UNIVERSITE DU QUEBEC A MONTREAL

DYNAMIQUE HIVERNALE ET HYPOLIMNETIQUE
DU CO, DANS LES LACS BOREAUX ET TEMPERES

MEMOIRE
PRESENTE
COMME EXIGENCE PARTIELLE
DE LA MAITRISE EN BIOLOGIE

PAR
VERONIQUE DUCHARME RIEL

JANVIER 2011



UNIVERSITE DU QUEBEC A MONTREAL
Service des bibliotheques

Avertissement

La diffusion de ce mémoire se fait dans le respect des droits de son auteur, qui a signé
le formulaire Autorisation de reproduire et de diffuser un travail de recherche de cycles
supérieurs (SDU-522 — Rév.01-2006). Cette autorisation stipule que «conformément a
larticle 11 du Reéglement no 8 des études de cycles supérieurs, [lauteur] concede a
I'Université du Québec a Montréal une licence non exclusive d'utilisation et de
publication de la totalité ou d’'une partie importante de [son] travail de recherche pour
des fins peédagogiques et non commerciales. Plus précisément, [lauteur] autorise
PUniversité du Québec a Montréal a reproduire, diffuser, préter, distribuer ou vendre des
copies de [son] travail de recherche a des fins non commerciales sur quelque support
que ce soit, y compris V'Internet. Cette licence et cette autorisation n’entrainent pas une
renonciation de [la] part [de Fauteur] a [ses] droits moraux ni a [ses] droits de propriété
intellectuelle. Sauf entente contraire, ['auteur] conserve la liberté de diffuser et de
commercialiser ou non ce travail dont [il] posséde un exemplaire.»



REMERCIEMENTS

Je dois commencer par remercier Roxane Maranger qui m’a transmis sa passion pour la
limnologie ainsi qu’a son équipe qui m’a enseigné la méthodologie. Tout mon respect & mes
directeurs, Paul del Giorgio et Yves Prairie, qui m’ont encouragée et soutenue en tous points.
Lisa Fauteux pour tes 101 solutions, ton calme et ton émerveillement, Dominic Vachon,
Marie-Eve Ferland et Jérdme Comte pour votre écoute et vos précieux conseils, Frangois
Guillemette pour ton positivisme et ta persévérance, Pierre Marcoux pour ton support et ton
courage, vous avez 6été d’une aide indispensable. Merci & Yanick Dessureault, Yanick
Dallaire et Jasmin Friolet d’Héli-Inter et Héli Express pour avoir généreusement donné de
votre temps pour réparer mon équipement. Toute ma gratitude 4 Martine Camiré, Annick St-
Pierre, Delphine Marchand, Simon Barette, Alice Parks et Catherine Beauchemin qui ont
minutieusement recueilli et analysé les données pendant la période estivale. Ma
reconnaissance a Robin Bourgeois et Environnement Illimité qui m’ont fournis I’équipement
et ’expertise nécessaire a la faisabilité de I’échantillonnage hivernale. Merci a 1’équipe de la
Station de biologie de I’Université de Montréal pour leur support professionnel et leur
accueil. Un gros merci 2 Alain Tremblay et Hydro Québec pour leur support financier et
logistique ainsi qu’au CRSNG et au FQRNT pour le financement. Je n’aurai pu atteindre mes

objectifs sans le support et les encouragements de ma famille et de mes amis, merci a tous.



AVANT-PROPOS

La premiére section du mémoire est une revue de littérature rédigée en frangais qui met en
contexte les connaissances actuelles ainsi que les lacunes concernant le sujet de recherche.
Dans la deuxiéme section, on y présente le premier article (rédigé en anglais) qui étudie la
dynamique et les patrons d’accumulation de CO, dans les lacs en hiver et dans
["hypolimnion. Dans la deuxiéme section, on y retrouve le second article (rédigé en anglais)
qui porte sur les processus sous-jacents a I’accumulation de CO, dans les lacs ainsi que leurs
patrons saisonniers. La derni¢re partie du mémoire est une conclusion en frangais qui résume
les contributions de I’étude. L’échantillonnage a été effectué par moi-méme (hiver et période
estivale des lacs tempérés) ainsi que par des équipes de terrain (période estivale des lacs
boréaux) dirigé par Martine Camir€ et Annick St-Pierre. Les analyses et la rédaction des deux
articles ont été réalisées en collaboration avec mes directeurs de recherche, soit Paul A. del
Giorgio et Yves T. Prairie. Le premier article est soumis a la revue scientifique Ecosysfems et
le second article est soumis a Limnology and Oceanography. Par soucis d’économie de

papier, toutes les références ont été placées dans une seule section a la fin du document.



TABLE DES MATIERES

AVANT-PROPOS .o iii
LISTE DES FIGURES ...ttt ix
LISTE DES TABLEAUX ..o xii
LISTE DES ABREVIATIONS ... xiii
RESUME e XV
1.INTRODUCTION 1
1.1 L’ETUDE DU CARBONE DANS LES ECOSYSTEMES AQUATIQUES ...oeveieeieiiieeeeee [
1.2 LES REGIONS BOREALES ET TEMPEREES .........oooi oo 3
1.2.1 Larégion boréale de I’étude ... . 3
1.2.2 Les régions tempérées de ’étude ........... ... 3
1.3 DYNAMIQUE DU COy DANS LES LACS oo 4
1.3.1 Origine du CO, 1acustre ... 4
1.3.2 Les sources de matiére organique ................ooooooooiiiiiiiii 5
1.3.3 Influence du bassin versant et de la morphométrie
sur la dynamique du COy ..o 5
1.3.4 L’effet des nutriments sur la dynamique du CO, ... .. 6
1.4 CARACTERISTIQUES DES LACS SOUS LE COUVERT DE GLACE -« ooooomooe 7
1.4.1 Hydrologie et échanges gazeux ... 7
1.4.2 Profils thermiques ... . 7
1.4.3 Lumiére et photosyntheése ... 7
1.4.4 Réservoir de mati€re organique -..........ooo.oooooiiiiiiiae 8

1.4.5 Dynamique des nutriments ... 9



1.5 DYNAMIQUE DU CO, DANS LES LACS COUVERTS DE GLACE - oooooee oo 9

1.5.1 Origine du CO, pendant la période du couvert de glace .......................... 9
1.5.2 Contribution benthique pélagique a la production de COy ........................ 10
1.5.3 Patrons d’accumulation de CO, pendant la période du couvert

de glace ..o 10
1.5.4 L’étude du métabolisme des microorganismes hétérotrophes .................... 1

1.5.5 Contribution de la période du couvert de glace aux bilans annuels

de CO2deS 1aCS covi e 12

1.6 CARACTERISTIQUES DE L’HYPOLIMNION ..o oo 13

1.6.1 Définition de I’hypolimnion estival (lacs dimictiques) -............................ 13

1.6.2 Lumiere et photosynthese ... 14

1.6.3 Réservoir de matiére organique ...............oooeeiiiiiniiiin 14

1.7 DYNAMIQUE DU CO3; DANS LHYPOLIMNION oo 15

1.7.1 Processus aérobiques et anaérobiques ... 15

1.7.2 Contribution benthique et pélagique a la production de CO, ...................... 15

1.7.3 Sources de mati€re organique .................ooooooie 16

1.7.4 L’étude du métabolisme des microorganismes hétérotrophes ................... 16

1.7.5 Contribution de I’hypolimnion aux bilans annuels de CO, des lacs ......_...._. 17

1.8 OBIECTIFS ET HYPOTHESES . . oo e 17
2. ARTICLE I

THE CONTRIBUTION OF WINTER UNDER-ICE AND SUMMER HYPOLIMNETIC CO,
ACCUMULATION TO THE ANNUAL CO;, BUDGET OF TEMPERATE AND BOREAL LAKES

IN QUEBEC e e 20
2.1 ACKNOWLEDGEMENTS. .o 21
2. A B S T R ACT oo 22

2.3 INTRODUCTION ..o 23



Vi

2.4 METHODDS - 25
2.4.1 Study sites and sampling design ... 25
2.4.2 Sampling .o 25
2.4 3 WINEr ACO <o 27
2.4.4 Summer Hypolimnetic ACO, ... 28
24,5 COn FIUXES oo e 30
2.4.6 Annual CO, fluxes and contribution of winter and hypolimnion ............._... 31
2.4.7 Bathymetry oo 32
2.4.8 Statistical analyses ... 32
2.5 RESULTS oo 33
2.5.1 General lake characteristics .........cocviriivieoio o 33
2.5.2 Winter conditions ... ... 35
2.5.3 Winter CO, dynamics ........ooooooommo 35
2.5.4 Hypolimetic conditions ...t 4]
2.5.5 Hypolimnetic CO, dynamics .. ....c.oooveeoiiiiieioii oo 4]
2.5.6 Annual COy fTUXES oo 42
2.5.7 Winter and hypolimnetic contribution to the annual CO, emissions ........... 45
2.6 DISCUSSION .o oee oo 48
2.6.1 Methodological uncertainties -..................oooo.oooooiiiiii 48
2.6.2 Winter CO, dynamics ... 48
2.6.3 Hypolimnetic proCesSes ... ..o i i 51
2.6.4 Links between winter and hypolimnetic CO, dynamics .............c....co.... 51

