin versant avait

été sévérement bralé (N = 9). Egalement, les concentrations de COD étaient

T ein s

-

plus élevées dans le@ laqs coupes La forte corrélation entre le MeHg chez le
zooplancton et le COD suggérait que le transfert du Hg vers les lacs était
associé a celui de la matiere organique. Compte tenu de la bioamplification du
MeHg au long de la chaine alimentaire, une meilleure compréhension des effets
de la coupe forestiére sur les concentrations en Hg chez les organismes des

différents niveaux trophiques s’imposait.

Le but de cette recherche était de déterminer si, tel que le zooplancton,

les poissons des Iacs coupes montraient des niveaux de Hg plus élevés que

ceux des deux autres groupes de lacs. Il a été questlon aussx des teneurs en |

MeHg chez les invertébrés benthiques. En outre, nous nous sommes intéressés
a I'évolution des niveaux de MeHg chez le zooplancton et de Hg total chez les
poissons au long des trois années postérieures aux perturbations du bassin

versant. Plus spécifiquement, les objectifs de ce projet étaient :

1. vérifier I'évolution des teneurs en MeHg chez le zooplancton des trois

traitements au cours des trois ans suivant les perturbations (chapitre 1)

r
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2. comparer les concentrations en MeHg chez le zoobenthos des trois groupes

de lacs deux et quatre ans aprés l'occurrence des perturbations (chapitre 2);

3. en tenant compte de la position trophique du brochet déterminée par §'°N et
corrigée selon la méthode proposée par Vander Zanden et Rasmussen (1999),
comparer les teneurs en Hg total chez les brochets de 560 mm des trois

groupes de lacs (chapitre 3);

4. établir et comparer le rapport entre les concentrations en Hg total et la
position trophique occupée par les différentes espéces de poisson des lacs

coupés, brilés et de référence (chapitre 4);

S. estimer et comparer le facteur de bioamplification du Hg parmi les
organismes benthiques (chapitre 2) ainsi que dans la communauté piscivore

des trois groupes de lacs (chapitres 4);

6. détecter les especes de poisson (et leur taille) présentant des teneurs en Hg
supérieures & la limite recommandée pour la consommation humaine (0,5 pg.g™

de poids humide — Organisation Mondiale de la Santé) (chapitre 4);

7. déterminer, parmi les variables physico-chimiques et biologiques, lesquelles
expliquaient le mieux les variations des concentrations en Hg chez les différents

organismes étudiés (chapitres 1, 2, 3 et 4).
Nos hypothéses de recherche étaient :

1. Les teneurs en MeHg et en Hg chez les organismes des lacs coupes |
;&wﬁﬁy seraient supérieures a celles des lacs de reference ‘indépendamment de la
’7 position trophique occupée par ces orgamsmesﬁf/due aux apports accruf

de mercure associé a la matiére organique swte ala coupe forest:ere.
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Les teneurs en Mer% et en Hg chez les organismes des lacs coupés

Fet 2.
diminueraient amen@.”dfu temps; due}a une réduction des apports de COD, et

du Hgs associé vers les lacs.  <e#e z
f‘(f’ A

Les teneurs en MeHg et en Hg chez les organismes des lacs brilés seraient

inférieures a celles des lacs de reference/due;a la forte intensité des feux de

.3

J}@ : wﬁiﬁﬁfﬁé&eg

forét et consequent volatilisation du Hg present dans le bassin versant.

P
T i

La position trophique des organismes benthiques ainsi que celle des

B

poissons exhiberait une corrélation positive avec les concentrations en

MeHg et en Hg due a la bioaccumulation du mercure. j Qe

+

LR

&KM ?ff‘;if" <

La position trophique occupee par les organlsmes ainsi que les facteurs
WW N

affectant la méthylation du Hg, tels que le CcoD bt co- vanable§ le pH et la
température seraient les variables influencant les plus les teneurs en Hg et

B s,

en MeHg chez les organismes etudiés. A oo nande
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CHAPITRE 1

Methyl mercury accumulation in zooplankton from Shield

lakes impacted by fire or forest harvesting: a three-year study

Edenise Garcia et Richard Carignan

Article a soumettre a Environmental Science & Technology
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Abstract

Methyl mercury (MeHg) concentrations were determined in bulk
macromacrozooplankton from 38 boreal Canadian lakes with logged, burnt
or undisturbed catchments, between 1996 and 1998. MeHg concentrations
in macromacrozooplankton from cut lakes were significantly higher than in
reference lakes during mid-summer of the three study years. Higher MeHg
levels were observed in cut lakes in comparison to burnt lakes only in the
first year following disturbances. Differences between burnt and reference
groups were not significant. The pattern of distribution of MeHg along the
study period in the three treatments paralleled that of DOC, which is an
important vector of Hg from watershed soils to lake water. In cut and burnt
lakes, MeHg in macromacrozooplankton showed a significant relationship
with the disturbed area to lake volume ratio. MeHg levels varied seasonally
in the three treatments: concentrations were the lowest in late spring, then
peaked in mid-summer and decreased in late summer. An inter-annual

decreasing trend in MeHg was also observed along the three study years.
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Introduction

Aquatic organisms can assimilate Hg from food (Hall et al. 1997),
from suspended particles (Plourde et al. 1997) or directly from the water
(Mason et al. 1995). The bioavailability of Hg in turn is controlled by several
biotic and abiotic factors. Among the later, organic matter has been pointed
to play an important role in the biogeochemistry of mercury (Cai et al.
1999). Dissolved organic carbon (DOC) of terrestrial origin may act as a
vector of Hg(ll) and methyl mercury (MeHg) from watersheds to lakes via
surface runoff (Lee et al. 2000). DOC also stimulates bacterial methylation
of Hg(ll) into MeHg, the most toxic and bioaccumulative form of Hg
(Ikingura and Akagi 1999). In addition, light attenuation may limit the photo-
destruction of MeHg in humic lakes (Sellers et al. 1996). Thereby,
catchment disturbances affecting DOC loads to lakes and streams may

also interfere with the cycle of mercury in aquatic systems.

In a previous study, we compared the effects of forest clearance by
wildfire and logging on methyl mercury (MeHg) contamination of bulk
macrozooplankton in 38 boreal Shield lakes (Garcia and Carignan 1999).
One vyear after disturbances, MeHg levels were higher in
macrozooplankton from logged lakes in comparison to burnt or undisturbed
lakes. The higher MeHg concentrations in macrozooplankton were related
to the higher dissolved organic carbon (DOC) concentration in cut lakes
and varied seasonally, peaking in mid-summer. Here we examine the
trends in MeHg in macrozooplankton from the same lakes during the first
three years following watershed disturbances. Seasonal and inter-annual
variations in MeHg levels are compared within and among the logged,
burnt and reference groups. Macrozooplankton were chosen because
these short-lived organisms respond rapidly to environmental changes and
may be good indicators of the bioavailability of Hg in freshwater (Paterson
et al. 1998, Monson and Brezonik 1999). Furthermore, zooplankton are
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consumed by other invertebrates as well as by juveniles and adult fish, and

may be important in the transfer of MeHg to the food chain.

Material and methods

Study area

The 38 boreal Shield lakes are located in central Quebec [see
detailed description and map in Carignan et al. (2000)]. Lakes were
selected on the basis of comparable lake and watershed morphometry.
Wetlands, when present, did not exceed 6% of the catchment area. Nine
cut lakes had 9-72% of their catchment logged in 1995, whereas other nine
lakes had 50-100% of their catchment affected by high intensity fires in this
same year. The catchments of reference lakes (N = 20) have remained
undisturbed for at least 70 years. Three reference lakes (N106, P25, P110)
had between 18 and 24% of their catchment harvested in 1997 or 1998

and were excluded from the reference group.

The zooplankton community in the surveyed lakes consisted
principally of Holopedium gibberum, Daphnia spp, adult calanoids and
cyclopoids; rotifers were also abundant (Patoine et al. 2000). Zooplankton
species richness and diversity, in logged and burnt lakes, one year after

disturbances, did not differ from those in reference lakes (Patoine et al.

2001).

Sample collection and laboratory analyses

Water and zooplankton were sampled near the deepest point in
each lake from 1996 to 1998 within two weeks of ice-out (late May to early
June), in mid-summer (July), and in late summer (late August to mid-

September). Zooplankton was collected from vertical hauls using a one-
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meter diameter 200 pm mesh net. Each sample of zooplankton was
divided into two subsamples. Subsamples for MeHg analysis were
transferred into polypropylene bottles, immediately frozen and after freeze-
dried. Subsamples for taxonomic identification were narcotized with
carbonated water and preserved in 4% formaldehyde. Given the large
mesh net used, the samples consisted mostly of adult specimens and
larger copepodites, and we will refer to the collected organisms as
‘macromacrozooplankton’. Macrozooplankton was identified to the genus
level (Annex 1). On the basis of feeding habits (Hutchinson 1967), adult
individuals from the different taxa as well as Chaoboridae larva were
divided into three groups : filter-feeders (most Cladocera and calanoids),
omnivores (cyclopoids) and predators (Chaoborus, Leptodora and
Epischura). A fourth group comprised immature forms of Cladocera and
copepodites. Dry weight for individuals from all taxa except Chaoborus spp
was obtained from Pinel-Alloul et al. (1995). Because of the large variation
in Chaoborus spp size, their dry weight was directly measured for each
sample where they were found. We took into account the number of
individuals from each taxon as well as the correspondent dry weight in
order to estimate the relative biomass of each taxon in a given sample.

Results were thereby expresséd as a percentage of total biomass.

Light attenuation, Secchi depth, DOC, pH, alkalinity, total
phosphorus (TP) and nitrogen (TN), chlorophyll @ and major ions (Ca®",
Mg?*, K* and CI') were taken from Carignan et al. (2000) and Planas et al.
(2000). Dissolved organic carbon loading rates to the lakes (mol cm?.y"
were taken from Lamontagne et al. (2000). Runoff was estimated using
three gauged river basins surrounding the study area: the Bell,
Chamouchouane and Gatineau rivers (Ministére de I'environnement du

Québec); values for each season correspond to a 30-day period before

each sampling.
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MeHg analysis

Two different methods were used for MeHg analyses of bulk
macrozooplankton. In 1996, MeHg measurements followed alkaline
digestion, aqueous phase ethylation, gas chromatograph (GC) separation
and cold vapor atomic fluorescence detection (CVAFS), using a
modification of the method proposed by Bloom (1989). The average
coefficient of variation for duplicate samples was 8%. Certified reference
materials (DORM-1, National Research Council of Canada) were run every

four or five samples and recoveries averaged 0.692 + 0.045 mg-Kg™ (N =
25), or 94.7 + 6.2% of the certified value.

MeHg concentration in macrozooplankton collected in 1997 and
1998 was determined by dichloromethane (DCM) extraction, followed by
gas chromatography separation and atomic fluorescence detection (GC-
AFS) using a modification of the method described in Cai et al. (1997).
Subsamples (~ 200 mg) of freeze-dried bulk macrozooplankton were
digested for 6 hours into 5 mL of 6 M KOH at room temperature. The pH of
the digestates was lowered below 3 with 6 N HCI. Five mL of acidic
KBr/CuSO4 mixture (3:1) and 5 mL of DCM were added, followed by
overnight extraction on a shaker. One mL of the organic layer was
removed after centrifugation and extracted with 1 mL of 0.01-M sodium
thiosulfate for 45 minutes. The aqueous phase (0.5 mL) was then back-
extracted into DCM with acidic KBr/CuSO4 for 15 minutes. The solvent was
removed and dried with anhydrous sodium sulfate prior to analysis using
GC-AFS (PS Analytical mercury speciation system). The coefficient of
variation of 18 samples analyzed in duplicate averaged 8.8%. Certified
reference material (DORM-2, National Research Council of Canada) was
run every 12 samples; mean MeHg recovery was 103.5 + 2.5% of the
certified value (4.47 + 0.32 mg-Kg'). Recovery of MeHg from spiked
samples averaged 98.5 + 13.5%. Three macrozooplankton samples

collected in 1996 were analyzed using both methods. Acid digestion
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followed by DCM extraction yielded an average concentration 7% (+ 4%)
higher than that obtained using the alkaline digestion followed by

ethylation.

Data analysis

Among-group differences for a given year or season were assessed
using ANOVA. Repeated-measures ANOVA (RMA) was applied to detect
changes in MeHg concentrations over seasons and years for each
treatment. Pearson correlation coefficients between MeHg in
macrozooplankton and environmental and biological variables were
calculated separately for cut, burnt and reference lakes. The Bonferroni
method was used to correct the p values of correlation coefficients.
Stepwise multiple regressions were performed to identify the main abiotic
and biotic factors related to MeHg in macrozooplankton. When necessary,
data were log-transformed to ensure normality and homoscedasticity.
Statistical analyses were performed using JMP IN 3.2.6 and StatGraphics
Plus 2.1 packages.

Results
Macrozooplankton composition

The samples collected in the three groups of lakes were quite
homogeneous in terms of macrozooplankton composition. No significant
among-treatment difference in the relative biomass of the 4 groups of
macrozooplankton was observed during the 3 study years (Table 1).
Macrozooplankton biomass was dominated by filter-feeders, which
represented in average between 71 and 82% of the biomass in a given

treatment. Predators, when present, were mostly Chaoborus spp and
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Figure 1. Trends in: (a) MeHg levels in zooplankton, (b) DOC concentrations,
(c) epilimnetic water temperature, and (d) runoff in late spring, mid and late
summer from 1996 to 1998. Arrows and asterisks indicate significantly higher

levels in cut lakes in comparison with reference and burnt lakes, respectively.
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represented up to 10% of the average biomass in each group of lakes.
Immature individuals accounted for at most 6% of the total zooplankton
biomass. Samples collected in spring showed the highest proportion of
immature individuals, whereas samples collected in mid-summer had the
lowest proportion (RMA, p < 0.05). Rotifers, although abundant in the study
lakes (Patoine et al. 2000), were under-represented in our samples due to

the use of a 200-um-mesh net.

MeHg concentrations in macrozooplankton

MeHg concentrations in bulk macrozooplankton ranged from 22 to
202 ng-g dry weightin reference lakes, from 35 to 240 ng-g™ dry weight
in cut lakes and from 17 to 377 ng-g” dry weight in burnt lakes. These
ranges are comparable to those observed by Westcott and Kalff (1996) in
24 Canadian lakes (18 to 448 ng'g™* dry weight) and by Watras et al. (1998)
in 15 northern Wisconsin lakes (6 to 161 ng.g” dry weight). The highest
MeHg levels were consistently observed in samples collected in a partially
burnt lake (FP2) and were significantly higher (t-test, p < 0.05) than the
average MeHg in burnt lakes. Contrary to most burnt lakes, which had
more than 90% of their watershed affécted by high intensity fire, only 50%
of the watershed of Lake FP2 was burnt. Lake FP2 was therefore excluded

from among-treatment comparisons.

Seasonal and inter-annual variations in MeHg

A clear seasonal pattern in MeHg in macrozooplankton was
observed in reference as well as in disturbed lakes during the three-year
period. Concentrations were the lowest in late spring then peaked in mid-
summer and decreased in late summer (Figure 1a). In reference lakes,

MeHg concentrations increased in average by 30% between late spring
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and mid-summer. In cut and burnt lakes, MeHg levels were from 32 to
140% higher in mid-summer compared to late spring. Significant decreases
in MeHg between mid-summer and late summer were observed in cut
lakes in the three years (from 19 to 36%). Such a decrease between mid-
summer and late summer was significant only in 1998 for reference lakes
(16%) and in 1997 for burnt lakes (22%).