2.6.5 Contribution of winter and hypolimnetic CO, accumulation
to annual C budgets ... 53
2.6.6 Effects of climate and land use changes on winter and

hypolimnetic CO, production ... 55

2. T CONCLUSION e 56



vii

3. ARTICLE II
WINTER AND HYPOLIMNETIC COZ METABOLISM IN BOREAL AND TEMPERATE LAKES:
BENTHIC AND PELAGIC CONTRIBUTION, AND LINKS TO RESPIRATORY QUOTIENT

AND SOURCES OF ORGANIC MATTER CONSUMED ... 57
3.1 ACKNOWLEDGMENTS ..ot oo 58
3.2 ABSTRACT - e aaas 59
3.3 INTRODUCTION ..o 60
34 METHODS 64
3.4.1 Study sites and sampling design ... 64
3.4.2 Sampling ..o 64
3.4.3 Chemical analySes ......cooovoioin i 65
3.4.4 Changes in winter and hypolimnetic DOC and DIC concentrations _.......... 66
3.4.5 Winter and hypolimnetic ACOy ..o..oovoeiiioo 66
3.4.6 Is0topic analySiS ooooooooooiiioo e 67
3.4.7 Isotopic signature of the added DIC (Keeling plot method) ...................... 67
3.4.8 Pelagic respiration ... oo 68
3.4.9 Benthic contribution to total CO, accumulation ... 69
3.4.10 Ecosystem-level respiratory quotient (RQ) .........oocoiviiiiii 70
3.4.11 Statistical analySes ............oo oo 70
TR D 2] ] 5 U 71
3.5.1 General lake characteristics .........o..ooo i 71
3.5.2 Winter and hypolimnetic oxygen dynamics ..................ooooooeieiiiioi L. 71
3.5.3 Pelagic respiration ....... ... ..o 72
3.5.4 Winter and hypolimnetic ADOC ... 75
3.5.5 Winter and hypolimnetic ACO,and ADIC ... ... ... 75
3.5.6 Winter benthic respiration ... 78
3.5.7 Hypolimnetic benthic respiration ..., 78

3.5.8 Benthic contribution to CO, accumulation ... 78



viii

3.5.9 Respiratory qUOtIeNt ... oo 82
3.5.10 ISOtOPes SIGNALUTE ... .oeuieiee oo 84
3.6 DISCUSSION L.t e et e e e 88
3.6.1 Patterns in metabolism: Pelagic respiration ... 88
3.6.2 Patterns in metabolism: DOC consumption ... 90
3.6.3 Patterns in metabolism: Benthic respiration ... 91
3.6.4 Sources of organic carbon supporting CO- production .............................. 93

3.6.5 Links between sources of OM, ecosystem metabolism,
and gas dynamics in lakes during winter ice cover and

summer hypolimnia ... 97

4. CONCLUSION o 100

4, 1CONTRUBUTIONS DE L’ETUDE AUX CONNAISSANCES SUR LA DYNAMIQUE
DU CARBONE DANS LES LACS oo 100
4.1.1 Importance de ’hiver et de I’hypolimnion dans les émissions
annuelles nettes de COq oooeeriioo o e 100
4.1.2 Patrons d’accumulation de COx .o oo 100

4.1.3 Outils d’intégration de 1’accumulation hivernale dans

les émissions annuelles de CO, ... . 101

4.1.4 Origine du CO, en hiver et dans ’hypolimnion ... 101

4.1.5 Dynamique saisonniere de la respiration pélagique ... 102

4.1.6 Importance du métabolisme benthique en hiver ... 102

4.1.7 Sources de matiére Organique -..............ocooioiioiii e 103

4.1.8 Coefficient respiratoire a I’échelle du systéme ... 104

4.2 PERSPECTIVES DE RECHERCHES FUTURES ... oo 104

S, BIBLIOGRAPHIE oo 106



LISTE DES FIGURES

Figure

2.1

22

23

2.4

2.5

2.6

Page

Map of Québec showing the geographical position of (A) the Laurentian
region (Lake Croche and Connelly), (B) the Eastern-Townships region
(Lake Bowker and Bran de Scie), and (C) the Eastmain River region
(boreal lakes). This map was reproduced with the permission of Natural

Resources Canada 2010, from the Atlas of Canada. ... 26

Succession of winter (A) and summer (B) pCO, profiles for Lake
Connelly. .o 37

Annual cycle (from Nov. 2007 to Nov. 2008) of Lake Croche showing
the increase of total CO, content under the ice and during summer
stratification (solid line). The dashed line shows the daily fluxes
estimated from pCO, measurements. The large declines in the CO,
content during spring and fall mixing periods are associated with high

emissions of CO, to the atmosphere. ... 38

The relationship between winter areal CO, accumulation (WACQO,) and
mean lake depth (Z, panel A), and the relationship between winter
volumetric CO, accumulation rates (WtACO;) and mean depth (B).
Qutliers are marked with an arrow, and regression equations are in Table
2.2 (Equations 1 and 2). Open circles = Boreal lakes, Dark cirles =

Temperate 1akes. - ... o e 39

The relationship between (A) areal hypolimentic CO, accumulation
(HACO;) and mean depth, and (B) the relationship between volumetric
CO, accumulation rates in the hypolimnion (HTACO,) and total
phosphorus (TP). The outlier is marked with an arrow. The regression
equations are in Table 2.2 (Equations 3 and 4). Open circles = Boreal

lakes, Dark cirles = Temperate lakes. ... 43

The relationship between volumetric hypolimnetic CO, accumulation
rates (HTACO,) and volumetric winter CO, accumulation rates
(WTACOy,). Note the decoupling between winter and hypolimnion, and
the larger range of variation of HTACO; relative to WTACO,. The dashed
line shows the 1:1 slope. Open circles = Boreal lakes, Dark cirles =

Temperate lakes. ... 44



Figure Page

2.7 Relationships between net annual CO, emissions and dissolved organic
carbon (DOC, panel A) or lake area (LA, panel B). Outliers are marked
with an arrow, and the regression equations are in Table 2.2 (Equations 5

and 6). Open circles = Boreal lakes, Dark cirles = Temperate lakes. ..................... 46

2.8 The contribution of winter CO, accumulation to the annual net CO,
emissions (WRC) as a function of TP (A), and (B) the contribution of
hypolimnetic CO, accumulation to annual net CO, emissions (HRC) as a
function of mean depth (Z). Outliers are marked with an arrow, and the

regression equations are in Table 2.2 ( Equations 7 and 8). ............................... 47

3.1 Annual cycle of pelagic respiration in temperate lakes for gross data (A)
and for data standardised to a temperature of 10°C (B). Bars represent the
data range and dots correspond to the mean respiration rate for each
sampling month. Panel C shows the pelagic respiration standardised at
10°C (Rqq) for lakes of both regions, in the epilimnion (Epi), in the
hypolimnion (Hypo), during fall mixing (Fall) and during the ice cover

PEriOd (WINLEI ). <o e 74

3.2 Distribution of mean pelagic respiration (R), rate of decline of DOC
(ADOC) and CO, accumulation rate in the water column during the ice
cover period (WTACO,, Panel A), and in the hypolimnion (HTACO,,
Panel B). Winter tACO, for Lake 2 is about 3-fold higher (see panel C)
and is not shown on panel A. There is a relationship between ADOC in
the water column and WTACO, (C). oo 77

33 Winter benthic respiration (Rpen), estimated from 1) total CO,
accumulation and pelagic respiration of the temperate lakes applied to all
lakes (WTACQO; - R) or 2) total CO, accumulation and the rate of decline
of DOC in the water column (WTACO, - ADOC). Panel B shows winter
benthic contribution to total CO, accumulation estimated from both

methods. Lake 2, Labyrinthe and Bowker are excluded (see results). ................... 80

34 Winter benthic contribution (estimated from total CO, accumulation and
pelagic respiration of the temperate lakes) versus mean depth (Z, panel