Mean MeHg levels in macrozooplankton tended to decrease during
the three study years (Figure 2, ANOVA, p < 0.05). This trend was
observed in the three groups of lakes, but was not always significant. In
reference lakes, MeHg levels decreased by 13% between 1996 and 1997,
but the difference between the two years was not significant. Between
1997 and 1998 a significant 28%-decrease occurred. In logged and burnt
lakes, concentrations of MeHg decreased by 19% between 1996 and 1997
and by 17% between 1997 and 1998; only differences between 1996 and
1998 were significant. In burnt lakes, a non-significant 13%-decrease was
observed between 1996 and 1997, as well as between 1997 and 1998.

Among-treatment variations in MeHg

MeHg in macrozooplankton from logged lakes was consistently
higher than in reference lakes in mid-summer in the three study years,
whereas in late spring and late summer MeHg levels did not differ
significantly between these two groups of lakes (Figure 1a), except in
spring 1998. MeHg levels in macrozooplankton from burnt lakes were
lower than in cut lakes, but differences were significant only in late spring
and mid-summer 1996. MeHg in burnt and reference lakes did not differ

significantly.

For the three reference lakes logged during the study, trends in
MeHg were quite variable. In Lake N106, which had its catchment logged
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Figure 2. Average MeHg concentrations in zooplankton from cut (open bars,
N = 9), burnt (black bars, N = 9) and reference lakes (gray bars, N = 20) for
the first three years following disturbances. Error bars represent 95%
confidence intervals. Different letters indicate significant mean differences

(ANOVA or RMA, p < 0.05).
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in 1996, a 8%-increase in MeHg was observed in mid-summer 1997,
followed by a 24%-decrease in mid-summer 1998. Lakes P25 and P110
showed an opposite trend in MeHg in 1998, one year after logging: MeHg
levels decreased by 30% in Lake P25, whereas in lake P110 a 13%-
increase was observed. A slight increase in DOC concentrations (< 7%)
was observed in lakes N106 and P110 following harvesting, whereas in

Lake P25 no change was observed.

Environmental variables influencing MeHg in macrozooplankton

A significant correlation between MeHg in macrozooplankton and
the disturbed area to lake volume ratio was observed in cut (Figure 3a, Log
MeHg = 3.93 + 0.48 CUT/VOL; r = + 0.59, p < 0.01) and in burnt lakes
(Figure 3b, Log MeHg = 4.22 + 0.10 BURNT/VOL; r = + 0.47, p < 0.05).
MeHg in macrozooplankton from the three groups of lakes also correlated
- positively with DOC concentrations (Figure 4, Table 2). Similarly to MeHg,
DOC concentrations were higher in cut lakes relative to reference lakes
(Figure 5). In burnt lakes, concentrations of DOC were intermediate, but
did not differ significantly from those of the other two groups of lakes. DOC
concentrations tended to decrease with time in cut lakes and to increase in
burnt lakes. DOC was the only common variable to the three multiple
regression models explaining the variability in MeHg in macrozooplankton

in each treatment (Table 3).

DOC concentrations also exhibited a peak in mid-summer (Figure
1b), but the observed seasonal variations were not significant in the three
groups of lakes. In reference lakes, DOC concentrations were between 4
and 10% higher in mid-summer than in late spring, whereas in disturbed
lakes increases in DOC varied from 7 to 32% between the two seasons
during the three study years. Decreases in DOC concentrations between

mid and late summer averaged 5% in the three groups of lakes in 1996
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Figure 3. Relationships between MeHg in macrozooplankton (from1996 to
1998) and (A) harvested surface area to lake volume ratio, and (B) burnt

surface area to lake volume ratio.
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Figure 4. Relationships between MeHg in macrozooplankton and DOC
concentrations in cut (C), burnt (F), and reference (R) lakes for 1996, 1997

and 1998.
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Figure 5. Box plot showing median values with the 25™ and 75™ and the 5%
and 95™ percentiles of annual average concentrations of DOC in reference
(open boxes, N = 17), cut (hatched boxes, N = 7), and burnt lakes (cross-
hatched boxes, N = 9). The tick horizontal lines indicate between-treatment
differences : for a given year, boxes with different levels are significantly
different. Arrows on top of the box indicate significant increasing or
decreasing trends with time compared with the reference group (paired
RMA).




44

1998

<|

< |

1997

<

1996

|l_
HT H

- o

(,.7+loww) 50Q

0,0



45

1000>d .4, ‘L00>d,,‘'S00>d,

l€0=""3S  8F=N  10000>d  Vli=d Ly0="Pey

60°0 2e0 leied

»000 B0I 60°0 + $2°0 + w.nIMeiadwa] 00+ 020 + 120 ¥ 62°0 = (BHOW) 6o (g)

620=""3S ¥Z=N  10000>d Glg=o  $90="PInPey

80°0 950 lensed 1

LAuediv) B0 110 ¥ 92°0 - 4,000 B0l 8L°0 ¥ 62°0 + ¥9°0 ¥ '+ = (BHa) 601 (2)

§20=""3S  [Z=N 10000>d 80Z=4 0L0=PFPey

040 710 9’0 | lened ./

«(00Q) B0l LL'0 + 0%'0 + 4x,."OS 1E°0 ¥ 60°L + ,2Imesadws | 0°0 ¥ 60°0 + £9°0 ¥ 82°} = (BHoW) 607 (1)

(€) sexe| 8oualsal pue () Juing (1) 1no 1o} sa|qelea
[ejuSWUOIIAUS pue uopjue|dooz ul BHaN Jo sebelene Aleak Jo sjopow uoissaibal ajdnynpy ¢ a|qel



46

and 1997. In 1998, decreases in DOC were more accentuated (13% in
average). Contrasting temporal trends in DOC concentrations were
observed in disturbed lakes: DOC concentrations tended to decrease
significantly from one year to another in logged lakes and to increase in

burnt lakes (Carignan et al. 2000).

MeHg in macrozooplankton was also correlated with epilimnetic
temperature (+), TN (+) and sulfate (+) in the three groups of lakes, and
with pH (-) and alkalinity (-) only in disturbed lakes (Table 2). Except for
sulfate in cut lakes and water temperature in the three treatments, the
correlations were not significant when corrected for multiple tests carried
out simultaneously. Seasonal and inter-annual differences in epilimnetic
temperature (Figure 1c) and in runoff (Figure 1d) were also observed.
Mean epilimnetic temperature was highest in 1996 and lowest in 1998.
Runoff was highest in 1997, the wettest year, and lowest in 1998. Runoff
peaked in late spring and decreased in the following seasons. In 1996 and
1997, runoff decreased by 50% between late spring and mid-summer,
whereas in 1998 differences between both seasons were not significant. A
50%-decrease in runoff in late summer relative to mid-summer was

observed in the three study years.

Discussion

Due to the MeHg biomagnification, the presence of predatory
species would be expected to increase MeHg levels in a bulk sample of
macrozooplankton. Inversely, immature individuals would be expected to
accumulate less MeHg than adults, thereby influencing negatively MeHg
levels in the whole sample. In our study, higher predator biomass, which
consisted mostly of Chaoborus spp, was not related with higher MeHg
concentrations in bulk macrozooplankton. This finding is supported by
those of Back and Watras (1995) who found even lower MeHg levels in
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Chaoborus spp than in their presumed macrozooplankton prey. Immature
individuals, in turn, represented a small proportion of the total biomass of
macrozooplankton and unlikely influenced among-season or among-

treatment variations in MeHg.

MeHg levels in macrozooplankton showed marked seasonal trends,
regardless of treatment. Several mechanisms may explain this seasonal
variability in MeHg, including runoff and DOC loading to lakes, water
temperature and individuals life stage. Meili and Parkman (1988) have also
reported a total Hg increase in zooplankton during the summer in Swedish
lakes. In a seasonally stratified lake, Regnell et al. (1997) observed an
increase in Hg/MeHg concentrations in the aquatic biota during the fall,
which was related to the release of MeHg stored in the anoxic hypolimnetic

water into the mixed layer.

The seasonal variations in MeHg matched that of DOC in the three
treatments. According to other studies, co-transport of DOC and Hg/MeHg
to lakes can be influenced by variations in runoff (Lee et al. 2000), which,
in turn, is controlled by temperature and precipitation. Clair and Ehrman
(1996) modeled the changes in DOC export under different combinations
of temperature and precipitation. These authors pointed to the importance
of temperature and precipitation on soil organic matter decomposition,

mineralization and evapotranspiration.

In the study region, maximum runoff takes place during the months
of April and May, during the snow melt, when from 30 to 40% of annual
runoff occurs (Ministére de L’'Environnement du Québec). At this period,
greater amounts of terrestrial elements enter the lakes. Although the DOC
and Hg pools in lakes are increased during the spring, the rapid dilution
during spring freshet may result in decreased concentrations of these
elements in the water. Such dilution can explain the lowest MeHg levels
observed in macrozooplankton following snow melt. Inversely, lower MeHg
concentrations can not be related to a biodilution due to an algal spring
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bloom since no significant seasonal variation in algal biomass was

observed in the three treatments.

A clear mid-summer pulse was observed in the three groups of
lakes during the three-year survey. The amplitude of this pulse was highest
in disturbed lakes, where MeHg in macrozooplankton was from 32 to 140%
higher in mid-summer than in late spring. In reference lakes, the increase
in MeHg during mid-summer was less accentuated (30%) and constant
between 1996 and 1998. Higher water temperature during mid-summer
would have favored both bacterial methylation of inorganic Hg and MeHg
uptake by macrozooplankton. The positive relationship between MeHg and
epilimnetic temperature in the three groups of lakes supports this

observation.

Differences in the amplitude of MeHg mid-summer pulse between
disturbed and reference lakes can not be only related to variations in water
temperature. Most of the among-treatment differences in MeHg were
observed in mid-summer, despite of the similar water temperature in the
three groups of lakes at this season. We hypothesize that a combination of
soil organic matter decomposition, Hg reaching the lakes and higher
epilimnetic temperature in mid-summer would be responsible for the
observed differences in MeHg. Although runoff was lower in mid-summer
than in late spring, it was likely high enough to sustain the transfer of Hg
from watershed soils to lake water. This transfer would be especially
-accentuated in logged and burnt lakes, where an increased runoff may be
expected due to reduced evapotranspiration (Bayley et al. 1992,
Plamondon 1993). In late summer, lower runoff coupled with lower water
temperature would have affected methylation rates and macrozooplankton
metabolism, resulting in a decrease in MeHg levels compared to mid-

summer.

Inter-annual decreasing trends in MeHg in cut and burnt lakes were

similar to those observed in reference lakes and thereby can not be
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attributed to among-treatment differences in environmental variables. A
similar decreasing trend was observed in the epilimnetic temperature in the
three groups of lakes and could explain the variations in MeHg in
macrozooplankton. Changes in hydrological conditions in the study area
would also be expected to be related to such variations. However, in 1997,
the wettest year, even if runoff levels were 23% higher than in 1996, MeHg

in macrozooplankton tended to decrease in the three treatments.

The correlation between MeHg and the logged area to lake volume
ratio indicates that forest harvesting influences MeHg concentrations in
macrozooplankton. Such influence can be attributed in part to the higher
amount of DOC reaching the cut lakes in comparison to reference and
burnt lakes. Because Hg tends to associate with humic substances in the
upper layer of the soil, the impact of logging on the bioavailability of Hg in
aquatic systems may be initially controlled by an increased co-transport of
Hg-bound to organic matter. The positive relationship between MeHg
levels in macrozooplankton and DOC loading to lake water or DOC
concentration in the three groups of lakes support this mechanism. Inputs
of organic matter in lake water can also affect Hg speciation by stimulating
the bacterial methylation of Hg (French et al. 1999) and by decreasing
MeHg photodegradation rates (Sellers et al. 1996). However, despite the
differences in DOC concentrations between cut and reference lakes during
late spring and late summer, differences in MeHg between the two
treatments were not significant in those seasons, except in early spring
1998. Thus, higher DOC concentrations alone could not explain the

observed among-treatment differences in MeHg.

The effect of clear-cutting on DOC and MeHg concentrations in the
three lakes logged during our study was limited due to the small fraction of
the drainage area harvested. Variations in DOC concentrations in lakes
N106 and P110 were consistent with the impact model proposed by
Carignan et al. (2000), which tékes into account the ratios between
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catchment area to lake volume and harvested area to lake volume. The
observed decrease in MeHg in macrozooplankton in lakes P25 and N106
in 1998 were on the same order of that observed in reference lakes.
Variations in environmental factors, however, do not support the observed
increase in MeHg in Lake P110 in 1998 relative to 1997.

Similarly to cut lakes, a positive correlation was observed in the
burnt group between MeHg in macrozooplankton and the disturbed area to
lake volume ratio. However, even if fire affected a larger proportion of the
watershed area (+ 90%) than did logging, significant differences in MeHg
concentration in macrozooplankton were not observed between fire and
reference lakes. Although MeHg in macrozooplankton and DOC showed a
significant positive correlation, the inter-annual increasing trend in DOC
concentrations was not paralleled by an increase in MeHg. High intensity
fires may have reduced the Hg pool by volatilization. Likewise, high
phytoplankton biomass in burnt lakes (Planas et al. 2000) may have
caused a biological dilution of the available Hg. However, a significant
negative correlation between chlorophyll a and MeHg was observed only

during the first year following fire.

Lake acidity and sulfate concentrations are known to play an
important role in the biochemistry and availability of Hg (Winfrey and Rudd
1990, Heyes et al. 2000), which may explain the inclusion of sulfate and
alkalinity in the multiple regression models for cut and burnt lakes,
respectively. Several studies have reported a negative correlation between
MeHg concentrations in the aquatic biota and lake water pH or alkalinity
(Jensen 1988, Westcott and Kalff 1996). Low pH conditions may affect the
speciation of Hg by enhancing the bacterial production of MeHg in the
water column or at the sediment surface (Xun et al. 1987). Acidity can also
favor the uptake of organic and inorganic Hg by aquatic organisms
(Rodgers and Beamish 1983). In r?ference and cut lakes, the narrower pH
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models prediciing MeHg in macrozooplankton.

Laboratory incubations (Heyes et al. 2000) and in situ sulfate
additions (Branfireun 1999) indicated that MeHg formation may be limited
by sulfate. These findings support a positive relationship between Hg in the
biota and sulfate concentrations, as suggested by the present results and

by a previous one on northern pike from the same lakes (Garcia and
Carignan 2000).