A) and lake area (LA, panel B). 81



Xi

Figure Page

3.5 Example of a winter CO, and O, profile (A), and an example of an
orthogonal regression of CO, and O, departures from saturation
(CO;-sat and Oy-sat, panel B) for Lake Brendan during the month of
March 2008. The slope of this regression is used as the ecosystem-level
respiratory quotient (RQ). The resulting RQs for all lakes, for the

winter ice-cover and for the hypolimnion, are presented on panel C..................... 83

3.6 Example of a Keeling plot for Lake Brendan during the ice cover period
(panel A). Measures of the isotopic signature in §"°C of DIC were done
at three depths during each sampling (December and March), and the
variation of the 8"°C at different depths agreed well with the variation
between sampling dates (panel A). The intercepts of the Keeling plots are
assumed to represent the 8"°C of the organic matter respired (§°C-OC)
and are shown on panel B (Bowker and Lake 2 excluded, see results).
Winter 8”C-OC were significantly higher than the hypolimnetic
§"C-OC (panel B; Wilcoxon; p < 0.005). There was a relationship
between winter and hypolimnetic &”C-OC (panel C) for the lakes for
which we had data from both periods. ..., 86

3.7 Rate of CO, accumulation during winter (WtACO,, panel A) and in the
hypolimnion (HtACO,, panel B) in function of the isotopic signature of
the organic carbon respired (8'°C-OC), and the ecosystem-level RQ in
function of the winter and hypolimnetic (§"°C-OC, panel C). ...........cooooooieeeen.. 87

3.8 Winter and hypolimnetic signature in 8"°C of the organic carbon respired
(8"C-0OC) versus mean chlorophyll @ (Chl @). The ranges in 8"°C of the
different types of organic matter reported in the literature, i.e benthic
(Benthic OM), terrestrial (Terrestrial OM) and phytoplanktonic
(Planktonic OM) organic matter, for similar types of lakes are shown
(France 1995; Hecky and Hesslein 1995; McCallister and del Giorgio
20008 ). e e 96



LISTE DES TABLEAUX

Tableau Page

2.1.  General characteristics of the studied lakes (CA = catchement area,
LA = Lake area, Z = mean depth, TP = total phosphorus and
DOC = dissolved organic carbon), total annual CO, fluxes estimated
from surface pCO, (positive values are emissions), total areal winter
(WACO,) and hypolimnetic (HACO,) CO, accumulation with (in
parentheses) their respective contribution to net annuat CO, emissions
(WRC and HRC, in %) and volumetric rates of CO, accumulation

during winter (WtACQO,) and in the hypolimnion (HTACO,). ....oooooooeiee 34

2.2. Summary of the regressions (log-y = a * log-x+b). Significance of
regression, r° and sample size (n) are shown. All data were log-
transformed. The exclusion column lists outliers that were dropped from

the regression model. ... e 40

2.3, Summary of literature data on winter oxygen depletion rates (WODR)
and areal hypolimnetic oxygen demand (AHOD). Our data (in bold) was

converted to WORD and AHOD assuming a respiratory quotient of 1. ....._.......... 50

3.1.  The rates of increase in DIC in the water column (ADIC), the rates of
decline of DOC in the water column (ADOC), mean pelagic respiration
rate (R), estimation of winter benthic respiration from the method with
pelagic respiration (SRM'), and the method with ADOC (SR™?), the
winter benthic contribution from both methods (BC™' and BC™), the
ecosystem-level respiratory quotient (RQ) and the isotopic signature of
the organic carbon respired (8'°C-OC). Data are presented for the ice-
cover period (W) and for the hypolimnion (H). The values in italic are
likely underestimated (see discussion). ............oooioiiiiiiiiii e 76



LISTE DES ABREVIATIONS

AHOD

Chla
CID
COD
§C

§'3C-0C

DIC
DOC

ADOC

HACO,

H‘EACOz

MIMS

PAR
pCOz

PNE

Areal Hypolimnetic Oxygen Demand. Taux de diminution de ’oxygeéne dans
I’hypolimnion, exprimé par unité d’aire de surface de I’hypolimnion.

Concentration en chlorophylle a (ug L
Carbone inorganique dissout (mg C L")
Carbone organique dissout (mg C L")
Signature isotopique du DIC (%o)

Signature isotopique du DIC ajouté dans I’hypolimnion, ou dans les lacs
couvert de glace (ordonné a I’origine des graphiques de Keeling, en %o) que
I’on assume représenter la signature isotopique du carbone organique respiré.

Par jour
Version anglaise de CID
Version anglaise de COD

Diminution de COD dans la colonne d’eau en fonction du temps
(mg Cm>d")

Quantité totale de CO; accumulé dans I’hypolimnion (stratification estivale)
par unité d’aire de surface du lac (g C m™)

Taux volumétrique d’accumulation de CO, dans I’hypolimnion lors de la
stratification thermique estivale (mg C m™ d”')

Spectrometre de masse a membrane (membrane inlet mass spectrometer)
Production primaire

Version anglaise de RAP

Pression partielle de CO, (patm)

Production nette de I’écosystéme



PPB

=

RQ

Rbenl

std

TP

WACO,

W’CACOz

WODR

NI

Xiv

Production primaire brute

Respiration. Dans les articles I et II, R référe plus précisément a la respiration
pélagique.

Respiration pélagique moyenne (mg C m™ d™")

Radiation active pour la photosynthése

Coefficient respiratoire

Respiration benthique (mg C m™ d™)

Standardisation a 10°C des mesures de respiration pélagique ou benthique
Concentration totale de phosphore

Quantité totale de CO, accumulé dans un lac couvert de glace
(g Cm™)

Taux volumétrique d’accumulation de CO, dans un lac couvert de glace
(mg Cm™ d")

Winter Oxygen Depletion Rate. Taux de diminution de I’oxygene pendant la
période du couvert de glace, exprimé par unité de surface du lac.

Profondeur moyenne



RESUME

De nombreux lacs boréaux et tempérés sont maintenant reconnus comme d’importants sites
de stockage et d’émissions de carbone, d’ou I’intérét grandissant de déterminer leur rdle a
plus grande échelle et d’inclure leur contribution dans les bilans de carbone régionaux. Les
lacs tempérés et boréaux de I’hémisphere nord ont souvent deux composantes saisonniéres
distinctes, soit la période du couvert de glace et la stratification thermique estivale. Dans la
littérature, les mesures de CO, sont traditionnellement effectuées a la surface des lacs pendant
la période libre de glace. Pourtant certaines études suggérent qu’une quantité importante de
CO, s’accumule sous la glace et dans [’hypolimnion, c’est-a-dire dans la couche inférieure de
la colonne d’eau lors de la période de stratification estivale. Dans la présente étude, nous
avons quantifié ’accumulation de CO, pendant la période du couvert de glace et dans
I’hypolimnion estival de 13 lacs boréaux et de 4 lacs tempérés du Québec et nous avons
exploré comment ces accumulations varient dans un gradient de morphométries, de statuts
trophiques et de caractéristiques régionales. En deuxieme lieu, nous avons étudié la
dynamique des processus sous-jacents a I’accumulation de CO, pendant la période du couvert
de glace et dans I’hypolimnion estival, plus spécifiquement 1’importance des processus
biotiques, la partition entre la respiration pélagique et benthique, les différentes sources de
matiére organique supportant la respiration et les coefficients respiratoires a ’échelle de
’écosysteme. Nos résultats démontrent que les lacs couverts de glace et 1’hypolimnion
estival sont des lieus d’accumulation significative de CO; puisque considérées ensemble, ces
périodes contribuent en moyenne 4 33% des émissions annuelles nettes de CO, et cette
proportion varie selon le statut trophique du lac et la morphométrie. Plusieurs indices
recueillis suggerent que la respiration est la source principale de CO, pendant ces deux
périodes et que la respiration benthique contribue de fagon considérable a la production de
CO,, particuliérement pendant la période du couvert de glace ou la respiration benthique est
responsable de plus de 50% de ’accumulation totale de CO,. L’importance relative des
sources de matiere organique qui alimentent la respiration changent saisonniérement. Les
analyses isotopiques en 8"°C (méthode de Keeling) ont révélées I’importance du carbone
organique d’origine planctonique pour alimenter la respiration dans 1’hypolimnion alors que
les signatures en 8'"°C pendant la période du couvert de glace suggérent une augmentation de
I’importance relative de sources terrestres et benthiques.

Mots clefs : Cycle du carbone, émissions de CO,, métabolisme du lac, couvert de glace,
hypolimnion, respiration pélagique, respiration benthique, sources de matiere organique
respirée, coefficient respiratoire.