Higher MeHg concentrations in macrozooplankton from cut lakes
relative to reference lakes were only detectable during mid-summer in the
three study years. Based on our findings we can speculate that bacterial
MeHg production in cut lakes was enhanced due to the higher amounts of
substrate for methylation (inorganic Hg) and for bacterial activity (DOC)
entering the lakes, in association with higher water temperature in mid-
summer. The observed seasonal variations in MeHg emphasizes the
importance of taking into account the sample period in comparative studies

of MeHg accumulation in short-lived organisms such as macrozooplankton.
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Abstract

Methyl mercury (MeHg) concentrations were compared, two and four
years after disturbances, in Amphipoda, Trichoptera, Ephemeroptera and
Odonata from boreal Shield lakes with logged, burnt or undisturbed
catchments. No significant treatment effects were detected four years after
disturbances. The highest MeHg levels were observed in lakes where the
invertebrates had been collected two years after forest harvesting. MeHg
concentrations in benthic invertebrates increased with trophic position, as
defined with stable nitrogen isotope ratios (5'°N), and was correlated with total
Hg in yellow perch and northern pike. In seven lakes with Ephemeroptera,
Odonata, perch and pike, the biomagnification factor (BMF) between organisms
occupying successive trophic levels ranged from 1 to 20 and was highest
between Ephemeroptera and Odonata. 8N values in Amphipoda,
Ephemeroptera and Odonata from fire impacted lakes were significantly higher

than in reference or cut lakes.
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1. Introduction

Sediments are an important site of accumulation and chemical and
biological transformation of anthropogenic trace metals. Littoral sediments, in
particular, are a site of bacterial methylation of inorganic mercury (Xun et al.
1987), and therefore are a potentially important source of methyl mercury
(MeHg) to benthic invertebrates. These organisms in turn may intermediate the
mercury flow to fish (Wong et al. 1997). In the littoral sediments, bacterial
methylation can be stimulated by several environmental factors, including
temperature, contents of organic carbon and pH (French et al. 1999). These
environmental variables, as well as Hg loading to lakes, can be influenced by
natural and human perturbations, such as forest fires (Caldwell et al. 2000),
acidification (Xun et al. 1987) and reservoir impoundment (Montgomery et al.

2000).

In previous studies on 38 Canadian Shield lakes with cut, burnt or
undisturbed watersheds, we have observed higher MeHg concentrations in
zooplankton and higher total Hg in northern pike from recently logged lakes
(Garcia and Carignan 1999, 2000). The purpose of this study is to compare the
same lakes in order to determine if fire and forest harvesting influence MeHg
levels in benthic invertebrates collected 2 and 4 years after disturbance. We
also investigate the relationships between MeHg in benthic invertebrates and
total Hg in fish, yellow perch (Perca flavescens) and northern pike (Esox

lucius), as well as the biomagnification of mercury along the food chain.

2. Materials and methods

2.1 Study area

The 38 study lakes are located on the Canadian Shield in central
Quebec (see map in Carignan et al. 2000). Nine burnt lakes had 50 to 100% of
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their watershed cleared by high-intensity fires \iyg995. The catchment of 17
reference lakes had remained undisturbed for at least 70 years. Eight lakes had
9-72% of their watershed harvested in 1995. One lake (C2) had 30% of its
watershed harvested in 1995, with an additional logging of 41% of its
watershed in 1998. Three other lakes (P25, P110 and N106) had 18, 22 and
24%, respectively, of their watershed clear cut between the winter of 1996-
1997 and the winter of 1997-1998. Because benthic invertebrates were
collected in 1999, lakes harvested in 1995 are referred to as “4-year logged
lakes”, whereas lakes C2, P25, P110 and N106 are designated as “2-year
logged lakes”. The lakes were chosen to minimize differences in size, basin
morphometry and catchment properties. Wetlands, when present, did not

exceed 6% of the drainage area of the study lakes.

2.2 Sampling

All benthic invertebrates from the 38 lakes were sampled in July 1999,
two or four years after disturbances. Invertebrates were collected at two
stations in the littoral zone of each lake (< 2m deep) using hand-held dip nets
with a 500-um mesh. Animals were sorted, identified to the level of order,
counted énd kept frozen until they could be freeze-dried. We considered four
taxonomic orders: detritivores Amphipoda and Ephemeroptera, detritivore-
grazer Trichoptera and predator Odonata. The four groups were not always
found in each lake. Amphipoda, Ephemeroptera, Trichoptera and Odonata
were collected in 11, 27, 19 and 33 lakes, respectively.

Northern pike (Esox lucius) and yellow perch (Perca flavescens) were
collected during the summer of 1998. Pike was caught in 8 lakes and perch in
10. Between six and 26 specimens of each species were collected in each
lake. Individuals were selected in order to maximize the range in size of the
different species in each lake. Total length, weight and sex were recorded for
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all fish. A boneless, skinless filet of dorsal muscle was removed from each fish,

frozen, and freeze-dried.

2.3 Laboratory analyses

Homogenized pooled samples of whole individuals of the same order
and from the same lake were used for MeHg and stable isotope analysis of

benthic invertebrates.

MeHg concentrations were determined by dichlorometg%e (DCM)
extraction, followed by gas chromatography separation and atomic
fluorescence spectrometry (AFS) detection using a modification of the method
described in Cai et al. (1997). Subsamples of 20 to 100 mg of freeze-dried
benthic invertebrates were digested for 6 hours into 5 mL of 6 M KOH at room
temperature. The pH of the digestates was adjusted to < 3.0 with 6 N HCI. Five
mL of acidic KBr/CuSO, mixture (3:1) and 5 mL of DCM were then added,
followed by overnight extraction on a shaker. One mL of the organic layer was
removed after centrifugation and cleaned-up with 0.5 mL of 0.01-M sodium
thiosulfate for 45 minutes. The aqueous phase was then back extracted into
DCM with acidic KBr/CuSQO, for 15 minutes. The solvent was collected and
dried with anhydrous sodium sulfate prior to analysis using GC-AFS (PS
Analytical mercury speciation system). Eight samples analyzed in duplicate had
an average coefficient of variation of 8%. Measurements of certified reference
material (DORM-2, National Research Council of Canada) averaged 4.53 +
0.39 mg-Kg™ of MeHg (N = 9), which corresponds to 101 + 8.7% of the certified

value. Recovery of MeHg from spiked samples averaged 98%.

Total Hg (Hg) concentrations were measured for a subsample (0.1 g) of
fish tissue by cold vapor atomic absorption spectrophotometry after hot acid

extraction (Hendzel and Jamieson 1976). Twenty samples analyzed in

\/
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duplicate had an average coefficient of variation of 4%. Reference material
(DORM-2, National Research Council of Canada, Hg = 4.64 + 0.26 mg.kg™)
was run every 25 samples, and recoveries averaged 4.72 + 0.21 mg-kg (N =

12).

Hg concentrations were regressed against total length for each species
of fish in each lake and levels of Hg for 560-mm pike and 135-mm perch were
calculated. These lengths corresponded to the mean total length for all
collected individuals from both species and allowed the comparison of Hg in
fish from different lakes. Although total Hg was measured in fish, we assumed
that most Hg in perch and pike was in the methylated form, based on the

findings of Bloom (1992).

Stable C and N analyses were performed on 0.7-mg samples using a
continuous-flow Isoprime isotope ratio mass spectrometer coupled with an
elementary analyzer (NC 1500). Stable isotope values are expressed in §

notation as parts per thousand deviations from a standard reference:

§3C or 8N = [(Rsampte/Rstandard) — 11 X 1000,

where R = C/'2C or ®N/"N. Standard references were Pee Dee Belemnite
(PDB) limestone for §'3C and atmospheric nitrogen for §'°N. We assumed that
8'°N increases on average 3.4%g per trophic level (Cabana and Rasmussen

1994).

Biomagnification factors (BMF) were estimated between non-predatory
groups (Amphipoda, Trichoptera and Ephemeroptera) and Odonata, between
Odonata and perch and between perch and pike. The BMF of MeHg indicates
the increasing concentration of MeHg at two successive trophic levels in a food

chain and is quantified by:

BMF = [MeHg a] / [MeHg b]
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where a and b represent organisms occupying two adjacent trophic levels, with
trophic level of a being higher than that occupied by b. [MeHg a] and [MeHg b]
indicates MeHg concentrations in organisms a and b, respectively. In seven
lakes, the difference in &'°N (A8'°N) between organisms likely occupying
adjacent trophic levels (Ephemeroptera and Odonata, Odonata and perch, and
perch and pike) was calculated. BMFs standardized for one trophic level

(BMF.) were then estimated:

BMFq. = (BMF/A8'°N)*3.4

2.4 Data analysis

Among-treatment and among taxonomic groups differences in MeHg
and in isotopic signature were tested using ANOVA. Organisms collected in the
two-year cut lakes were considered apart from organisms found in the 4-year
cut lakes. Pearson correlation coefficients were calculated between MeHg in
benthic invertebrates and 8'°N, as well as total Hg in fish. The Bonferroni
method was applied to correct the p-values, of the correlation coefficients for
multiple tests carried out srmu!taneously $tepwnse multiple regression was
used to model the relationships betweervMeHg in benthic invertebrates and
environmental and biological variables. Data were log transformed when
necessary. Statistical analyses were performed using JMP IN 3.2.6 and

StatGraphics Plus 2.1 packages.

3 Results

MeHg concentrations in the four groups of benthic invertebrates were
highly variable, ranging from 5.0 to 49.1 ng-g"' d.w. for Ephemeroptera, from
7.1 to 74.3 ng-g" d.w. for Amphipoda, from 10.4 to 189.2 ng-g”" d.w. for
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Trichoptera and from 70 to 522.1 ng-g’ d.w. for Odonata (Table 1). The
average MeHg concentration in Odonata (228.7 ng-g") was significantly higher
than in Ephemeroptera (24.0 ng.g™'), Amphipoda (28.2 ng-g™") and Trichoptera
(43.9 ng-g™"), independently of treatment (ANOVA, p < 0.05).

Among-treatment differences in MeHg levels in the four groups of
benthic invertebrates were not significant. Organisms from the 2-year cut lakes,
however, tended to show higher MeHg concentrations than organisms from
burnt, reference and 4-year cut lakes (Figure 1). MeHg in benthic invertebrates
from 2 and 4-year cut lakes was not significantly related to the harvested
surface area to lake volume ratio (p > 0.05). MeHg in Amphipoda, all
treatments considered, was positively related to the dissolved organic carbon
(DOC) export rates from drainage areas (Figure 2). For Ephemeroptera,

Trichoptera and Odonata, this relationship was not significant (p > 0.05).

The 8N of the four benthic groups ranged from -2.4%go to 7.1% (Table
1). Ephemeroptera showed the lowest mean 8'°N (0.5%), whereas, as
expected, mean &'°N was the highest for the predatory Odonata (3.5%)
(Figure 3). Within-lake differences in 8N between Odonata and primary
consumers varied from 0.6 to 5.7%q. Among-treatment variations in §'°N were
also observed (Figure 4). Amphipoda, Ephemeroptera and Odonata from burnt
lakes showed significantly higher 8"°N than invertebrates from the other two
groups of lakes (ANOVA, p < 0.05), whereas no significant difference was

found between cut and reference lakes.

The four groups of benthic invertebrates showed broad and overlapping
8'3C ranges (between -35.6% and -22.9%), with little variation in mean
values among the four groups (average 8'°C between -29.3 and -27.8%,
Figure 3) or among the three groups of lakes (Figure 4, average 8'°C between -
29.4 and -28.5%). The average §'°C of perch and pike (-28.2 and -28.1%,

respectively) was similar to values found in benthic invertebrates.
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Figure 1. Box plots showing median values with the 25" and 75" and the 5™
and 95" percentiles of MeHg concentrations in benthic invertebrates from 2-

year cut, 4-year cut, burnt and reference lakes. Black squares represent

MeHg in one 2-year cut lake .
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Figure 2. Least-squares linear regression between MeHg in Amphipoda and

DOC export rates (r=0.82, p =0.002, N = 11).
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Figure 3. Mean §"N vs. mean 8'°C for Amphipoda (N = 11), Trichoptera (N
= 19), Ephemeroptera (N = 27) and Odonata (N = 33) from the study lakes.

Error bars represent 95% confidence intervals on the mean.
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Figure 4. Mean 8'"°N vs. mean §'°C for benthic invertebrates from 2-y cut
(solid circles), 4-y cut (open circles), burnt (triangle) and reference lakes

(square). Error bars represent 95% confidence intervals on the mean.
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When the four invertebrate groups were considered together, MeHg
levels were significantly correlated to §'°N (Figure 5). Within individual groups,

the correlations were not significant, however.

Total Hg in 135-mm yellow perch was positively correlated to MeHg in
Ephemeroptera (Figure 6a; r = + 0.93, p < 0.01, N = 7) and to MeHg in
Odonata (Figure 6b; r = +0.71, p < 0.05, N = 9). A significant relationship was
also observed between 560-mm northern pike and Odonata (Figure 6¢c; r =
0.76, p <0.05, N = 8).

The biomagnification factor (BMF) between successive trophic levels in
seven lakes where Ephemeroptera, Odonata, 135-mm perch and 560-mm pike
were found ranged from 1.1 to 20.4 (Table 2) and was significantly higher
between Ephemeroptera and Odonata (ANOVA, p < 0.001). Differences in §"°N
(A™8N, Table 2) between Ephemeroptera and Odonata, and between Odonata
and perch were significantly higher than those observed between perch and
pike (ANOVA, p < 0.001). A positive correlation was observed between BMF
and AS™N (r = + 0.43, p < 0.05, F = 441, N = 21). The BMF was thus
standardized for one trophic level (BMF1.), and the BMFy did not vary
significantly among the three pairs of organisms (Table 2; ANOVA, p > 0.10).

The best regression found between MeHg in benthic invertebrates and
environmental and biological variables explained 51% of the variation in MeHg.
This model included 8N, time since clearcut, total phosphorus (TP) and pH,
which explained, respectively, 34%, 8%, 5% and 4% of the MeHg variability.
MeHg levels increased with the trophic position of the organisms and with
acidity, and declined with increasing TP concentrations. Benthic invertebrates
from the 2-year cut lakes behaved differently from those of the other groups of

lakes, exhibiting the highest levels of MeHg.
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Figure 5. Relationship between MeHg and 8N of benthic invertebrates from
cut, burnt and reference lakes (r = 0.59, p < 0.0001, N = 89 benthic
invertebrate samples). A, Amphipoda (N = 11); E, Ephemeroptera (N = 27);

T, Trichoptera (N = 18); O, Odonata (N = 33).
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Figure 6. Relationships between total Hg concentrations in fish and MeHg
concentrations in benthic invertebrates, expressed on a dry weight basis for:
A) 135-mm yellow perch and Ephemeroptera (r=+ 0.93, p =< 0.01, N=7).
B) 135-mm yellow perch and Odonata (r = + 0.71, p < 0.05, N = 9). C) 560-

mm northern pike and Odonata (r=+ 0.76, p < 0.05, N = 8).
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4. Discussion

The ranges of MeHg concentrations in the four groups of benthic
invertebrates from our study are comparable with values found in the literature
for lakes and reservoirs (Tremblay et al. 1996, Hall et al. 1998). Our results
indicate consistently higher MeHg levels in Odonata relatively to Trichoptera,
Ephemeroptera and Amphipoda. This increase in MeHg levels between primary
consumers and predators agrees with the positive relationship observed
between MeHg and invertebrate trophic position, as determined by &"N.
Benthic 8"°N is the factor explaining most of the variability in MeHg (34%) in the
study lakes. Previous studies have also reported similar increasing trends
across the benthic food chain (Tremblay and Lucotte 1997, Hall et al. 1998). In
our lakes, mean MeHg concentrations were about 5 to 10 times higher in
Odonata than in the primary consumer groups. These values are higher than
those observed in a study of 11 pristine boreal lakes, where the MeHg
biomagnification factor (BMF) between detritivores and predators was about 3
(Tremblay et al. 1996).

Our results do not indicate differences in MeHg concentrations in benthic
invertebrates from cut, burnt and reference lakes. This finding contrasts with
the higher MeHg and total Hg levels previously observed for zooplankton and
northern pike collected only one or two years following watershed disturbances
in the same group of lakes (Garcia and Carignan 1999, 2000). The highest
MeHg concentrations in the four groups of benthic invertebrates, however, are
observed in organisms from the 2-year cut lakes. Furthermore, time since
harvesting explains part of the variability in MeHg in benthic organisms in the
multiple regression model. These results suggest a decreasing temporal trend

in MeHg accumulation in organisms from cut lakes.