1. INTRODUCTION

1.1 L’ETUDE DU CARBONE DANS LES ECOSYSTEMES AQUATIQUES

Dans I’Hémispheére Nord, les écosystémes d’eau douce, qui occupent une portion
significative du territoire, ont le potentiel d’influencer le bilan de carbone des écosystémes
terrestres. Contrairement aux océans qui sont reconnus comme des puits de carbone a
I’échelle de la biosphere (Denman et al. 2007), les lacs et les rivieres sont généralement
reconnus comme des sources nettes de carbone vers I’atmospheére (Cole et al. 2007). De fagon
moindre, les écosystemes d’eau douce agissent aussi en tant que puits de carbone en stockant
annuellement 0,2 Pg C dans leurs sédiments (Cole et al. 2007). Généralement, les lacs qui
agissent en tant que source nette de carbone vers I’atmosphére sont qualifiés d’hétérotrophes,
ce qui signifie que la respiration totale dans le lac (R) excede la production primaire brute
(PPB) résultant en une production nette de I’écosystéme (PNE) négative. Traditionnellement,
on croit que cette respiration en exces serait majoritairement attribuable aux apports de
carbone organique des milieux terrestres vers les milieux aquatiques. Les deux énoncés
précédent demeurent toutefois un sujet de débats (Carignan et al. 2000; Dubois et al. 2009;
Prairie et al. 2002).

L’inclusion des milieux aquatiques dans les bilans de carbone des écosystémes terrestres
dépend de notre capacité¢ a quantifier et & comprendre la dynamique du carbone dans ces
systémes. Depuis que Cole et al. (1994) ainsi que Kling et al. (1991) ont observé que [’eau de
surface des lacs était sursaturée en CO,, de nombreux travaux ont concentré leurs efforts a
estimer le bilan de carbone des lacs et a identifier les mécanismes sous-jacents a cette
sursaturation (del Giorgio and Peters 1994; Dubois et al. 2009; Sobek et al. 2003). Dans les
régions tempérées froides et boréales, le climat est sujet a d’importantes variations
saisonniéres qui peuvent faire grandement varier les variables qui modulent la production de
CO, dans les lacs. Or, la plupart des €tudes sur le carbone sont réalisées pendant la saison
libre de glace, & la surface des lacs, période ou les échanges gazeux entre le lac et

’atmospheére ont directement lieu. Donc, traditionnellement, deux composantes saisonniéres



sont ignorées dans les bilans lacustres de carbone, soit la période du couvert de glace et
I’hypolimnion, lors de la stratification thermique estivale. Pourtant, dans de nombreux lacs de
I’Hémisphere Nord, ces deux composantes peuvent représenter environ la moitié du cycle
annuel des lacs et elles sont potentiellement le lieu d’importantes accumulations de CO,

(Aberg et al. 2007; Kortelainen et al. 2006).

Le couvert de glace et la stratification thermique forment des barriéres physique et thermique
empéchant les échanges gazeux entre I’eau et I’atmosphére, favorisant ainsi 1’accumulation
du CO; dans la colonne d’eau. Des études qui ont inclus ces composantes démontrent que le
CO; s’accumule de fagon significative pendant la période du couvert de glace (Kortelainen et
al. 2006; Maberly 1996; Striegl and Michmerhuizen 1998) et dans I’hypolimnion, lors de la
stratification thermique estivale (Houser et al. 2003; Dillon et Molot 1997). Lors de la fonte
de la glace et du brassage automnale, le retrait de ces barriéres va donner lieu aux plus
importantes émissions de CO, dans le bilan annuel des lacs (Striegl et al. 2001), ce qui
suggére que la période du couvert de glace et I’hypolimnion pourraient contribuer de fagon

significative aux émissions annuelles de CO,.

Par conséquent, les estimations qui n’incluent pas les périodes suivant la fonte de la glace et
le brassage automnale sous-estime possiblement les flux annuels de carbone des systemes
lacustres. Afin de pallier & ce manque, ce projet vise & quantifier la contribution de la période
du couvert de glace et de I’hypolimnion, lors de la stratification thermique estivale, dans les
flux annuel de CO, des lacs boréaux et tempérés. Ce projet étudie également plusieurs
mécanismes sous-jacents a ces accumulations afin de mieux comprendre la dynamique de ce

gaz a effet de serre dans les lacs.



1.2 LES REGIONS BOREALES ET TEMPEREES

1.2.1 La région boréale de I’étude (Région de la riviere Eastmain, Baie James, Qc,

Canada)

La forét boréale québécoise recouvre environ un tiers du territoire (Ministére des ressources
naturelles et de la faune du Québec, 2003) et un tiers de sa superficie est composée d’eau
douce et de milieux humides (Marchand 2007). L’espéce végétale dominante est 1’épinette
noire (Picea mariana). La moyenne annuelle de précipitations se situe entre 600 et 1200 mm
(Ressources naturelles Canada [RNCan], 2007A) et la température moyenne de janvier et de
juillet se situent respectivement entre -30 et -15°C (RNCan, 2007B), et entre 6 et 25 °C
(RNCan, 2007C). La forét boréale de la Baie James repose sur un sol principalement rocheux

ou de type podzol humo-ferrique (Clayton and Marshall, 1972).

Au Nord du 52°™ parallele, les perturbations des milieux boréaux québécois sont
généralement d’ordre naturel (ex. feux de foréts, voir Marchand 2007). Les perturbations
d’origine anthropique sont principalement la construction et le maintient de méga-centrales
2iéme

hydroélectriques et la mise en eaux de réservoirs. Au sud du 5 parall¢le, les foréts

boréales sont sujettes a |’exploitation commerciale.

1.2.2 Les régions tempérées de I’étude (Laurentides et Estrie, Qc, Canada)

Les régions tempérées de I’Estrie et des Laurentides regoivent entre 1000 et 2000 mm de
précipitations annuellement, dont 30% sont sous forme de neige (Carignan et al. 2000). Les
températures moyennes de janvier se situent entre -20 et -5°C (RNCan, 2007B) alors qu’elles
varient entre 11 et plus de 25°C en juillet (RNCan, 2007C). La région des Laurentides est
située sur des roches intrusives et métamorphiques du bouclier canadien sur lesquelles repose
un sol de type podzol humo-ferrique (Clayton and Marshall, 1972). La région de I’Estrie est
située a la limite de la plate-forme du Saint-Laurent et des Appalaches. On y retrouve les sols

de types podzol humo-ferrique, Brunisol mélanique et Gleysol humique (Clayton and



Marshall, 1972). Les bassins versants des lacs €tudiés sont principalement boisés par des
peuplements mixtes. Les lacs de 1’Estrie sont caractérisés par un pH et une alcalinité élevés

(Prairie et al. 2002).

Les perturbations des systemes lacustres et des foréts dans les régions des Laurentides et de
I’Estrie sont principalement d’ordre anthropique. Le déboisement pour la construction de
résidences privées et de routes, le rejet des eaux usées domestiques, I’utilisation des lacs a des
fins de loisirs nautiques, la présence de centres de villégiature et de camping dans les bassins
versants des lacs modifient les apports de nutriments, de polluants et modifient la dynamique
de la matiere en suspension. On retrouve également la présence d’especes envahissantes (ex.

Myriophyllum spicatum) dans plusieurs lacs de ces régions tempérées.

1.3 DYNAMIQUE DU CO; DANS LES LACS

1.3.1 Origine du CO, lacustre

Les apports externes de CO,, par exemple via les apports d’eaux souterraines (Striegl and
Michmerhuizen 1998) et les tributaires (Dillon and Molot 1997), peuvent contribuer de fagon
significative aux ajouts de CO, dans les lacs. Toutefois, une grande proportion des ajouts de
CO; aux lacs sont souvent attribuables a des processus internes. La photo-oxydation du
carbone organique dissout (COD) en carbone inorganique dissout (CID), c’est-a-dire la
dégradation du COD par I’action des U.V., contribue significativement a la production de
CO, dans les portions de la colonne d’eau ou la pénétration des UV (et possiblement de la
radiation active pour la photosynthése) est suffisante (Granéli et al. 1996; Jonsson et al.
2001). La dégradation biologique de la matiére organique (respiration) est souvent considérée
comme la source principale de CO, dans les lacs mais il existe peu d’observations directes

supportant cette hypothése.