In 4-year cut lakes, which were harvested in 1995, a decreasing trend in
DOC concentrations was observed from 1996 to 1998 (Figure 7). In these
lakes, the catchment area to lake volume ratio and the harvested surface area
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Figure 7. Box plot showing median values with the 25" and 75" and the 5%
and 95" percentiles of annual average DOC concentrations of cut lakes.

Arrows on top of the box indicate significant decreasing trends with time

(paired RMA).
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to lake volume ratio explained from 80 to 86% of the variability in DOC in the
first three years following harvesting (Carignan et al. 2000). DOC influences
bacterial activity and Hg methylation, as well as the retention of Hg in the water
column (lkingura and Akagi 1999). In our previous studies DOC was an
important predictor of MeHg in zooplankton and total Hg in pike one or two
years following forest harvesting. Among the benthic invertebrates, however,
only MeHg in Amphipoda is positively correlated with DOC in lake water.

Total phosphorus and pH also explain part of the variance in MeHg
concentrations in benthic invertebrates. Total phosphorus is directly
proportional to the ratio of catchment area to lake area. Because TP limits
biomass in Shield lakes, the negative correlation between MeHg and TP
suggests a biological dilution of Hg. Lake water pH has often been pointed as a
variable influencing Hg concentrations in the aquatic biota. At low pH, Hg
availability and uptake as well as methylation rates tend to increase (Xun et al.
1997).

Our data show a positive correlation between total Hg in perch and
MeHg in Ephemeroptera and in Odonata. A similar relationship was observed
between Odonata and northern pike, even if at least twd trophic levels separate
both organisms in the food chain of the study lakes, as indicated by A8™N.
Other studies have reported similar relationship between Hg in fish and Hg
concentrations in organisms of lower trophic levels (Westcott and Kalff 1996,
Wong et al. 1997). Such correlations may be due to the fact that fish are either
directly or indirectly feeding on these organisms. Alternatively, one could
expect that because fish and invertebrates share the same environment, they
are exposed to similar Hg levels. In this study, the trophic transfer of Hg may
explain in part the observed relationships. The dietary data available for 1300
perch and 300 pike from our lakes (P. Magnan et al., unpublished) indicate the
presence of Odonata in the gut content of 30% of perch. Ephemeroptera was

not observed in the diet of perch, but is supposed to be preyed upon by
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Odonata. Odonata and perch were in turn found, respectively, in 1% and 8% of
the analyzed pike gut content. It should be noted however that both species of
fish were caught one year before benthic invertebrates collection. In addition,
our study concerns only 135-mm perch, and benthic invertebrates constitute

only part of the diet of perch of this size.

The food chain of seven lakes linking Ephemeroptera, Odonata, 135-mm
perch and 560-mm pike show a large range of BMFs in the three combinations
of successive trophic levels: Ephemeroptera-Odonata (from 4.4 to 20.4),
Odonata-perch (from 2.1 to 9.7), perch-pike (from 1.1 to 5.7). The higher BMF
values are observed between Ephemeroptera and Odonata. This finding
suggests that the availability of MeHg to organisms at lower trophic levels is an
important step in the bioaccumulation of Hg at the top of the food chain. It
should be noted, however, that the BMF tends to increase with the trophic
distance (A5'°N) between each pair of organisms. Thereby, because the BMF
normalized to trophic level (BMF+.) does not vary significantly among the three
pairs of organisms, we can assume that the observed differences in BMF are
related to variations in A8'°N. Although northern pike is expected to prey on
perch, the relatively low A5'°N between perch and pike may be an indication of

the opportunistic feeding of these species in the study lakes.

There is a consistent enrichment in 8"°N in Amphipoda, Ephemeroptera
and Odonata from burnt lakes in comparison with those from reference and
logged lakes. In burnt lakes, a pulse of NO3™ was observed following fire, with
concentrations up to 60-fold those observed in the other two groups of lakes.
Total nitrogen and NH," also tended to be higher in burnt lakes (Figure 8).
These findings suggest that fire may interfere with the N cycle, resulting in an
®N-enriched pool of N available for uptake by organisms from lower trophic
levels in fire impacted lakes. Differences in §'°N, which is used as an indicator
of trophic position, are unlikely to interfere with among-treatment variations in

MeHg levels in primary consumers. For Odonata, however, such differences in
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Figure 8. Box plot showing median values with the 25" and 75" and the 5"
and 95" percentiles of annual average (A) NH,*, (B) NOs and (C) total N
concentrations in reference (open boxes), cut (hatched boxes), and burnt

lakes (cross-hatched boxes).
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8N should be taken into account. We corrected Odonata 8"°N for baseline
variations using Ephemeroptera 8"°N or, alternatively, Trichoptera 3'°N, which
was not higher in the burnt group. In both cases, among-treatment differences
in the corrected 8'°N values are not significant (ANOVA, p > 0.05). Therefore,
variations in MeHg in Odonata are not related to among-treatment differences

in Odonata trophic position.

We do not observe any impact of forest harvesting or fire on MeHg
levels in benthic invertebrates four years after disturbances. Although MeHg
concentrations tend to be higher in invertebrates from 2-year cut lakes, these
concentrations can not actually be attributed to forest harvesting because of the
restraint number of lakes in this group. Regardless of treatment, our data
indicate a biomagnification of MeHg along the food chain. We also have

evidences of a N'® enrichment of organisms from fire impacted lakes.
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Abstract

We measured total Hg (Hg) and stable isotopes (6"C and
8"N) in northern pike (Esox lucius) from 19 boreal shield lakes with
undisturbed, logged or burned watersheds. Average Hg level in standard
560-mm pike, on a dry weight basis, was significantly higher in logged
lakes (3.4 pg-g”) than in reference lakes (1.9 ug-g"). Average Hg
concentrations in burned lakes (3.0 pg-g ") did not differ significantly from
logged and references lakes. Concentrations of Hg normalized to trophic
position determined from isotopic composition yielded similar results. Hg
levels were above the WHO safe consumption limit in all logged lakes. Hg
in pike was correlated with: methyl mercury (MeHg) in zooplankton (+),
total nitrogen (+), pH (-), alkalinity (-), sulfate (+), and with DOC loading (+)
and light attenuation in lake water (+). Stepwise multiple regression
explained 79% of the variability in Hg in fish, and included MeHg in
zooplankton, pH and sulfate as independent variables. Explained
variability increased to 92% when a second-order lake with an
exceptionally large drainage area was excluded. Our results suggest that
extensive logging activities may disrupt the natural cycling of Hg in

watersheds and cause its accumulation in the equatic biota.
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Résumé

Nous avons mesuré le mercure total (Hg) et les isotopes stables (5°C
et 615N) chez le grand brochet (Esox lucius) de 19 lacs de la forét boréale
dont le bassin versant avait été coupé, brlé ou n’avait pas subi de
perturbation. Les niveaux moyens en Hg chez le brochet de 560 mm de
longueur étaient significativement plus élevés dans les lacs coupés (3.4
ug-g'1 poids sec) par rapport aux lacs de référence (1.9 |,Jg-g'1 poids sec). La
concentration moyenne en Hg chez le brochet des lacs bralés (3.0 Hg-g”
poids sec) ne differait pas significativement de celle des lacs coupés ou de
référence. Des résultats semblables ont été obtenus a partir des
concentrations en Hg normalisées pour la position trophique, déterminée a
partir des isotopes stables. Les niveaux de Hg dépassaient la limite
récommendée par 'OMS pour la consommation humaine dans tous les lacs
coupés. Le mercure chez le brochet était corrélé avec : le méthyl mercure
(MeHg) chez le zooplancton (+), I'azote total (+), le pH (-), I'alcalinité (-), le
sulfate(+), et avec les apports en COD (+) et la pénétration de lumiére dans
l'eau (+). Un modele de régression multiple incluant le MeHg chez le
zooplancton, le pH et le sulfate comme des variables indépendantes a
expligué 79% de la variation de la concentration en mercure chez le
brochet. Le modéle résultant de I'exclusion d’'un lac de second ordre avec
une aire de drainage exceptionnellement large a expliqué 92% de la
variabilit¢é du Hg chez le brochet. Nos résultats suggérent que la coupe
forestiere extensive peut perturber le cycle naturel du Hg des bassins

versants occasionnant 'accumulation de ce métal dans la biote aquatique.
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Introduction

Several environmental and biological factors can affect the
accumulation of mercury in fish, including lake productivity (Hill et al. 1996),
pH, alkalinity, sulfate and calcium concentrations (Hudson et al. 1994),
trophic position (Cabana et al. 1994), age and growth (MacCrimmon et al.
1983). Humic matter, in particular, has been inferred as an important vector
of mercury from topsoils to lakes and streams (Kolka et al. 1999; Kalbitz
and Wennrich 1998), and this may explain observed relationships between
water color or dissolved organic carbon and mercury concentration in
aquatic biota. Forest removal by fire or clearcutting affects runoff and
dissolved organic carbon (DOC) loading to lakes (Lamontagne et al. 2000;
Hobbie and Likens 1973). Such disturbances may therefore also influence

the loading of organic matter-bound mercury to lakes.

In a previous study of 38 remote boreal shield lakes, we observed
that methyl mercury (MeHg) levels were significantly higher in zooplankton
in lakes with partially clearcut watersheds than in lakes with burned or
undisturbed watersheds (Garcia and Carignan 1999). MeHg in zooplankton
was correlated most strongly with DOC concentration. In the present study,
we report total mercury (Hg) concentrations in northern pike (Esox lucius), a

top predatory fish, which was found in 20 of the 38 lakes.

Materials and methods

Study site

The study was conducted in 20 lakes on the Canadian Shield, near
Gouin Reservoir (central Quebec, 48°50'N, 75°00'W), at the transition

between the boreal mixed and coniferous forests (see detailed description




93

and map in Carignan et al. 2000). Wetlands, which are important sources of
DOC, represent less than 6% of the drainage area (average = 1.8%) of the
study lakes. All lakes but one (FP15) are headwater lakes. The 20 lakes
include 9 reference lakes (N43, N55, N56, N59, N63, N88, N89, N107 and
N122), 4 logged lakes (C2, C9, C24 and C40), and seven burned lakes
(FP2, FP15, FP24, FP30, FP32, FBP9 énd FBP10). Catchment areas of
reference lakes had remained undisturbed for at least 40 years. Logging
and fires occurred in 1995. The logged lakes had between 11 and 72%
(average = 43%) of their catchment area clearcut. Harvesting continued
after 1995 in the watershed of lake C2, increasing the cleared fraction from
31 to 72% of the watershed. Logged area to lake area ratios varied from 0.4
to 6.1 (average = 3.2). Fires affected more than 90% of the catchment area

of 6 lakes, and 50.1% of the catchment of one lake.

Water chemistry and morphometric data

The lakes were sampled during the summers of 1996, 1997 and
1998. Duplicate integrated samples were taken from the euphotic zone and
were analyzed using standard methods (Carignan et al. 2000). Measured
properties included light attenuation, Secchi depth, DOC, dissolved oxygen,
pH, alkalinity, total phosphorus and nitrogen, sulfate, calcium and
chlorophyll a. DOC loading to the lakes (mol C-m? - y"') was estimated for

the three years following disturbances (Lamontagne et al. 2000).

Morphometric variables were determined from topographic maps (1 :
20 000) and bathymetric maps, and from aerial photographs (1 : 15 000).
These variables included drainage area (DA), lake area (LA), lake volume
(VOL), maximum depth, the extent of perturbation by logging or fire, and the

percentage of wetlands in the catchment.
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Sample collection

Fish were collected during the summers of 1996 or 1997. Seven
lakes were resampled during the summer of 1998 (C2, C9, FP24, FBP10,
N55, N63, N107). Between 6 and 23 specimens were collected in each
lake, for a total of 312 pikes. Total length, weight and sex were recorded

for all fish.

Benthic organisms for stable isotope analysis were sampled during
the summer of 1999 in the littoral zone (< 2 m deep) of each lake using
hand-held dip nets. Invertebrates were sorted, identified to the level of
suborder or family, counted and kept frozen until freeze-dried. Only non-
predatory organisms (primary consumers) were considered in the present
analysis. The organisms were divided in four taxonomic groups:

Amphipoda, Trichoptera, Ephemeroptera and Chironomidae.

Zooplankton data for the same lakes were taken from Garcia and
Carignan (1999). MeHg concentrations in zooplankton are averages for

samples collected in June, July and September of 1996.

Hg analysis

A boneless, skinless fillet of dorsal muscle tissue was removed
from each fish, frozen and freeze-dried. Subsamples (0.1 g) of fish tissue
were analyzed using the hot acid extraction method of Hendzel and
Jamieson (1976). Hg analysis was performed by cold vapor atomic
absorption spectrophotometry. Twenty samples analyzed in duplicate had
an average coefficient of variation of 4%. Certified reference material
(DORM-2, National Research Council of Canada) was run every 25
samples, and recoveries averaged 4.72 + 0.21 mg‘kg’1 ( N = 12), which
corresponds to 105 + 4.6% of the certified value (4.47 + 0.32 mg-kg™).

Concentrations are reported as mibrograms per gram of dry weight. A




conversion factor of 0.2 was used to express concentrations on a wet

weight basis.

Isotopic analysis and determination of Northern pike trophic position

In order to correct for the among-lake variability in Hg concentrations
due to food-chain length, Hg levels were normalized as a function of trophic
position (A), as defined using stable nitrogen and carbon isotope ratios

(Vander Zanden and Rasmussen 1999).

Stable carbon and nitrogen analyses were performed on 255
samples of 0.7 mg of dried fish muscle and zoobenthos subsamples. The
analyses were conducted using a continuous flow Isoprime isotope-ratio
mass spectrometer coupled with an elementary analyzer NC 1500 at the
GEOTOP Laboratory (Université de Québec a Montréal). Stable isotope
values are expressed in § notation as parts per thousand deviation from a

standard reference:
6130 or 615N = [(Rsamp]e/Rstanda(d) - 1] X 1000,

where R = "*C/2C or "®N/*N. Standard references were Pee Dee Belemnite
(PDB) limestone for §"°C and atmospheric nitrogen for §'°N. We assumed
that §'°N increases on average 3.4% per trophic level (Cabana and
Rasmussen 1994). Variations in baseline §'°N values from lake to lake were
corrected for using the method proposed by Vander Zanden and
Rasmussen (1999). This method takes into account the 5'°N and §"C

relationship found in primary consumers (pcons):

6.34
o 9-67+(0.356* 8Cpcons)

(1)

15
6 Npc:ons =
1+

-
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For each primary consumer, the residual from equation 1 (Urs) is
calculated by subtracting the value given by the equation from the
measured 5'°N. For each lake, an average residual (Ures) of all primary

consumers is then calculated. Next, the measured §13C of each fish from a

given lake is entered in equation 1 and a §'°N is estimated. The Ures for
that lake is then added to the estimated §'°N. The value thus obtained is the

lake-corrected baseline 8N (8"Ncorrected), Which is specific for each
individual fish. Finally, the trophic position of the fish is given by the

equation:

5N ;o —6°N |
Apike _ ( pike T con’ected) ) (2)

where Apie is the trophic position and 5"Npie is the 5'°N measured for
each fish. The constant 3.4 is the 5'°N increment per unit of trophic level,

and the constant 2 corresponds to the trophic level of p'riymary consumers.

Data analysis

We compared Hg concentrations in pike from the three groups of
lakes using two different approaches. First we regressed Hg concentrations
in pike against fish total length and weight for each lake. Fish total length
showed a stronger relationship with Hg than fish weight (Table 1). Thereby,
using the regression equations showed in Table 1, Hg levels were
estimated for a standard length of 560 mm in all but one lake (N59), where
no significant relationship was observed. This length represented the mean
total length for all fish and corresponded to a pike weighing 1.08 kg.
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Reference lake N59 was excluded from the analyses because no
significant relationship was found between Hg concentration and fish
length. Lake N59 had the smallest sample size (N = 6) and the largest
mean fish total length (600 mm).

Secondly, we regressed A against fish total length and determined
A for a standard 560-mm fish in each lake. Hg concentrations in standard
560-mm pike were normalized as a function of A by dividing estimated Hg

concentrations by the estimated A of standard 560-mm fish.

Differences among treatments were tested using non-parametric
Kruskal-Wallis Test. Pearson correlation coefficients were calculated
between Hg in pike and morphometric, chemical and biological variables.
Stepwise multiple linear regression was used to define empirical
relationships between Hg in fish and environmental and biological
variables. For the lakes sampled twice, only the data obtained during the
first sampling year were included in these analyses. When necessary,

data were log-transformed to achieve normality and homoscedasticity.

Results
Hg in northern pike

On a dry weight basis, Hg concentrations in 560 mm-northern pike
ranged from 0.9 to 6.4 pg-g’ (Table 2). The three treatments showed
significantly different levels of Hg in pike (p = 0.047). In logged lakes, Hg
concentrations averaged 3.4 ug-g”, and were significantly higher than in
reference lakes (mean concentration of 1.9 pg-g'1) (Figure 1). The average
Hg concentration in pike from burned lakes (3.0 pg-g“) was intermediate
between the levels observed in logged and in reference lakes, but

differences were not significant. Note, however, that the highest Hg




Table 2. Mercury concentrations in 560-mm northern pike (Hg), pike

trophic position (A) and Hg levels normalized to trophic position (Hg/A)

in all study lakes (N = 19).

Lake Treatment Hg A Hg/A
(Hg-g™" dry weight) (ug-g™ dry weight-A™)

Cc2 logging 3.4 4.4 0.77
C9 logging 2.7 4.2 0.64
C24 logging 4.2 4.3 0.98
C40 logging 3.0 44 0.68
FP2 fire 6.4 4.3 1.51
FP15 fire 1.8 2.9 0.60
FP24 fire 2.6 4.5 0.57
FP30 fire 4.4 3.6 1.23
FP32 fire 2.0 3.8 0.53
FBP9 fire 1.3 3.8 0.35
FBP10 fire 2.2 3.8 0.59
N43 reference 25 43 0.58
N55 reference 1.5 4.3 0.35
N56 reference 24 4.1 0.58
N63 reference 2.2 3.8 0.59
N88 reference 1.8 3.4 0.54
N89 reference 0.9 4.3 0.22
N107  reference 2.2 3.9 0.57
N122  reference 1.5 - 4.2 0.35
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Figure 1. Box plots showing median, 10", 25", 75" and 90" percentiles of
Hg in 560-mm northern pike, expressed on a dry weight basis, from logged
(N = 4), burned (N = 7) and reference lakes (N = 8). Letters on top of the
boxes indicate between treatment differences: boxes with different letters are

significantly different (Wilcoxon-Mann-Whitney test, p < 0.01).
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concentration was found in a lake with a partially (50.1%) burned

watershed. When this lake is removed from the analysis, the mean Hg

levels in burned lakes decrease to 2.4 pgg”.

The §°C and the §'°N of benthic invertebrates were highly variable,
ranging from - 32.9%0 to - 24%,, and from - 2.40/00 to + 4.40/00,
respectively. The variation in & N is equivalent to 2 trophic levels. The
§'°C and the 8N of pike ranged from — 30.7% to — 25.8%0 and from

7.1%g0 to 10.7%0, respectively.

The trophic position of 560-mm pike, adjusted for variations in
baseline §'°N - §'°C between lakes, ranged from 2.9 to 4.5 (Table 2), and
tended to be higher in logged lakes, but differences among treatments
were not significant. Hg concentrations normalized to trophic position in
pike from reference, logged and burned lakes were again significantly
different, but this time at a p-level of 0.025. These results indicate that
among-group variations in trophic position were not responsible for the

observed differences in Hg concentrations in pike.

Relationships between Hg concentrations in fish and environmental

variables

Significant differences were observed between the three groups of
lakes for several morphometric, water quality and biological variables
(Table 3). Lakes with burned watershed showed significantly higher levels
of chlorophyll a, total phosphorus, total nitrogen, and sulfate compared to
logged and reference lakes. Lake water pH in the study lakes was
circumneutral and was slightly lower, though not significantly (p > 0.05), in
logged lakes relative to burned and reference lakes. The drainage areas
of logged lakes exported more DOC compared to burned and undisturbed

lakes and DOC concentrations were the highest in logged lakes.
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Table 4. Pearson correlation coefficients observed between log
Hg concentrations in 560-mm northern pike and environmental

and biological characteristics of the study lakes and watersheds

(N =19).
r P
Lake area (LA) -0.38 0.109
log drainage area (DA) -0.11 0.639
log DA/LA* 0.48 0.048
Alkalinity -0.57 0.011
pH -0.66 0.002
log DOC loading* 0.61 0.009
log DOC* 0.50 0.034

log light attenuation coef.* 0.52 0.021

Chlorophyll a 0.03 10.904
TP | 033  0.173
TN 0.51 0.026
Ca®* -0.28 0.244
S04 0.49 0.038
log MeHg in Zooplankton 0.77 0.000

*Excluding lake FP15
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Figure 2. Relationship between Hg concentrations in 560 mm-pike and
methyl mercury concentrations in zooplankton, expressed on a dry weight
basis (r = 0.79, p = 0.0000, N = 19 lakes). L = logged lakes (N = 4); B =
burned lakes (N = 7); R = reference lakes (N = 8).
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Watershed properties of the three groups of lakes only differed with
respect to the mean drainage area due to the inclusion in the burned
group of one lake (FP15) which has a larger headwater lake in its

watershed and has an exceptionally large drainage area.

Significant correlations were found between Hg concentrations in 560-mm
pike and some environmental and biological characteristics of the study
lakes (Table 4). Hg in pike showed the strongest relationship with MeHg in
zooplankton (Figure 2). Other variables also significantly correlated to Hg
were: pH (-), alkalinity (-), SO (+), total nitrogen (+) and light attenuation
(+), which was itself highly correlated to DOC loading (r = +0.92, p <
0.0001). The relationships between Hg in pike and three intercorrelated
variables, DOC loading from the drainage area, DOC in lake water and
drainage ratio, only became significant (p < 0.05, r = 0.61, 0.50 and 0.48,
respectively) following the exclusion of second-order lake FP15 from the

regressions.

Stepwise muiltiple regression including all lakes showed that MeHg
in zooplankton, sulfate and pH explained 79% of the variance in Hg
concentrations in pike (Equation 1 - Table 5). MeHg in zooplankton alone
~ explained 61% of the variation. When lake FP15 was removed from the
set of lakes, pH and sulfate remained in the model, and DOC export rate
replaced MeHg in zooplankton. This alternative regression model
(Equation 2 - Table 5) was highly significant, and its R? increased to 0.92.
Lake pH explained a larger amount of the variation in Hg than sulfate and
DOC in this regression. DOC loading and MeHg in zooplankton were
correlated and mutually’ exclusive as independent variables in our

regression models.
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Temporal trends of Hg in pike

In lakes sampled twice, Hg concentrations varied between the first
and the second sampling year, but differences were not significant (Paired
t-test, p > 0.05). In one of the two logged lakes resampled in 1998 (C9),
the estimated Hg concentration in standard 560-mm fish increased by
about 28%, whereas it remained the same in the other lake (C2) (Figure
3). In burned lakes, an average decrease of 18% was observed. In two
reference lakes (N63 and N107), Hg concentrations in pike showed little
variation from one year to another. In a third reference lake (N55), Hg
concentrations were higher in 1998 than in 1997. All the observed

variations were not significantly different, however (Figure 3).

Discussion

Hg concentrations in 560-mm pike from our lakes, on a wet weight
basis, were comparable to those observed by Hakanson et al. (1988) in 1-
kg pike from 1456 Swedish lakes, and by Bodaly et al. (1993) in 600-mm
pike from six Canadian Shield lakes. They were lower, however, than
concentrations reported by Parks et al. (1994) for 550-mm pike from 42
pristine lakes in northern Minnesota, USA. In all logged lakes, Hg
concentrations in 560-mm pike were higher than the advisory limit for
human consumption of 0.5 ug g'1 (wet weight) of the World Health
Organization. This limit was exceeded in three burned lakes and in only

one reference lake.

As previously observed for MeHg in zooplankton collected in the
same lakes (Garcia and Carignan 1999), Hg in northern pike was highest
in fish from logged lakes. As indicated by the regression models (Table 5),
Hg in pike increased with increasing DOC loading and with concentrations

of sulfate in lake water, and declined with increasing lake water pH. These
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Figure 3. Temporal trends in levels of Hg in 560-mm northern pike (in pg-g™
dry weight) from two logged (C2 and C9), two burned (FP24 and FBP 10)
and three reference lakes (N55, N63 and N107) sampled twice: in 1996
(black +) or in 1997 (black ++) and in 1998 (hachured). Bars represent

standard error of estimated Hg for 560-mm pike.
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three factors are related either to Hg transfer to lakes or to microbial
methylation rates. The variables selected in our regression models are in
accordance with the Mercury Cycling Model of Hudson et al. (1994),
where DOC, pH and sulfate in conjunction with calcium are the

limnological characteristics that most directly affect Hg levels in fish.

Lake water pH was the most important predictor of Hg concentrations in
pike. The average pH of logged lakes (6.1) was slightly lower than that of
burned (6.5) and reference lakes (6.6). This difference in pH may partially
explain differences in Hg among treatments. In reference lakes, Hg
concentrations showed a negative (r = - 0.69) and nearly significant (p =
0.058) correlation with pH. The slope of this relationship (-1.4 + 0.6)
indicates that a variation of 0.5 unit of pH, as that observed between
logged and reference lakes, may be responsible for a variation of around
0.7 £ 0.3 yg-g in Hg concentration. This pH effect is commonly observed
(Ponce and Bloom 1991; Jensen 1988) and may be due to several
mechanisms. At low pH, the exchange of H" with humic acid-bound Hg**
may increase the availability of Hg2+ and increase its methylation rate (Xun
et al. 1987). High pH, on the contrary, enhances the reduction of Hg®* to
the volatile Hg® (Hudson et al. 1994). Variations in pH may also interfere
with uptake of both organic and inorganic Hg by aquatic organisms

(Rodgers and Beamish 1983).

High Hg concentrations in fish from logged lakes may be partly attributed
to variations in Hg inputs associated with the loading of terrestrial DOC. In
these lakes, one of the most noticeable effects of logging was a
pronounced increase in the DOC export from the drainage area. The role
of the organic matter in the mobilization and translocation of heavy metals,
including Hg, from watersheds to aquatic ecosystems is well known
(Kalbitz and Wennrich 1998; Meili 1991). The effects of organic matter on
lake Hg and MeHg levels are complex, however. Some studies have
shown that DOC increases Hg bioavailability in lakes by stimulating
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microbial methylation rates (McMurtry et al. 1989) and by retaining Hg in
the water column. Hecky et al. (1991) observed that the addition of
terrestrial debris, including spruce boughs and boreal forest floor materials
to mesocosms increased Hg concentrations in fish. Input of DOC may
also decrease the rates of photodegradation of MeHg in lakes (Sellers et
al. 1996). These studies support the positive relationship between Hg
concentrations in fish and DOC observed in our lakes. In contrast, Grieb
et al. (1990) observed a negative relationship between DOC or water color
and Hg in fish, especially in clear water lakes. This phenomenon was
attributed to the complexation of Hg species with sulfhydryl groups on
organic molecules, which decreases the availability of Hg to the aquatic
biota (Grieb et al. 1990) and inhibits methylation (Miskimmin at al. 1992).

The positive correlation between Hg levels in pike and sulfate
concentrations may be related to the acidity of the lakes or to the
methylation activity of sulfate-reducing bacteria (Gilmour and Henry 1991;
Hudson et al. 1994). Sulfate concentrations were nearly identical in
reference and logged lakes (Table 3), however, and cannot explain the

higher Hg concentrations measured in fish captured in logged lakes.

The highest Hg level was observed in a partially burned lake (FP2).
Canavan (1998) observed 5 and 20-fold increases in Hg and MeHg
concentrations, respectively, in the sediment of a reservoir following a
partial burn of its watershed. These higher concentrations were attributed
to an increase in the loading of allochthonous organic matter, as well as to
increased Hg methylation. Lake FP2 also had a high DOC load (6.3 mol
C-m'2~y'1) compared to the average value found for the other burned lakes
(4.3 mol C~m'2-y'1, excluding lake FP15). Note, however, that lake FP2

also had the lowest pH.

Because MeHg can be biomagnified through the food web, trophic

position is an important factor explaining among-lake differences in Hg
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concentrations in a given species (Cabana and Rasmussen 1994). In our
lakes, however, variations in pike trophic position were relatively small and
did not significantly influence the observed differences among logged,
burned and reference lakes. Nonetheless, the normalization of Hg
concentrations as a function of trophic position did increase the level of
significance of statistical tests used in the among-treatment comparisons.
This normalization provides an alternative to conventional methods for

comparisons of Hg concentrations in different fish species.

Differences between logged and reference lakes were noticed as
early as one and two years after harvesting. This result suggests that fish
may respond rapidly to environmental alterations of the Hg cycle, as
reported by Hecky et al. (1991), who observed a 10-fold increase in Hg
levels in yellow perch two months after the addition of terrestrial organic
materials to mesocosms. No clear trend was observed in Hg levels in 560-
mm pike from the lakes sampled twice due to the small number of

revisited lakes.

Our results suggest that extensive logging activities may increase
Hg levels in northern pike. Increased DOC loads to impacted lakes may
disrupt the natural cycling of Hg in watersheds and cause its accumulation
in the aquatic biota. Partial loss of forest cover through fires may also
cause elevated Hg levels in the biota. If confirmed by further studies,
these effects should be taken into consideration in future forest harvesting

practices.
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Total mercury (Hg) concentration was determined in several species of fish
from 38 Boreal Shield lakes with harvested, burnt or undisturbed catchments.
Fish trophic position was estimated using stable isotopes of N and C, taking
into consideration among-lake differences in baseline 8"°N. Comparison of the
relationship between Hg and trophic position showed that Hg in fish tended to
increase by 2.2 fold from one trophic position to another in the three groups of
lakes. One to two years after disturbances, Hg levels in fish from logged lakes
were 42% and 45% higher than in reference and burnt lakes, respectively,
independently of trophic position. Hg concentrations exceeded the advisory
limit for human consumption (0.5 ug.g" wet weight — World Health
Organization) in top predator fish (northern pike, walleye and burbot) found in
logged lakes. In harvested lakes, Hg concentrations in fish were significantly
related to the disturbance area to lake area (or lake volume) ratio (r = + 0.63
and +0.61, p < 0.05), as previously found for dissolved organic carbon (DOC)

in the same lakes.
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Introduction

Annually, harvesting activities affect the Canadian boreal forest, resulting in
soil exposure and in increased mobilization of dissolved organic carbon (DOC)
(1), which is known as an important vector of Hg to aquatic systems (2). In two
previous studies, we observed higher levels of methyl mercury (MeHg) and
total mercury (Hg) in zooplankton and northern pike (Esox lucius) in Boreal
Shield lakes impacted by forest harvesting compared to lakes impacted by
wildfires or to reference lakes (3,4). Here, we report Hg levels in fish food
chains in the same lakes. Assessing the effect of watershed disturbance in Hg
levels in biota collected in different lakes is not a straightforward exercise,
however. Mercury is biomagnified along food chains and is therefore related to
trophic position (5), which, for a given species, can differ between lakes.
Stable isotopes (**C and "°N) are used here to estimate trophic position, as
previously utilized in studies on hydrophobic contaminant distribution within
food chains (6-8), and to correct for variation in fish trophic position between

lakes.