1.3.2 Les sources de matiére organique

Tel que mentionné précédemment, de nombreuses études suggerent que la respiration du
COD d’origine terrestre est a I’origine de la sursaturation en CO, observée dans de nombreux
lacs a travers le monde (Aberg et al. 2007; Algesten et al. 2005; Cole et al. 1994; del Giorgio
et al. 1997; Hope et al. 1996; Jonsson et al. 2003; Jonsson et al. 2001; Karlsson et al. 2007;
Kling et al. 1992; McCallister and del Giorgio 2008; Sobek et al. 2003) mais il s’agit encore
d’un sujet de débats (Dubois et al. 2009; Prairie et al. 2002). On peut imaginer que, dans un
lac n’ayant aucun apport externe de matiére organique, le carbone disponible pour soutenir le
métabolisme des hétérotrophes proviendrait du carbone atmosphérique qui a été fixé in situ
par les producteurs primaires. La respiration du carbone qui est fixé dans le lac lui-méme
résulte en un bilan plus ou moins neutre (ou en un bilan de stockage net de carbone si on
inclut la sédimentation) entre la fixation du carbone et ¢a subséquente respiration. Pour qu’un
lac puisse respirer davantage de carbone qu’il n’en fixe, il est nécessaire que des apports
externes de carbone alimentent cette respiration en exces. Alors, si on assume que le CO, est
principalement d’origine métabolique, le degré d’hétérotrophie (quand P < R) ou de
sursaturation en CO, d’un lac doit étre couplé aux apports de matiere organique allochtone
(Hanson et al. 2003). On retrouve généralement une relation positive entre la concentration
en COD et le niveau de sursaturation ou les émissions de CO, (Algesten et al. 2005; Jonsson
et al. 2003; Prairie et al. 2002; Sobek et al. 2003), suggérant qu’une partie de ce réservoir de

COD est d’origine allochtone et que son utilisation explique les ratios P : R inférieurs a 1.

1.3.3 Influence du bassin versant et de la morphométrie sur la dynamique du CO;

Les variables morphométriques, les caractéristiques du bassin versant (Sobek et al. 2003) et
le climat influencent la relation entre le lac et le milieu terrestre en modulant, entre autres, les
apports externes de carbone. Par exemple, on retrouve généralement les pressions partielles
de CO; (pCO,) les plus élevées dans les petits lacs (Rantakari and Kortelainen 2005); ces
derniers ont généralement un grand ratio de drainage ainsi qu’un court temps de résidence de

’eau et ces caractéristiques sont également associc¢e en soi avec des grandes pCO, (Kelly et



al. 2001; Riera et al. 1999; Sobek et al. 2003). La quantité de précipitations regues pendant la
période libre de glace, pouvant influencer les apports externes de carbone par ruissellement
(Pace and Cole 2002), est aussi positivement reliée aux émissions annuelles de CO,
(Rantakari and Kortelainen 2005). L’utilisation des terres et le type de végétation sur le
bassin versant peuvent influencer la dynamique des apports externes en carbone et en
nutriments, en modifiant leur disponibilité et leur qualité (1abilité). Supportant cette idée, les
lacs situés sur des bassins versants ayant une grande surface occupée par des tourbiéres sont
souvent plus concentrés en COD (Mattsson et al. 2005) et une plus grande proportion de
terres agricoles sur le bassin versant serait possiblement associée a une meilleure qualité de
carbone acheminé vers le lac (Mattsson et al. 2005; Rantakari and Kortelainen 2005). De
plus, on retrouve des corrélations entre le degré de sursaturation en CO, des lacs et les
pourcentages de terres agricoles (Kortelainen et al. 2006; Rantakari and Kortelainen 2005) ou

de tourbiéres (Huttunen et al. 2003; Riera et al. 1999; Striegl et al. 2001).

1.3.4 L’effet des nutriments sur la dynamique du CO,

Dans les lacs boréaux (Kortelainen et al. 2006) et tempérés (Prairie et al. 2002), la
concentration en CO, des lacs est associée avec la concentration en nutriments (phosphore
total et azote total). Etant donné que la respiration (R, qui produit du CO,) et la production
primaire (P, qui consomme le CO,) sont deux variables positivement associées avec la
concentration en phosphore dans les lacs (Hanson et al. 2003; Smith 1979), la forme de la
relation entre le phosphore et le CO, lacustre peut prendre différentes formes selon
I'importance relative de ces deux composantes I’une par rapport a ’autre (ratio P: R). Le
ratio P : R varie selon I’étendue de niveaux de productivité des lacs étudiés (del Giorgio and
Peters 1994). Egalement, il est possible que I’effet des nutriments varie entre les lacs selon la
structure trophique et les autres limitations (broutage, lumiére, autres nutriments) qui peuvent

moduler la production primaire et la respiration.



1.4 CARACTERISTIQUES DES LACS SOUS LE COUVERT DE GLACE

1.4.1 Hydrologie et échanges gazeux

La présence du couvert de glace a un impact majeur sur la dynamique des lacs. Cette barriére
physique empéche la majorité des échanges gazeux entre I’eau et I’atmosphére (Chambers et
al. 2008; Wharton et al. 1993) ce qui résulte en une augmentation, au fil de I’hiver, des
produits de la respiration et d’une diminution de la disponibilit¢ en oxygene (Baehr and
Degrandpre 2002; Chambers et al. 2008) qui peut parfois entrainer une mortalité importante
au sein de la communauté ichtyologique (Barica and Mathias 1979). Le couvert de glace
minimise les effets du vent et des radiations solaires sur le brassage du lac. Des courants
horizontaux (variant de 0,0005 & 0,004 m s') causés par des mouvements oscillatoires du
couvert de glace générés par le vent ont toutefois €té observés (Bengtsson 1996; Petrov et al.

2007).

1.4.2 Profils thermiques

Les profils de température sous la glace suivent un parton de stratification inversée
caractérisé par une température plus froide en surface (0,1°C) et une température atteignant
4-5°C prés des sédiments (Bengtsson 1996). Les profils demeurent presque constants pendant
la durée du couvert de glace (Ellis et al. 1991). Lors de la stratification thermique hivernale,
le gradient de température de la colonne d’eau est moins prononcé comparativement au

gradient thermique estival (Kortelainen et al. 2006).

1.4.3 Lumiere et photosynthese

Dans les lacs boréaux et tempérés de I’est canadien, la durée du couvert de glace, I’épaisseur
de celui-ci ainsi que I’épaisseur de la neige (0,5 a4 0,99 m, RNCan, 2009) pendant la période

hivernale permettent la formation d’un couvert épais et opaque qui ne laisse pénétrer que tres



peu de lumiere (voir Chapitre trois, section résultats). Toutefois, 1’épaisseur et 1’opacité du
couvert varient : a la formation du couvert de glace et lors de la fonte partielle de celui-ci, ou
encore lors d’hiver plus chaud et plus sec, Ie couvert de neige est réduit ou absent et la glace
est amincie, ce qui permet a la lumiére d’atteindre les couches supérieures de la colonne
d’eau (Huotari et al. 2009; Karlsson et al. 2008). Dans un lac boréal de Finlande, Huotari et
collégues (2009) ont observé des taux de production primaire de 18 2 97 mg C m™ j' pendant
les deux a trois semaines précédent la fonte compléte du couvert de glace, ce qui correspond
a 16-86% du taux estival moyen observé pour ce méme lac sur plusieurs années. Lorsque le
couvert est opaque, ce qui est probablement le cas pendant la majeure partie de I’hiver pour
les lacs des latitudes nordiques, la production primaire (Chambers et al. 2008; Karlsson et al.
2008) et la photo-dégradation du COD seront trés faibles, voire négligeables (Algesten et al.

2005) due a la limitation par la lumiére.

1.4.4 Réservoir de matiére organique

Si la production primaire demeure trés faible pendant la majeure partie de la durée du couvert
de glace, les apports de matiére organique autochtone fraichement produite ne constitueront
alors pas une source importante de carbone pour alimenter la respiration hivernale. De plus,
la barriére physique créée par le couvert de glace isole partiellement le lac de son bassin
versant. Les apports de mati¢re organique en provenance des milieux terrestres sont donc
faibles (Algesten et al. 2005). Il y a toutefois un acheminement de carbone (principalement
d’origine terrestre) vers le lac par les tributaires mais I’importance de ces apports est peu
connue (voir les futurs travaux par Vachon et del Giorgio). Une étude en milieu boréal
suédois démontre que I’exportation hivernale du carbone organique total (COT) via les
ruisseaux correspond & environ 16% de I’exportation annuelle totale de COT d’un bassin
versant (Laudon et al. 2004). Le réservoir de matiere organique qui alimente la respiration
sous le couvert de glace devrait alors étre constitué¢ du COD terrestre présent lors de la
formation du couvert, du COD acheminé via les tributaires et de la matiére organique

autochtone qui n’a pas été dégradée pendant la période libre de glace (Karlsson et al. 2008).



1.4.5 Dynamique des nutriments

Dans la colonne d’eau des lacs en hiver, on observe une augmentation des nutriments sous
leur forme inorganique. Cette remise en circulation des nutriments inorganiques pourrait étre
occasionnée par leur faible utilisation par les producteurs primaires (Agbeti and Smol 1995)

et par la dégradation des formes organiques.