Experimental Section

Field site and sample collection. The 38 study lakes are located in central
Quebec [48°50°N, 75°00'W; see map in (1)]. Nine lakes had 9-72% of their
catchment area clear-cut in 1995, whereas high intensity fires cleared 50-
100% of the catchment of 9 other lakes. The catchments of reference lakes (N
= 20) have remained undisturbed for at least 70 years. The lakes were
selected in order to minimize morphometric differences among treatments.
Wetlands, when present, occupied less than 6% of the drainage area of the

lakes.

Fish from the 38 lakes were collected during the summer of 1996 or
1997. Between six and 23 specimens of up to the three most abundant

species were collected in each lake, totaling 642 individuals. Eleven lakes




124

were resampled during the summer of 1998, when 467 specimens
representing from seven to 26 individuals of the most abundant species were
collected. A detailed description of fish species composition of the study lakes
is presented in (9). Individuals were selected in order to maximize the range in
size of the different species in each lake. Total length, weight and sex were
recorded for all fish. A boneless, skinless filet of dorsal muscle was removed
from each fish, frozen, and freeze-dried. Fish assemblages varied from lake to
lake. The most abundant species collected were: northern pike (Esox lucius),
walleye (Stizostedion vitreum), yellow perch (Perca flavescens), white sucker
(Catostomus commersoni), lake whitefish (Coregonus clupeaformis), lake trout
(Salvelinus namaycush), brook trout (Salvelinus fontinalis), burbot (Lota lota),
golden shiner (Notemigonus crysoleucas) and pearl dace (Semotilus
margarita). Mean total length for all individuals from a given species was
estimated and was used as a standard length in the among-population
comparisons. The standard lengths were: northern pike, 560 mm; walleye, 318
mm; yellow perch, 135 mm; white sucker, 325 mm; lake whitefish, 310 mm;
lake trout, 365 mm; brook trout, 240 mm; burbot, 590 mm; golden shiner, 92

mm,; pearl dace, 80 mm.

Nonpredatory benthic invertebrates (Trichoptera, Ephemeroptera,
Amphipoda and Chironomidae) were used for correction of among-lake
variation in baseline '°N. The organisms were collected during the summer of

1999 in the littoral zone (< 2 m deep) of each lake with hand-held dip nets.

Sample analysis. Total Hg (Hg) concentrations were measured on
subsamples (0.1 g) of fish tissue by cold vapor atomic absorption
spectrometry, after hot acid extraction (10). The average coefficient of variation
for Hg measured in 70 duplicate samples was 6%. Reference material
(DORM-2, National Research Council of Canada, Hg = 4.64 + 0.26 mg.kg™)
was run every 25 samples, and recoveries averaged 98.7 + 4.1% (N = 55).
Unless specified, all values are reported on a dry weight basis. In order to

allow comparisons with literature data, a conversion factor of 0.2 was used to
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express concentrations on a wet weight basis; this factor corresponds to the
average of values observed for 25 individuals from different fish species

collected in the study lakes (0.197 £ 0.017).

Carbon and nitrogen isotopic ratios were measured on 0.7-mg samples
of freeze-dried benthic invertebrates and fish. For each lake, at least two
nonpredatory groups of invertebrates, as well as three individuals from each
species of fish with a total length equal or close to the standard length were
used for isotopic determinations. These analyses were performed on a
continuous flow Isoprime mass spectrometer coupled to a CHN analyzer
model NC 1500. Ratios of heavy to light isotopes are expressed as & values —
deviations in parts per thousand from standard reference materials (Pee Dee

Belemnite limestone for §'C and atmospheric N for 3"°N).

Water chemistry. Lake water was sampled from 1996 to 1998 within
two weeks of ice-out (late May to early June), in mid-summer (July), and in
early fall (late August to mid-September). A detailed description of water
collection and analyses is given in (1). Measured properties included DOC,
light attenuation, Secchi depth, dissolved oxygen, pH, alkalinity, total
phosphorus and nitrogen, sulfate, calcium and chlorophyll a. Loading of DOC
to the lakes (mol C:m? . y") was estimated for the three years following
disturbances (11). Data for the different years are averages for the three
sampling periods. For each lake sampled in 1996 or 1997, only the data for the

year of fish collection are shown.

Data analysis. Hg concentrations were regressed against total length
for each species of fish in each lake. Significant correlations between these
two variables were observed in 69 out the 88 populations (average r = + 0.72),
and the regressions were used to estimate Hg levels in fish of a standard
length. For most white sucker and white fish samples, the relationship between
Hg and fish length was not significant and Hg means unadjusted for fish size
were used. Among pike populations, only that from reference lake N59 did not

show a significant relationship between Hg concentrations and fish length. Hg
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in pike from this lake was excluded from the analyses first because of the
small sample size (N = 6) and second because average total length (600 mm)

in pike from lake N59 was higher than the standard length,.

Variations in the 8'°N of primary producers can result in a wide range in
8N of consumers (6) and invalidate the use of 8N in among-system
comparisons. Such variations were accounted for by using the §'°N - 3'°C
relaytionship of various groups of nonpredatory benthic organisms from the 38
study lakes following the method proposed by Vander Zanden and Rasmussen
(12). This method relies on the existence of an empirical relationship between

§"°N and 8'3C of primary consumers (pcons) as described by the equation:

SN = A

peons 1+ eBJ'(C‘(S”C"“’“‘)

(1)

where 8"*Nocons is the expected 8'N for each group of primary consumer given
its §'*C. Equation (1) describes a S-curve and was used instead of a linear
regression because 8'°N in primary consumers is expected to be limited by the
natural "°N/"N ratio and by the isotopic fractionation during N uptake by algae
(lower asymptote) and by the fractionation associated with bacterial
denitrification (upper asymptote) (12). The parameters A, B and C ofA equation
(1) were estimated using 8'°N and &'°C of primary consumers collected in the

38 lakes (Figure1), yielding the equation:

SUN _ 4.44

peons 20.14+(0.698* §"*Cpcas)

1+e

(2)

Measured 8'°C of each primary consumer from each lake (8"*Cpcons)

was then used to predict 8"°N (eq. 2). The average residual between predicted

and measured §'°N (Ures) was estimated for all primary consumers in each

lake. Next, the 8'3C of each fish from a same lake was entered in equation (2)

to generate a predicted 8'°N value. The Ures for that lake was then added to
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Figure 1. §"°N vs. 8'3C for primary consumers from the 38 study lakes (solid

line) and from Vander Zanden and Rasmussen study (1999) (dotted line).
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the predicted §'°N of each fish to obtain a new &N value corrected for
variations in "N in primary consumers (8"°Neorected). Finally, the trophic
position of the fish was given by the equation:

S"N,, —6"°N
Afsh - [( fish 3 4 corrected ):l + 2 (3)

where Agen is the trophic position and 8"Ng, is the 8'°N measured for each
fish. The constant 3.4 represents the 8N increment per unit of trophic level

(6), and the constant 2 is the trophic level of primary consumers.

In order to compare the trends in Hg accumulation along the food chain
of logged, burnt and reference lakes, we determined the relationships between
Hg concentration and trophic position of fish of a standard length in logged,
burnt and reference lakes. Analysis of covariance (ANCOVA) with fish trophic
position as a covariate was then used to compare Hg concentrations in the
three groups of lakes. Fish collected in 1998 in the 11 resampled lakes were
treated separately from fish collected in 1996 or 1997, and the two sampling
periods were compared using ANCOVA. Biomagnification factors (BMF) were
estimated in all treatments and corresponded to the increasing concentration
of MeHg at two successive trophic positions in a food chain. Pearson
correlatidn coefficients between Hg contents in fish and environmental and
biological variables were calculated separately for logged, burnt and reference
lakes. Stepwise multiple regression was used to test for significant
relationships between Hg in fish and environmental and biological
characteristics of the study lakes and their watersheds. Differences in water
quality variables among treatments were tested using either ANOVA (lakes
sampled in 1996 or 1997) or the nonparametric Kruskal-Wallis test (lakes
resampled in 1998). When necessary, statistical analyses were conducted
using log-transformed data in order to achieve normality and homoscedasticity.
Residuals from ANCOVA and multiple regression analyses were normally

distributed.
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Results

Environmental variables. Significant differences in morphometry among the
three groups of lakes (Table 1; ANOVA, p < 0.05) were due to the inclusion, in
the burnt group, of one deep lake (37 m) and one lake with a large drainage
area. Several significant differences in water quality variables among the three
groups of lakes (Table 1) were observed for the 1996-1997 period. In logged
lakes, concentrations of DOC, DOC loading, as well as light extinction were
higher than in reference lakes (ANOVA, p < 0.01). Corresponding values for
burnt lakes were intermediate, but were not significantly different from those of
reference and logged lakes. Concentrations of chlorophyll a, Ca®" and SO
were significantly higher in burnt lakes (ANOVA, p < 0.001) relative to the other
two treatments. Burnt lakes also showed higher concentrations of total
phosphorus (TP) and total nitrogen (TN) than reference lakes (ANOVA, p <
0.01). Among-treatment differences in pH were not significant. No
morphometric or water quality variable of the 11 lakes resampled in 1998
varied significantly among treatments (Table 2; Kruskal-Wallis, p > 0.05).

Stable isotopes data. The four groups of invertebrates had low
average 5'°N values (< 1.7%) and similar average 8'°C values (from — 28.9 to
— 27.7 %0, Table 3). For Trichoptera, Ephemeroptera and Amphipoda, the
range of variation of 5'°N was between 4.2 and 6.0%g, which corresponds to
1.2-1.8 trophic levels, and the range of 8'°C varied by 6.0 to 7.4%. For
Chironomidae, however, the range of variation of both stable isotopes was
narrower (0.6%g for 8'°N, or 0.2 trophic level, and 1.8%g for §'°C). Among-
treatment variations in 8'°N were observed (ANOVA, p < 0.05). Average 8N
of Ephemeroptera (1.8%) and Amphipoda (2.7%g0) from burnt lakes was
significantly higher than in invertebrates from the logged (-0.3 and 0.9%0,
respectively) and reference lakes (-0.1 and 0.7%, respectively). No among-
treatment  significant difference was found in &N of Trichoptera or

Chironomidae, or in §'°C of the four groups of benthic invertebrates.

-
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For white sucker, whitefish, yellow perch, walleye and pike, all lakes
confounded, the range of §'°N was equivalent to approximately one trophic
level within any specie (Table 3). These species, as well as brook trout,
exhibited a 4.3 to 8.8% range in 8'°C. The variability in §'°N and §"°C was
presumably due to among-lake variations in isotopic composition of N and C
sources to algae and bacteria. The remaining species (pearl dace, golden
shiner, lake trout and burbot) did not show such variations, but were found in

only one or two lakes. The pearl dace showed an unexpectedly high §"°N

(10%g0) for a forage species.

All species of fish found in burnt lakes showed consistently higher 8N
than fish from reference and logged lakes (Kruskal-Wallis, p < 0.0001).
Differences in 8'°N between reference and logged groups were not significant,

except for whitefish, which showed a significantly higher 5'°N in logged lakes.

The trophic position occupied by the different species (Figure 2)
indicated a progressive 8'°N enrichment up the food chain, and followed the
pattern: whitefish < white sucker < brook trout < perch < lake trout < burbot <
pearl dace < pike < walleye. Walleye and pike showed lowest degree of
overlap in trophic position relative to the other species (Figure 2), even if the
range in their trophié position was the largest (Table 3, from 3.5 to 5.4 and

from 3.4 to 5.1, respectively).

Hg in fish collected during 1996-1997. The 38 lakes were quite
diverse in terms of fish composition, with the number of species captured in
each lake varying from one to six (Table 4). Consequently, the food chain
length as well as the trophic position occupied by a given species varied from

lake to lake.

Hg concentrations were highly variable from one species to another,
and even within a given population. Levels of Hg ranged from 0.2 to 17.3 pg.g’
' d.w. in logged lakes, from 0.2 to 20.2 ug.g” d.w. in burnt lakes, and from 0.2
to 11.7 pg.g™ d.w. in reference lakes, all sizes and species confounded. Fish




138

Figure 2. Average trophic position of fish collected in 1996/1997 in the 38
lakes. Error bars correspond to confidence intervals. BT = brook trout
(Salvelinus fontinalis), LO = burbot (Lota lota), LT = lake trout (Salvelinus
namaycush), NP = northern pike (Esox lucius), PD = pearl dace (Semotilus
margarita), PE = vyellow perch (Perca flavescens)) WA = walleye
(Stizostedion vitreum), WF = lake whitefish (Coregonus clupeaformis), WS =

white sucker (Catostomus commersoni).
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from the burnt lakes FP2 (pike) and FP30 (pike, walleye and whitefish) showed
the highest Hg concentrations (Table 4). Compared to other burnt lakes, where
fire cleared the entire catchment, substantial patches of intact forest were left
in the catchment of FP2 (50%) and FP30 (25%). In order to increase the
homogeneity of the burnt group, these two lakes were considered separately,

as a partially burnt group, in our treatment comparisons.

Trends in Hg concentrations along the food chain of logged, burnt,
partially burnt and reference lakes were similar (Figure 3), as evidenced by the
slopes of the relationship between Hg and fish trophic position, which did not
differ significantly among treatments (Table 5, ANCOVA, F = 0.03, p > 0.99).
These slopes provide an estimation of Hg biomagnification along the food
chain in the four groups of lakes. Note that the dependent variable in the
above regressions is the natural logarithm of the Hg concentration. Thus, the
biomagnification factor (BMF) corresponds to the exponential transformation of
the regression slopes observed between Loge(Hg) and fish trophic position.
The regression slopes (Table 5) indicate that Hg levels increased in average

by 2.2 fold from one trophic position to another.

Among-treatment differences in the y-intercept of the regression
between Hg and fish trophic position were significant (Table 5, ANCOVA, F =
20.9, p < 0.0001). Regression of partially burnt lakes showed the highest y-
intercept of all treatments. The y-intercept of logged lakes line was significantly
higher than that of burnt and reference lakes (Figure 3, p < 0.0001), and
differences among the burnt and reference groups were not significant.
Among-treatment variations in y-intercept (Ay) of the four regression lines,
assuming equal slopes, was then calculated and exponentially transformed
(Table 6). The y-intercept of the regression line of logged lakes was 0.35
natural logarithmic units higher than that of reference lakes. This value when
back transformed indicated that Hg levels in fish from cut lakes were 42%
higher than Hg in fish from reference lakes occupying the same trophic
position. Similarly, Hg in fish from quged lakes was 45% higher than in fish




144

Figure 3. Relationships between fish trophicfbsition and Hg concentrations
for logged lakes (squares and dotted Iine)}fbu_q?t lakes (black triangles and
solid line), partially burnt lakes (open Trlé‘{ng!es and dashed-double dotted
line) and reference lakes (circles and Ionétagshed line) sampled in 1996 or

1997. Lines are simple linear regressions.
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Table 6. Between-treatment differences in the y-intercept (Ay) of the regressions
of Loge Hg on trophic position for fish from logged, burnt, partially burnt and
reference lakes collected in 1996/1997 or 1998. Values of Ay were estimated
assuming equal slopes (0.77 + 0.09 in 1996/1997 and 0.95 + 0.18 in 1998). AHg
corresponds to exponential values of Ay and indicates between-treatment

differences in Hg concentrations for fish of a given trophic position.

Treatment Ay (+SE) AHg (+SE)

(Loge units) (%)

Lakes sampled in 1996/1997

Logging — Fire 0.37 (+ 0.13) 45 (+ 14)
Logging — Reference 0.35 (+ 0.12) 42 (+13)
Partial fire — Logging 1.00 (+ 0.21) 172 (+ 23)
Partial fire — Reference 1.35 (+ 0.24) ] 285 (+ 27)
Partial fire — Fire 1.37 (+ 0.25) 293 (+ 28)
Reference — Fire 0.02 (+ 0.18) 3(+20)

Lakes sampled in 1998
Logging — Fire 1.11 (+ 0.20) 203 (+ 22)
Logging — Reference 0.43 (+0.18) 54 (+ 20)

Reference - Fire 0.68 (+ 0.26) 97 (+ 30)
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from burnt lakes. Comparatively to partially burnt lakes, however, Hg
concentrations in fish from logged lakes were 63% lower, independently of fish
trophic position. Differences between reference and burnt groups were not

significant.

Hg in fish from all study lakes showed a significant correlation with fish
trophic position, DOC, pH and total nitrogen (Table 7). In logged lakes, the
relationships between Hg and DOC or pH was stronger than that observed for
the pooled lakes (Figure 4). Hg in fish from logged lakes was also correlated to
the disturbance area to lake volume ratio — DIST/VOL and to the disturbance
area to lake area ratio — DIST/LA. In burnt lakes, the relationships between Hg
and DIST/VOL or DIST/LA were almost significant (p = 0.06 and 0.07,
respectively). These two impact ratios, in turn, showed a significant correlation
with DOC in both logged and burnt groups (r from +0.56 to + 0.74, p < 0.05),
as observed by Carignan et al. (1). Fish trophic position, DOC and TN
explained 56% of the variation in Hg for all study populations, except those
from the two partially burnt lakes (stepwise multiple regression, F = 21.9; p <
0.0001; SEest = 0.37; N = 58). Hg in fish was positively related to trophic
position and DOC, which accounted respectively for 41 and 8.5% of the
variability in Hg. Total nitrogen showed a negative regression coefficient and

was responsible for 6.5% of the variance in Hg.

Hg in fish collected during 1998. Hg concentrations and trophic
position of fish of standardized length were determined in 11 lakes resampled
in 1998 (Table 8). In this subset of lakes, Hg concentrations also tended to
increase along the food chain (Figure 5) as observed in lakes sampled in
1996-1997. The slopes of the regression lines between Hg and fish trophic
position for logged, burnt and reference lakes were not significantly different
(Table 5, F = 0.2; p = 0.8236), which indicates that Hg accumulation was the
same in the three groups of lakes. Differences in the y-intercept between
logged lakes and lakes from the other two treatments were significant (p <
0.05), as observed in 1996-1997. When equal slopes were forced, differences




Table 7. Pearson correlation coefficients observed for log Hg
concentrations in fish populations from cut (C), burnt (F) and

reference (R) lakes sampled in 1997 or 1998

Lakes r p
Fish trophic position R+C+F +0.63 58 0.0000
log DOC* R+C+F +0.42 58 0.0016
log DOC* C +0.62 14 0.0305
pH R+C+F -042 58 0.0012
pH C -0.71 14 0.0065
log total nitrogen R+C+F +0.32 58 0.0145
disturbance areal/lake volume C +0.61 14 0.0268
disturbance areal/lake volume F +0.49 15 0.0741
disturbance area/lake area C +0.63 14 0.0199
disturbance area/lake volume F +0.51 15 0.0644
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Figure 4. Least-squares linear regression between Hg concentrations in fish
and DOC in logged (C), burnt (F), and reference lakes (R) sampled in 1996
or 1997.
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Figure 5. Relationships between fish trophic position and Hg concentrations
for logged lakes (squares and dotted line), burnt lakes (triangles and solid
line) and reference lakes (circles and long-dashed line) sampled in 1998.

Lines are simple linear regressions.
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in the y-intercept of the parallel regression lines indicated that Hg levels in fish
from logged lakes were 54 and 203% higher than in fish occupying the same
trophic position in reference and burnt lakes respectively. In reference lakes,

Hg levels were twice those observed in fish from burnt lakes.

Temporal trends in Hg concentrations were investigated by comparing
the regressions of Hg on trophic position obtained for fish collected in
1996/1997 with the regressions using fish sampled in 1998. For the three
groups of lakes, variations in regression slope were not significant (ANCOVA,
p > 0.05). In the burnt group, the y-intercept was significantly lower in 1998
(ANCOVA, p < 0.0001) relative to 1996/1997. Variations in the y-intercept
indicated that, for a given trophic position, Hg concentrations in the burnt lakes
tended to be 50% lower in fish collected in 1998. In logged and reference
regression lines, differences in the y-intercept between the two sample periods

corresponded to 12 and 2%, and were not significant.

Discussion

Hg accumulation. Our results indicate that Hg concentrations in fish from
logged lakes were higher than in fish from reference and fire impacted lakes,
independently of trophic position. Forest removal by fire and harvesting has
different effects on the physical and chemical properties of watersheds and
lakes (1, 13). Such disturbances also appear to exert different influences on
Hg loading, cycling and accumulation in the aquatic biota. We observed a
positive correlation between Hg in fish from disturbed lakes and DOC. In our
lakes, one of the most important differential effects of logging was an increase
in the DOC loading from the catchment and concentrations in lakes (1, 11),
which could explain the higher Hg levels observed in fish from logged lakes.
Dissolved organic carbon may play an important role here because it acts as a
vector of Hg from terrestrial to aquatic systems (2). Intense fires tend to
mineralize the organic soil whereas this layer is preserved in harvested areas.

Furthermore, DOC influences the chemical speciation and bioavailability of
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mercury by stimulating its bacterial methylation (14) and by decreasing MeHg
photodegradation in lakes (15). These mechanisms support the positive
relationship between Hg concentrations in fish and DOC (or correlated
variables — DOC loading, coefficient of light extinction) observed in our lakes

and in other studies (16-18).

Variations in other environmental variables related to watershed
disturbances could explain differences between Hg concentrations in fish
among logged and burnt lakes. For example, the increase in nutrient loading
(TP and TN) following fire resulted in significantly higher algal biomass in burnt
lakes in comparison with reference lakes (19). High phytoplankton biomass
may cause a biological dilution of the available Hg pool thereby reducing Hg
concentrations in organisms, including those occupying higher trophic levels
(20). Biological dilution may also explain the negative correlation, in the
multiple regression model, between Hg and TN, which was itself correlated
with chlorophyll a (r = 0.67, p < 0.0001). Alternatively, lower light penetration
(1) may account for the lower algal biomass in harvested lakes as compared

with burnt lakes (19).

Hg levels were inversely related to lake water pH in the logged group,
as reported in most studies on Hg accumulation in fish (21). Possible
mechanisms associated with this correlation are: higher production of
monomethylmercury under acidic conditions (22), mobilization of sediment-
bound mercury, with more Hg available for methylation and bioaccumulation

(23), increases in the efficiency of Hg uptake by aquatic organisms (24).

Hg concentrations in fish from the two partially burnt lakes (FP2 and
FP30) were higher than those observed in lakes with completely burnt
catchments. Mercury levels in pike and walleye from these two lakes were the
highest observed in this study. Lakes FP2 and FP30 differed from the
completely burnt group by exhibiting higher average S04* concentration (2.0
mg.L") and average DOC load (6.2 mol C-m? lake: y"). Similarly to DOC,

sulfate may play a role in the methylation of inorganic mercury by stimulating
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sulfate-reducing bacteria activity (25, 26). Caldwell et al. (27) have reported
increases of eight and thirty-fold in Hg and MeHg, respectively, in sediment of
a reservoir three to four months after a partial fire. However, the mechanisms

by which forest fires influence Hg biogeochemistry are unknown.

Hg concentrations exceeded the recommended Ilimit for human
consumption (0.5 pg.g wet weight‘1, or 2.5 ug.g dry weight'1 — World Health
Organization) in all northern pike, walleye and burbot of standard length found
in logged lakes and in the two partially burnt lakes. This limit was exceeded in
14% and 44% of the above species in completely burnt and reference lakes,
respectively. Other studies of pristine lakes have also reported high levels of
Hg in predatory species of fish with sizes comparable to the ones used here
(28, 29). Our results suggest that forest harvesting practices accentuate this
problem. Natural fires affecting the whole watershed would attenuate the
accumulation of Hg in top predators, whereas partial or cold fires would favor

Hg accumulation.

Temporal tends in Hg. Among-treatment differences in Hg
accumulation became more accentuated in lakes resampled in 1998
comparatively to lakes sampled in the 1996-1997 period. Between logged and
burnt lakes the difference increased from 45% to 203%. Such a variation was
not related to an increase in Hg accumulation in fish from logged lakes which
corresponded to 10%; rather, it was due to a 50%-reduction in Hg levels in fish
from fire-impacted lakes. Variations in measured limnological variables or in
fish trophic position can not explain this decrease. It is worth noting, however,
that estimated runoff in the study area in 1998 was 13% and 30% lower than
those of 1996 and 1997, respectively (11). Nevertheless, considering the lack
of significant variation in Hg in fish from resampled reference lakes, we can not
attribute the observed reduction in Hg in burnt lakes to hydrological

fluctuations.

Isotopic estimation of trophic position. The use of stable isotopes in

the estimation of trophic position eliminated some of the problems encountered
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when comparing Hg concentrations in fish from different systems. First, such
approach allowed the simultaneous treatment of different species. Second, it
circumvented the statistical problems related to variations in distribution of fish
from one system to another, with a given species seldom being found in all
systems at the same time. Third, it allowed the direct comparison of trends in
Hg concentrations along the food chain of lakes subjected to different
perturbations. The '°N-defined trophic position has been found to be a better
predictor of contaminant biomagnification than discrete food-chain
classification based on dietary data (6) because it quantifies trophic
interactions and accounts for omnivory. In our study, trophic position was the
variable that explained most of the variation in Hg in fish (41%). Inversely, the
discrete trophic level approach, based on the presence of potential prey
species in a given lake, did not yield a significant relationship between Hg and
fish trophic level (data not shown). The isotopic approach in determining
trophic position is also advantageous over the use of gut content data: it
accounts for temporal and spatial variations in feeding, for the complexity at
lower trophic levels, and represents a time-integrated measure of trophic

position (30).

Higher §'°N of Amphipoda and Ephemeroptera from fire impacted lakes
shows that fire interferes with the terrestrial N cycle, resulting in an *°N-
enriched pool of inorganic N available for uptake by benthic organisms. The
higher 8'°N of fish from burnt lakes reflects the disruption in N cycle and
strengthens the necessity of correction for among-system differences in
baseline 8'°N. In addition, differences in 8N of primary consumers were
observed only in part of the benthic invertebrate groups. Thus, a multi-species
approach as that proposed by Vander Zanden and Rasmussen (12) in
determining 8'°N of primary consumers in a given system seems to be more

appropriate than the use of individual species.

The trophic position of the species collected in the study lakes defined
using stable isotopes agreed with that expected from the literature data, based




159

on fish diet. In average, planktivorous lake whitefish occupied the lowest
trophic position, followed by benthivorous white sucker. Species with a mixed
diet (yellow perch and brook trout) occupied intermediate trophic positions and
were followed by other predators (burbot and lake trout). The largest predatory
species (northern pike and walleye) occupied the highest trophic positions as
could be expected from long-term diet averaging. Although pearl dace
occupied an apparently high trophic position compared to top predators, its
trophic position was consistent with that of other species caught in the same
lake (FP32). In lake FP32, the trophic ranking of fish species was: white sucker
< whitefish < pearl dace < perch < walleye. Besides, the trophic position of the
species found in lake FP32 tended to be higher than that observed for the

same species in other lakes.

The overlap in trophic position of different species of fish could be
attributed to variations in trophic position of prey organisms as well as to
opportunistic feeding habits of the study species. Analyses of gut content of
3000 specimens of pike, walleye, perch and white sucker from the study lakes
(Pierre Magnan et al., unpublished data) showed a large variety of prey items.
The diet of each of the above species comprised: terrestrial invertebrates,
littoral and profundal benthic invertebrates, aquatic pupae, leech and fish.
Zooplankton was found in the stomach of all fish species but pike. These

findings support the high degree of omnivory suggested by the range of 8"N of

those species of fish.

Hg biomagnification. Our data show that Hg concentrations increased
in average by 2.2 fold from one trophic position to another in the three
treatments. This biomagnification factor is consistent with the range of values
(1.6 to 4-fold) observed in pelagic freshwater food webs (31). MeHg is the form
of mercury that tends to be biomagnified (5) and may represent 99% of total
mercury in piscivorous fish (32). We assumed thus that methylated mercury
accounted for the most important fraction of the total mercury at least in

omnivorous and predatory fish from our study. This, however, is not
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necessarily the case for fish occupying lower trophic positions, such as white
sucker and white fish, where variations in the ratio organic/inorganic mercury

may explain the non-significant relationship between fish length and total Hg.

Biomagnification factors were comparable among the three groups of
lakes for the two sample periods. Thereby, the observed differences in Hg in
logged lakes relative to burnt and reference lakes can not be attributed to
variations in Hg transfer across organisms from higher trophic levels. Rather,
Hg concentrations in fish appear to reflect Hg availability to organisms
occupying lower trophic positions (31). Our previous study on zooplankton
from the same lakes (3) corroborates such hypothesis. MeHg concentrations in
zooplankton from logged lakes were significantly higher than in reference and
burnt lakes and were positively related to Hg in pike (4), although pike does
not feed directly on these organisms. Therefore, factors such as DOC
concentrations, pH and algal biomass resulting in differential Hg methylation,
uptake and transfer at the base of the aquatic food web may be an important

step in determining among-treatment variations in Hg levels.

In our study, the continuous measure of trophic position calculated from
isotopic data was a key variable in comparing Hg accumulation in different
species of fish from logged, burnt and reference lakes. Although logged lakes
did not constitute an homogeneous group in terms of fraction of their drainage
area harvested, the pattern of Hg accumulation in these lakes was clearly
distinct from that of reference and fire impacted lakes. These findings are an
indication of the potential risks of harvesting practices on mercury

contamination of the aquatic biota.
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Discussion générale

Le bassin versant constitue une source potentielle de mercure vers les
écosystémes aquatiques due a l'affinité du Hg par la matiére organique de la
couche superficielle du sol (Meili, 1991). Par conséquent, le cycle du Hg peut
étre affecté par la perte ou I'exposition du sol organique. Voila pourquoi les
relations existant entre les perturbations de forét naturelles (feux) ou
anthropiques (coupe) et la contamination en mercure des milieux aquatiques
suscitent de plus en plus l'intérét des chercheurs (Rask et al.,1994 ; Veiga et al.,
1994 : Fostier et al., 1999 ; Caldwell et al., 2000). Cependant, les études sur ce
sujet élaborées jusqu’'a présent consistent en des observations occasionnelles
d‘une ou l'autre perturbation de forét n'affectant qu’'un seul systéme : un lac
dans le travail de Rask et collaborateurs (1994), une portion d'un ruisseau dans
celui de Fostier et al. (1999) et une partie d'un réservoir dans l'étude de
Caldwell (2000). Ou encore, il ne s'agit que d’'une estimation hypothétique du
transfert de Hg vers les écosystémes aquatiques suite a la déforestation (Veiga
et al. 1994). Dans ce contexte, ma recherche menée dans 38 lacs, 18 desquels
ayant subi des perturbations, constitue une premiére étude exhaustive portant
sur les effets potentiels des perturbations du bassin versant sur la contamination

en Hg des organismes appartenant a différents niveaux trophiques.