1.5 DYNAMIQUE DU CO, DANS LES LACS COUVERTS DE GLACE

1.5.1 Origine du CO; pendant la période du couvert de glace

Le CO, produit ou ajouté au lac pendant [’hiver s’accumule dans la colonne d’eau jusqu’a la
fonte partielle ou complete du couvert de glace. La dégradation de la matiere organique par la
respiration des microorganismes est potentiellement une source importante de CO, dans de
nombreux lacs pendant I’hiver (Algesten et al. 2005; Karlsson et al. 2008). L’absence ou la
faible RAP implique que le CO, n’est pas consommé significativement par la photosynthése
et que la photo-dégradation de COD est négligeable. L’importance des eaux souterraines
demeure peu connue (Striegl and Michemerhuizen 1998) et pourrait varier entre les lacs et
régionalement. Les conditions hivernales (gele des sols, absence de précipitations pluvieuses
et faible ruissellement) sur le bassin versant portent a croire que les apports d’eaux

souterraines devraient €tre a leur minimum pendant la période du couvert de glace.



10

1.5.2 Contribution benthique et pélagique a la production de CO,

La respiration dans les lacs survient dans les sédiments (respiration benthique) et dans la
colonne d’eau (respiration pélagique). Plusieurs études suggeérent que la respiration benthique
est une source potentiellement importante de CO, pendant la période du couvert de glace
(Algesten et al. 2005; Kortelainen et al. 2006; Mathias and Barica 1980; Rantakari and
Kortelainen 2005; Welch et al. 1976) mais trés peu d’études ont vérifié cette hypothése de
facon directe (Karlsson et al. 2008). Karlsson et collegues (2008) ont observé que 80% de
’accumulation de CID (composé en partie de CO,) sous le couvert de glace d’un lac

subarctique était produit par la respiration dans les sédiments.

1.5.3 Patrons d’accumulation de CO, pendant la période du couvert de glace

L’importance du COD sur la dynamique du CO; pendant la période libre de glace a été
suggérée dans de nombreux travaux (Aberg et al. 2007; Algesten et al. 2005; Cole et al. 1994;
del Giorgio et al. 1997, Dillon and Molot 1997; Hope et al. 1996; Jonsson et al. 2003;
Jonsson et al. 2001; Karlsson et al. 2007; Kling et al. 1992; McCallister and del Giorgio
2008; Sobek et al. 2003). Comme c’est le cas pour la période libre de glace, on retrouve une
association positive entre la concentration en COD et I’accumulation de CO, pendant la
période du couvert de glace (Kortelainen et al. 2006; Sobek et al. 2003). Rantakari et
Kortelainen (2005) ont observé que la pCO, dans la colonne d’eau des lacs couverts de glace
était plus élevée lorsque cette période était précédée d’un automne pluvieux, la pluie
favorisant I’acheminement de COD terrestre vers le bassin lacustre. Les lacs boréaux
eutrophes sont associés avec des pCO, hivernales plus élevées par rapport a des lacs moins
productifs, ce qui pourrait suggérer I’importance, pour la respiration hivernale, des nutriments
et/ou de la matiere organique autochtone accumulée pendant la période libre de glace (voir
aussi Karlsson et al. 2008). Par contre, dans une expérience d’eutrophisation de lacs
ontariens, il n’y a pas eu de différences significatives au niveau de 1’accumulation de CID

totale sous la glace entre les périodes précédant et suivant I’ajout de nutriments dans les lacs
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(Schindler 1990), et I’auteur suggere que la respiration pendant la période du couvert de glace

serait donc possiblement alimentée par des accumulations a long terme de matiére organique.

1.5.4 L’étude du métabolisme des microorganismes hétérotrophes

La respiration est une source potentiellement significative de CO, dans les lacs couvert de
glace. Donc, les travaux concernant le métabolisme des microorganismes d’eau douce
peuvent étre une source d’indices utiles a la compréhension des facteurs qui modulent la
production de CO, pendant cette période. De facon générale, la température est reconnue
comme une variable aillant une influence considérable sur les taux métaboliques des
microorganismes aquatiques (Apple et al. 2006; Nedwell 1999; Simon and Winsch 1998;
White et al. 1991). Des études en laboratoire ont démontré que des ajouts de nutriments et de
glucose dans des incubations a court terme accéléraient les taux métaboliques mais que de
faibles températures (<11°C) avaient tendance a estomper |’effet de ces ajouts (Carlsson and
Caron 2001; Granéli et al. 1996; Tulonen 1993). Extrapolés a I’échelle du systéme, ces
résultats pourraient suggérer une limitation premiére par la température en hiver, lors du
couvert de glace, étant donné la faible température de la colonne d’eau. L’effet de la variation

en nutriments entre les lacs pourrait alors étre estompé par ’effet de la température.

Les résultats de Carlsson et Caron (2001), Granéli et collégues (1996) et de Tolunen (1993)
démontrent un effet direct et a court terme des nutriments sur les taux métaboliques. A
I’échelle d’un lac, la disponibilité en nutriments pourrait aussi avoir des effets indirects et a
long terme (non-observables dans des incubations en laboratoire). Par exemple, la différence
de statut trophique pourrait faire varier la disponibilité en matiére organique autochtone. Si la
matiere organique autochtone produite pendant la période libre de glace n’est pas entierement
dégradée avant le début de la période du couvert de glace, cette source pourrait
potentiellement alimenter une partie de la respiration hivernale (Karlsson et al. 2008). La
matiére organique d’origine autochtone est reconnue comme une source plus labile pour les
microorganismes, par rapport a certains autres types de carbone plus réfractaires. Les sources

et la disponibilité de la matiére organique sont des variables a considérer pendant la période
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du couvert de glace étant donnée que plusieurs observations suggérent que la limitation par la
température pourrait €tre partiellement contrée par une grande disponibilité en nutriments et
en matiére organique labile (Crump et al. 2003; Tulonen 1993). Supportant cette idée, Cotner
et collegues (2000) ont observé des taux de production bactérienne pélagique & une
température de 2°C, qui correspondaient a 64% de ceux observés pendant 1’été, lors d’un
épisode hivernal de remise en suspension des sédiments (riches en nutriments et matiére
organique). Lorsque les lacs sont couverts de glace, la période de plus grande disponibilité en
matiere organique devrait €tre en début de saison alors que la période de plus forte
disponibilité en nutriments inorganiques serait possiblement en fin de saison. Plusieurs études
ont observé que les taux de consommation d’oxygene (respiration) sont plus €élevés au début
de la période du couvert de glace et qu’ils diminuent au fils de I’hiver (Chambers et al. 2008;
Mathias and Barica 1980), suggérant que la disponibilité en matiére organique pourrait étre

une variable importante dans la modulation de la production du CO, sous le couvert de glace.

1.5.5 Contribution de la période du couvert de glace aux bilans annuels de CO, des lacs

La contribution de la période du couvert de glace aux flux annuels de CO, des lacs est peu
connue, ’hiver demeurant une saison trés peu étudiée. La période du couvert de glace a le
potentiel d’augmenter le degré d’hétérotrophie des lacs puisque, pendant cette période, la
respiration devrait étre nettement supérieure & la photosynthese, cette derniere étant limitée
par la lumiére. Comme le démontre des études effectuées sur plus de 200 lacs boréaux
(Kortelainen et al. 2006; Rantakari and Kortelainen 2005) et tempérés (Dillon and Molot
1997) de différentes tailles, les quantités de CO, (ou de CID) lacustres les plus élevées sont
observables pendant la période du couvert de glace. En moyenne, la pCO, correspondait a 10
fois la valeur a saturation (Kortelainen et al. 2006), ce qui suggére des accumulations

significatives de CO, sous le couvert de glace.

Le CO, accumulé pendant la période du couvert de glace est expulsé rapidement vers
’atmospheére dans les quelques jours suivant la fonte du couvert (Huotari et al. 2009; Striegl

et al. 2001; Striegl and Michmerhuizen 1998) et les émissions qui en résultent sont
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potentiellement significatives dans le bilan annuel des lacs (Striegl et al. 2001). La moitié des
émissions printanieres de CO, auraient lieu dans le premier jour suivant la fonte de la glace
(Striegl and Michmerhuizen 1998). Les émissions printaniéres représenteraient de 1 a 18%
des émissions annuelles de CO, de lacs oligotrophes & mésotrophes de différentes régions de
[’Hémisphere Nord (Algesten et al. 2003; Huotari et al. 2009; Rantakari and Kortelainen
2005; Riera et al. 1999; Striegl and Michmerhuizen 1998). Dans un petit lac subarctique de
Finlande, Karlsson et collegues (2008) ont montré qu’environ un quart (26%) de la

respiration annuelle totale du lac se produisait pendant la période du couvert de glace.