A I'exception des invertébrés benthiques collectés quatre ans aprés les
perturbations, les organismes des lacs coupés tendent a présenter des teneurs
en Hg ou en MeHg plus élevées que ceux des lacs naturels ou brilés. La
corrélation positive entre les concentrations en Hg/MeHg et le rapport entre la
superficie déboisée et la superficie ou le volume des lacs (COUPE/SUPERF ou
COUPE/VOL) indique que la coupe forestiére peut affecter 'accumulation de Hg
par le zooplankton et les poissons. Les fortes corrélations entre le Hg/MeHg et
le COD, ainsi qu’entre le COD et COUPE/SUPERF ou COUPE/VOL (Carignan
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et al.,, 2000) observées dans les lacs étudiés suggerent un lien entre
'accumulation de mercure par les organismes aquatiques et les apports en
COD vers le lacs, particulierement suite a la coupe forestiere. En plus d’agir
comme un vecteur de Hg des bassins versants vers les milieux aquatiques, le
COD peut stimuler la méthylation bactérienne ou encore interférer avec la

photodégradation du MeHg.

D'autres facteurs influengant soit I'activité des bactéries méthylatrices
(température, pH, sulfate), soit le transfert de Hg/MeHg vers les lacs (runoff)
jouent aussi un réle sur 'accumulation du Hg/MeHg par les organismes etudiés.
Chez les poissons, en particulier, la taille ainsi que la position trophique occupée

sont fondamentales pour les comparaisons des trois traitements.

Compte tenu de sa durée de vie relativement courte et sa réponse rapide
aux variations environnementales, le zooplancton s’est avéré propice a I'étude
des variations saisonniéres et inter-annuelles. Dans les trois groupes de lacs,
les niveaux de MeHg ont été les plus bas au printemps, ont atteint un sommet
au milieu de I'été et ont diminué a la fin de I'été. Les faibles valeurs printaniéres
peuvent étre liées a une dilution lors de la fonte nivale, quand le ruissellement
est le plus intense. Les températures plus élevées au milieu de I'été associées a
un taux moyen de ruissellement auraient favorisé la méthylation du Hg ainsi que
son accumulation chez le zooplancton. D’ailleurs, les différences de
concentration de MeHg entre les lacs coupés et les lacs de référence étaient

accentuées a cette période de I'année.

Chez le grand brochet de 560 mm les niveaux en Hg total étaient aussi
significativement plus élevés dans les lacs coupés par rapport aux lacs de
référence. Des résultats semblables ont été obtenus a partir des concentrations
en Hg normalisées pour la position trophique, déterminée a partir des isotopes
stables. Les concentrations en Hg étaient corrélées avec le MeHg chez le

zooplancton, Amphipoda et Ephemeroptera. Les teneurs en Hg dépassaient la
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limite recommandée pour la consommation humaine par I'Organisation

Mondiale de la Santé (OMS) dans tous les lacs coupés.

Des études précédentes sur l'accumulation du Hg dans plusieurs
espéces de poissons étaient en général limitées aux analyses de chaque
espéce séparément ou des espéces appartenant a un méme milieu. Pour le
traitement de I'ensemble de populations de poissons étudiées, nous avons
adopté une approche plus intégrante. Etant donné la bioamplification du MeHg
au long des chaines trophiques aquatiques, nous avons comparé la relation
entre les concentrations en Hg et la position trophique des poissons dans les
trois traitements, déterminée a l'aide des isotopes stables de N et de C. Les
isotopes stables se prétent de plus en plus aux études sur la distribution des
contaminants hydrophobiques au long des chaines alimentaires (Cabana et
Rasmussen, 1994; Jarman et al., 1996; Kidd et al.,1999). Dans notre étude,
des variations de 8'°N des consommateurs primaires ont été corrigées a partir
de la méthode proposée par Vander Zanden and Rasmussen (1999), laquelle
tient compte de la relation entre 8'°N et 8°C de plusieurs groupes d'invertébrés
benthiques. Cette étude nous a montré que le facteur de bioamplification du Hg
était le méme dans les trois traitements, tandis que les concentrations de Hg
étaient les plus élevées chez les poissons des lacs coupés indépendamment de

la position trophique occupée.

Délimitations et limitations de la recherche

Dans une étude comparative comme celle-ci, il fallait éliminer toute
source éventuelle de variation pouvant masquer les effets des perturbations de
forét. Il est a noter d’abord que cette recherche s’est développée dans des lacs
distribués sur une surface d’environ 40 000 km? autour du Réservoir Gouin

(entre 47°52'N et 8°69'N, et entre 73‘_’24’W et 76°43'W), au Québec. Tous les
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lacs étaient éloignés des sources ponctuelles de pollution. Puisque le transport
atmosphérique est considéré comme une voie importante de dispersion du Hg
(Landers et al., 1998), une telle restriction spatiale était nécessaire afin de
minimiser les variations des teneurs en mercure liées aux différents taux de
déposition atmosphérique dans les trois groupes de lacs. De plus, cette
proximité relative a contribué a assurer une certaine homogénéité des régimes
de précipitation auxquels les lacs étaient assujettis. Le choix des lacs a aussi
tenu compte de la similarité de I'aire de drainage, de la profondeur et de la
surface des lacs. De cette facon, les différences dans I'apport du COD, et
probablement du mercure associé a la matiére organique, pourraient étre
attribuées plutdt aux perturbations du bassin versant qu'aux variations
morphométriques. Finalement, a I'exception des trois lacs dont le bassin versant
a été partiellement coupé au long de cette étude, les perturbations ont eu lieu
approximativement a la méme période (1995), ce qui a éliminé leffet des

variations temporelles sur I'assimilation de Hg par les organismes aquatiques.

Cette étude a cependant quelques limitations. L'une d’elles consiste en
I'absence de mesures directes du transfert du mercure, par ruissellement ou
écoulement, du sol des bassins versants vers les lacs. L'autre est reliée au
design expérimental utilisé. L'application de la méthodologie BACI (« Before-
After-Impact-Control ») s’avérerait plus pertinente & la problématique étudiée.
Quoique le déboisement de certains lacs de référence ait été prévu dans le
projet initial, les coupes attendues n’ont pas eu lieu ou n’ont affecté qu'une
faible portion des bassins versants. Il n’en demeure pas moins que les teneurs
en MeHg et en Hg chez le zooplancton et les poissons sont plus élevées dans
les lacs coupés par rapport aux lacs de référence et bralés. De plus, les niveaux
de Hg dépassaient la limite recommandée par 'OMS pour la consommation
humaine plus fréquemment chez les poissons des lacs coupés que chez ceux
des autres traitements. Les résultats obtenus lors de cette étude suggérent donc

que la coupe forestiere peut affecter le cycle naturel du Hg. Une attention
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particuliéere a la question du mercure devrait donc étre portée dans le

développement des stratégies de gestion de la forét boréale.
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Annexe 1

Tableau des données brutes des poissons échantillonnés

en 1996 ou 1997 dans les 38 lacs étudiés
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xli

P110 Référence CACO 15,8 117 Femelle 1997 0,3
P110 Référence CACO 435,3 351 Male 1997 1,4
P110 Référence CACO 867,3 447 Femelle 1997 2,8
P110 Référence CACO 241,2 288 Indéterminé 1997 0,4
P110 Référence CACO 129,5 234 Male 1997 1,1
P110 Référence CACO 74,4 196 Femelle 1997 0,3




Annexe 2

Tableau des données brutes des poissons échantillonnés

en 1998 dans 11 des 38 lacs étudiés




Annexe 2 lii

Ensemble des données brutes (lac, espéce, longueur, poids,
concentration en Hg, sexe, année de capture, signature isotopique de N et
C) des poissons échantillonnés en 1998 dans 11 des 38 lacs étudiés.

CACO = Catostomus commersoni (meunier noir)
COCL = Coregonus clupeaformis (grand corégone)
ESLU = Esox lucius (grand brochet)

SAFO = Salvelinus fontinalis (omble de fontaine)
SANA = Salvelinus namaycush (touladi)

STVI = Stizostedion vitreum (doré jaune)

PEFL = Perca flavescens (perchaude)

LOLO = Lota lota (lotte)

NOCR = Notemigonus crysoleucas (chatte de I'est)

SEMA = Semotilus margarita (mulet perlé)
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Annexe 3

Tableau des données brutes des invertébrés benthiques

échantillonnés en 1999 dans les 38 lacs étudiés




Annexe 3

Ensemble des données brutes (lac, groupe taxonomique,
concentration en MeHg, signature isotopique de N et C) des invertébrés
benthiques échantillonnés en 1999 dans les 38 lacs étudiés.




Ixi

Lac Traitement  Groupe MeHg Y §%C
taxonomique
(ng-g”) ) (o)

C2 Coupe Amphipoda 74.27 1.5 -29.9
C9 Coupe Amphipoda 14.16 0.7 -28.6
C12 Coupe Amphipoda 28.15 0.4 -28.8
FP15 Feu Amphipoda 67.57 1.7 -27.6
FP30 Feu Amphipoda 39.85 4 -28.4
FBP9 Feu Amphipoda 26.98 27 -27.4
FBP10 Feu Amphipoda 11.28 24 -25.6
N35 Référence  Amphipoda 12.68 0.7 -30
N55 Référence  Amphipoda 11.01 1.3 -28.8
N89 Référence  Amphipoda 7.06 0.1 -24
N122 Référence  Amphipoda 17.33 0.7 -27.1
C9 Coupe Trichoptére 24.93 -1.6 -25.8
C12 Coupe Trichoptére 21.92 3.6 -30.8
Cc23 Coupe Trichoptére 62 3.9 -29.3
C24 Coupe Trichoptére 12.3 3.5 -28.6
P110 Coupe Trichoptére 189.19 0.1 -28.7
FP2 Feu Trichoptére 66.59 3.4 -30.6
FP15 Feu Trichoptére 16.76 1.2 -28.5
FP27 Feu Trichoptére 18.08 -0.3 -27.9
FP30 Feu Trichoptére 15.88 4.4 -29.7
FP31 Feu Trichoptére 16.82 21 -27.3
FP32 Feu Trichoptére 32.72 3.3 -28.9
FBP9 Feu Trichoptére 13.82 3 -27.2
N16 Référence  Trichoptére 11.1 -0.5 -27.4
N35 Référence  Trichoptére 87.4 2.8 -29.7
N55 Référence  Trichoptére 17.6 1.7 -28.3
N56 Référence  Trichoptére 66.1 3.4. -31.9
N63 Référence  Trichoptére 101.7 2.8 -27.9
N82 Référence  Trichoptére 10.4 -0.3 -29.7
N88 Référence  Trichoptére 15.9 0.6 -27.8
C2 Coupe  Ephéméroptére 18.6 -0.3 -30.8
C9 Coupe  Ephéméroptére 28.2 -0.3 -25.5
C12 Coupe  Ephéméroptére 30.7 -0.8 -28.8
Cc23 Coupe  Ephéméroptére 20.8 0.8 -30.7
C24 Coupe  Ephéméroptére 17.2 2.4 -29.9
C40 Coupe Ephéméroptére 9.9 -0.8 27.2
C44 Coupe  Ephéméroptére 41.9 1.3 -29
C48 Coupe  Ephéméroptére 36.5 0.85 -26.65
N106 Coupe  Ephéméroptére 49.1 1.1 -29.1




FP2
FP15
FP24
FP27
FP30
FP31
FP32
FBP9
FBP10
N16
N35
N43
N55
N56
N63
N82
N89
N122

C2
C9
C23
C24
C29
C40
C44
C48
N106
P25
P110
FP15
FP24
FP27
FP31
FP32
FBP9
FBP10
N5
N16
N35
N43
N55
N56
N59
N63
N70

Feu
Feu
Feu
Feu
Feu
Feu
Feu
Feu
Feu
Référence
Référence
Référence
Référence
Référence
Référence
Référence
Référence
Référence

Coupe
Coupe
Coupe
Coupe
Coupe
Coupe
Coupe
Coupe
Coupe
Coupe
Coupe
Feu
Feu
Feu
Feu
Feu
Feu
Feu
Référence
Référence
Référence
Référence
Référence
Référence
Référence
Référence
Référence

Ephéméroptere
Ephéméroptére
Ephéméroptére
Ephéméroptére
Ephéméroptére
Ephéméroptére
Ephéméroptére
Ephéméroptére
Ephéméroptére
Ephéméropteére
Ephéméroptere
Ephéméroptére
Ephéméroptere
Ephéméroptére
Ephéméroptére
Ephéméroptére
Ephéméroptére
Ephéméroptere

Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate
Odonate

30.2
21.5
171
26.2
37.6
25.7
207
14.5
16.3

16
30.4
15.3

34.2
26.7
18.9
12.6
17.4

379.6
240.6
330.8
187.6
160.1
188.9
297.3
311.8
202
522.1
150.6
105.4
134.4
242.7
2241
131.8
314.7
179.5
145.6
70

77
383.4
84.8
309.2
367.7
285.8
257.2

1.3
0.7
-0.2
2.4
2.9
2.2
3.3
2.2
1.1
0.2
-0.8
0.4

-1.2

-0.4
-0.3
-0.1

4.8
4.1
3.2
1.9
4.7
2.7
2.3
3.4
3.2
1.5
2.1
3.2

46

7.1
6.4
4.5

3.4
4.7
3.5
2.9
3.9

2.6
2.9
4.1

LXu

-32.3
-29.9
-27.4

-27
-28.1
-27.6
-28.6
-30.7
-29.1

-29
-32.2

-28
-29.7

-32

-35
-30.8
-26.7
-27.9

-30.5
-30.5
-30.2
-26.3
-22.9
-29.2
-30.7
-25.35
-29
-30
-27.8
-33.3
-34.3
-27 .4
-27.6
-29.8
-28.9
-28
-32.2
-27.8
-35.6
-27.3
-28.6
-30.2
-30.5
-28.1
-26.3




N82
N84
N88
N89
N107
P109

Référence
Référence
Référence
Référence
Référence
Référence

Odonate
Odonate
Odonate
Odonate
Odonate
Odonate

123.5
220.3

268
271.7
192.5
185.9

3.1
2.5
3.1
4.2
3.1
2.2

LXIH

-27.2
-28.5
-31.9
-26.6
-28.8
-29.5




Annexe 4

Tableau des données brutes de la taxonomie et de la biomasse
relative du macrozooplankton récolté en 1997 et en 1998 dans

les 38 lacs étudiés

NB = nombre d’individus/ 2 mL

POIDS = masse totale estimée de tous les individus appartenant a un taxon donné

% MR = rapport entre le POIDS et la nasse totale estimée de tous les individus de tous les taxa présents
dans un échantillon donné
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