1.6 CARACTERISTIQUES DE L’HYPOLIMNION

1.6.1 Définition de I’hypolimnion estival (Lacs Dimictiques)

A la fin du printemps ou au début de 1’été, le réchauffement de Iair provoque une
augmentation de température dans les eaux de surface du lac. L’eau plus chaude et moins
dense va demeurer en surface alors que I’eau plus froide qui se trouve au fond du bassin
lacustre ne sera plus mélangée avec la masse d’eau en surface. Entre ces deux masses d’eau
se forme un gradient important de température et de densité de 1’eau que I’on nomme la
thermocline. La masse d’eau ou est située la thermocline se nomme le métalimnion. C’est la
thermocline qui agil en tant que barriere thermique. Sa présence minimise les interactions
entre I’hypolimnion (masse d’eau inférieure) et I’épilimnion (zone de mélange de surface).
En automne, lorsque la température de ’air se refroidit, la température de 1’épilimnion va
aussi refroidir, ce qui va diminuer le gradient de densité de I’eau et fragiliser la stratification
thermique. Avec I’action des vents et des mouvements convectifs de 1’eau, le métalimnion va
graduellement étre mélangé avec I’épilimnion jusqu’au mélange complet de la colonne d’eau

(mélange automnal).
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1.6.2 Lumiére et photosynthése

Dans les lacs ayant une forte concentration en COD (Houser et al. 2003) ou dans les Jacs trés
productifs, le pourcentage de lumicre incidente a atteindre les couches supérieures de
’hypolimnion est inférieur a 1%. Par contre, dans les lacs ayant une plus faible concentration
en COD, la profondeur a laquelle il est possible de mesurer 1% ou plus de lumiére incidente
peut se retrouver sous la thermocline (Houser et al. 2003). D{i a la limitation par la lumiére, la
production primaire et la photo-dégradation du COD devraient étre généralement faibles dans

["hypolimnion.

1.6.3 Réservoir de matiere organique

La thermocline ralentit les échanges de matiére dissoute entre les couches de surface du lac et
I’hypolimnion. La majorité de COD terrestre qui est acheminé vers le lac (ex. tributaires)
pendant la période de stratification n’atteindra pas [’hypolimnion (Houser et al. 2003). Alors,
le COD disponible pour la respiration hypolimnétique est celui qui était présent au moment
de la formation de la stratification thermique. Houser et collégues (2003) ont observé une
diminution du COD dans I’hypolimnion en fonction du temps suggérant que le COD est
utilisé en tant que source de mati¢re organique pour la respiration. Bien que la production
primaire puisse étre relativement faible dans 1’hypolimnion par rapport aux couches de
surface qui regoivent davantage de lumiére, 10 & 50% de la matiére organique autochtone
produite dans le métalimnion et I’épilimnion est exportée dans I’hypolimnion par
sédimentation des formes particulaires (Baines and Pace 1994). Le flux de matiére organique
particulaire vers ’hypolimnion est positivement relié a la concentration totale de pigments
dans le métalimnion (Baines and Pace 1994). 1l peut également y avoir des migrations
verticales et des pics d’abondance de phytoplancton sous la thermocline. Le réservoir de
mati¢re organique dans I’hypolimnion devrait donc étre constitué du COD présent lors de

formation de la stratification et d’apports de matiére organique autochtone.
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1.7 DYNAMIQUE DU CO; DANS L’HYPOLIMNION

1.7.1 Processus aérobiques et anaérobiques

La diffusion des gaz entre I’hypolimnion et les masses d’eau de surface est faible (Bédard
and Knowles 1991; Cornett and Rigler 1987; Houser et al. 2003). Les produits de la
respiration vont s’accumuler dans I’hypolimnion jusqu’au brassage automnale de la colonne
d’eau. La consommation d’oxygeéne dans I’hypolimnion peut donner lieu & des conditions
anoxiques dont I’occurrence varie en fonction de la concentration en nutriments, de la
morphométrie du lac, de I’épaisseur de I’hypolimnion, de la température de I’eau (Charlton
1980; Molot et al. 1992; Niirnberg 1995) et de la durée de la stratification thermique. La
sédimentation de mati€re organique particulaire en provenance des masses d’eau de surface
est aussi associée a une plus grande consommation d’oxygene dans 1’hypolimnion (Matthews
and Effler 2006). Lorsque des conditions anoxiques surviennent, le métabolisme de
I’hypolimnion va étre dominé par des processus anaérobiques. Les principales réactions
d’oxydoréduction qui produisent du CO, dans I’hypolimnion sont les suivantes (Houser et al.

2003) :

A) Respiration aérobique: CH,O + O, — CO, + H,0

B) Oxydation aérobique du méthane : CH,+ 20, — CO, + 2H,0

C) Dénitrification: 1,2CH,O + HNO; — 1,25 CO, + 0,5 N, + 1,75 H,0
D) Réduction du sulfate : 2CH,0O + SO, +H" — HS +2H,0 +2CO,

E) Méthanogénese : CH;O0H — CH, + CO;

1.7.2 Contribution benthique et pélagique a la production de CO,

Le CO, produit par les processus métaboliques dans I’hypolimnion peut provenir des
sédiments et de la colonne d’eau. Les données recueillies dans une revue de littérature sur la
respiration par Pace et Prairie (2005) suggérent que la respiration dans les sédiments est

responsable de 30 a 80% de la consommation totale d’oxygene dans I’hypolimnion de lacs
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tempérés (voir aussi Cornett and Rigler 1987). Dans un grand lac humique de Suede, 40% de
’accumulation de CO, était attribuable a sa production dans les sédiments (Jonsson et al.

2001).

1.7.3 Sources de matiére organique

Plusieurs études suggerent que le COD, constitué en grande partie de carbone terrestre, est
une source importante de matieére organique qui alimente la respiration dans 1’hypolimnion
(Algesten et al. 2005; Jonsson et al. 2001). L’accumulation de CID dans [’hypolimnion, lors
de la stratification thermique estivale, est reliée & une diminution en COD (Houser et al.
2003). Dans I’hypolimnion estival d’un lac subarctique de Finlande, la quasi-totalité de la
respiration était supportée par du carbone d’origine terrestre (Aberg et al. 2007). La
concentration en nutriments (phosphore et azote), qui fait varier les taux de production
primaire dans les couches d’eau de surface, est aussi positivement reliée aux taux de
respiration dans I’hypolimnion (Niirnberg 1995). La matiére organique particulaire provenant
de la production primaire en surface qui sédimente dans I’hypolimnion (Baines and Pace
1994) pourrait étre une source de matiére organique importante pour le métabolisme
hypolimnétique. McCallister et del Giorgio (2008) ont démontré que, dans I’épilimnion, la
proportion de matiere organique autochtone respirée augmenterait en fonction du statut

trophique du lac et cette observation pourrait possiblement s’appliquer a I’hypolimnion.

1.7.4 L’étude du métabolisme des microorganismes hétérotrophes

Les taux de respiration planctonique dans I’hypolimnion estival sont plus lents que dans les
couches d’eau de surface (Aberg et al. 2007). Dans le lac Memphrémagog ou la profondeur
maximale est d’environ 100 meétres, la respiration hypolimnétique correspondait a environ
4% de la respiration épilimnetique (Cornett and Rigler 1987; del Giorgio and Peters 1994;
Pace and Prairie 2005). La respiration planctonique dans I’hypolimnion d’un lac subarctique

correspondait & environ 40% de la respiration dans I’épilimnion et le métalimnion (Aberg et
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al. 2007). La différence de température entre les masses d’eau pourrait étre majoritairement

responsable de la variation entre les taux de surfaces et les taux hypolimnétiques.

1.7.5 Contribution de I’hypolimnion aux bilans annuels de CO; des lacs

La contribution de I’hypolimnion estival aux émissions annuelles nettes de CO, est trés peu
connue. Le brassage automnal, qui remet le CO, accumulé dans I’hypolimnion en circulation
dans la colonne d’eau, est toutefois associé avec les flux qui sont parmi les plus élevés de
’année (Riera et al. 1999). Une accumulation importante de DIC ou de CO, survient dans
I’hypolimnion estival (Dillon and Molot 1997; Houser et al. 2003; Jonsson et al. 2001; Riera
et al. 1999; Striegl and Michmerhuizen 1998) et pourrait mener a d’importantes émissions de

CO;, lors de la période de brassage automnal,

1.8 OBJECTIFS ET HYPOTHESES

Tres peu de travaux ont suivi la dynamique du CO, des lacs dans un cycle annuel complet et
les études concernant le métabolisme sous le couvert de glace sont particuliérement rares
dans la littérature scientifique. Les bilans annuels de CO, qui n’incluent pas les émissions
résultant de 1’accumulation sous le couvert de glace et dans ’hypolimnion estival sous-
estiment les émissions annuelles de carbone des lacs. Etonnamment, presque aucune étude
n’a étudié I’hypolimnion estival et la période du couvert de glace ’un par rapport a ’autre.
Pourtant, la présence de ces deux périodes naturelles d’isolation fournit un contexte favorable
a I’étude de I’accumulation de CO, et aux comparaisons saisonniéres in situ pour un méme
lac. L’étude de ces deux composantes du cycle annuel pourrait étre une source d’informations
utiles & la compréhension de la dynamique saisonni¢re de la production de gaz a effet de serre

dans les lacs.

Ce projet porte sur la dynamique du CO, de 12 lacs boréaux et de 4 lacs tempérés dans un

cycle annuel complet, en incluant la période du couvert de glace et I’hypolimnion. Les lacs



18

ont été sélectionnés pour obtenir un gradient trophique et différentes morphométries. Le
premier volet de cette étude vise a quantifier ’accumulation de CO, en hiver et dans
I’hypolimnion estival afin de connaitre leur contribution au bilan de carbone annuel des lacs.
Les sous-objectifs de ce premier volet sont d’étudier les patrons d’accumulation de CO, dans
un gradient trophique, de comparer les patrons d’accumulation de la période du couvert de
glace et de I’hypolimnion estival et de fournir des outils empiriques permettant d’inclure des
accumulations hivernales et hypolimnétiques de CO, aux les bilans annuels de carbone des
lacs. Le second volet de cette étude a pour but d’étudier les mécanismes sous-jacents a
’accumulation de CO, dans les lacs et leur dynamique saisonniére, c’est-a-dire la
contribution des processus biotiques, la respiration pélagique, la contribution de la respiration
benthique, les sources de matiére organique utilisées (terrestre versus algal) et le couplage
entre la production de CO, et la consommation d’oxygéne (Coefficient Respiratoire) a

I’échelle du lac.

Les mesures de CO; sous le couvert de glace et dans I’hypolimnion ont été effectuées in situ
sur une base mensuelle selon la méthode de Cole et Prairie (2009) puisque cette méthode est
facilement utilisable en région éloignée et qu’elle offre la précision recherchée. La respiration
pélagique a été mesurée a partir de la diminution en O, dans des incubations effectuées a la
noirceur, selon les méthodes suggérées dans del Giorgio and Bouvier (2002; spectrometre de
masse a membrane) et Marchand (2007; systéme d’optrode, voir Chapitre 3, section Methods
pour une description détaillée des méthodes utilisées), qui offrent respectivement des
avantages différents en termes de logistique et de précision. La contribution de la respiration
benthique a été estimée par différence a partir de ’accumulation totale de CO; (sous le
couvert de glace ou dans I’hypolimnion) et la respiration pélagique de la période
correspondante. Les sources de carbones utilisées pour la respiration ont été estimées a partir
des isotopes stables de carbone (8°C) en utilisant les graphiques de Keeling (Karlsson et al.
2007; Keeling 1958). Les coefficients respiratoires ont été estimés a I’échelle du lac en
utilisant des régressions orthogonales entre les distances par rapport aux valeurs a saturation
des concentrations de CO, et d’O, provenant de profils verticaux effectués a des temps

donnés.
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La saison estivale étant généralement beaucoup plus active, on s’attend a ce que
I’hypolimnion estival accumule une plus grande quantité de CO, que les lacs en hiver, malgré
un volume d’eau plus important sous le couvert de glace par rapport au volume
hypolimnétique. Les lacs sont beaucoup plus similaires entre eux en hiver qu’en été
puisqu’ils sont tous limités par la lumiére et la faible température de I’eau. On pourrait
observer un découplage entre 1’accumulation de CO, sous la glace et les nutriments ou la
concentration en COD puisque la température semblent estomper I’effet de la disponibilité
des nutriments et de la matiére organique dans certaines études réalisées en laboratoire
(Carlsson et Caron 2001; Félip et al. 1996). Malgré la faible intensité lumineuse dans
I’hypolimnion, la production primaire en surface (Baines and Pace 1994) peut influencer le
métabolisme de I’hypolimnion, on s’attend donc a ce que I’accumulation de CO,
hypolimnétique soit positivement couplée au statut trophique du lac. La respiration pélagique
devrait étre plus faible en hiver que dans I’hypolimnion étant donné I’importante influence de
la température sur les taux métaboliques (Apple et al. 2006). 1l est possible que les sédiments,
qui sont beaucoup plus riches que la colonne d’eau en nutriments et en matiére organique,
puissent soutenir des taux plus élevés de respiration et ce, méme pendant la période du
couvert de glace. Le ralentissement anticipé des processus biologiques dans la colonne d’eau
pendant I’hiver pourrait faire en sorte qu’on observe une contribution relative des sédiments
plus grande pendant la période du couvert de glace (Aberg et al. 2007). Egalement, on
anticipe un changement dans les sources de matiére organique qui alimentent le métabolisme
des microorganismes entre la période du couvert de glace et I’hypolimnion puisque la
disponibilité de la matiére algale devrait étre relativement faible en hiver étant donnée la
limitation de la production primaire par la lumiére. Le métabolisme hivernal devrait donc étre
alimenté principalement par des sources de carbone moins labiles (surtout d’origine terrestre)

qui n’auront pas ¢€té consommées pendant la période libre de glace.
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2.2 ABSTRACT

Northern lakes are now recognized as important sites of both C storage and C emission to the
atmosphere, and there is increasing interest in determining their role in regional C budgets.
The annual CO, budget of northern lakes has very distinct seasonal components: lakes are
covered by a thick layer of ice during more than three months per year and are thermally
stratified during summer. Here we explore the whole-lake accumulation of CO, during winter
ice-cover, and in the hypolimnion during summer stratification, in temperate and boreal lakes
in Québec, and how these processes vary with lake trophic state, morphometry and regional
characteristics. We have further followed surface pCO, during the open water season and
have estimated an annual CO, budget for each lake that incorporates the fluxes resulting from
winter ice-cover and summer hypolimnetic CO, accumulation to explore their relative
importance. The volumetric rates of CO, accumulation during the winter ice-cover ranged
from 3.5 to 24.5 mg C m* d”', and varied as an inverse function of mean lake depth. The CO,
accumulation rates in the summer hypolimnia ranged from 2.1 to 39 mg C m™ d' and were
positively related to TP. The resulting total areal CO, accumulation during winter ice-cover
varied from 4 to 14 g C m?, and was on average higher and considerably less variable than
the areal hypolimnetic CO, accumulation for the same lakes, which ranged from 0.3 to
11 g C m™ The annual CO, emission rates in these lakes ranged from 25 to 56 g C m™ y™,
and were positively related to DOC concentration and negatively related to lake area. The
winter ice-cover CO, accumulation accounted from 7 to over 50% of the annual CO,; efflux
from the lakes, whereas summer hypolimnetic accumulation accounted on average for less
(from 1 to 44%). Our results suggest that winter and summer hypolimnetic C accumulation
are important components of northern lake C budgets, and confer stability to the total annual
C cycle in these systems.

Key words: Carbon, CO,, winter, hypolimnion, lake carbon budgets, temperate, boreal



2.3 INTRODUCTION

Since the observation made by Kling and others (1991) and Cole and others (1994) that most
northern lakes are supersaturated in CO,, and are thus net sources of carbon to the
atmosphere, many studies have focused on understanding the patterns and processes
underlying these emissions. There are now some well-established patterns in CO;
supersaturation across lakes, for example, in relation to lake morphometry (Kelly and others
2001; Rantakari and Kortelainen 2005), DOC concentration (Sobek and others 2003),
nutrients (Kortelainen and others 2006), chlorophyll concentration (Praire 2008; Roehm and
others 2009), and catchment characteristics (Sobek and others 2003; Kortelainen and others
2006). There is also increasing evidence that the resulting lake CO, emissions are significant
at a whole-landscape level, especially in water-rich northern regions (Algesten and others
2003; Kortelainen and others 2006). Lake CO, dynamics are strongly coupled to the external
loading of nutrients, organic (Hope and others 1996; Algesten and others 2003) and inorganic
carbon (Dillon and Molot 1997), and to autochthonous primary production (del Giorgio and
Peters 1994), which are in turn linked to regional climatic and hydrologic variables. Northern
lakes in particular are subject to strong seasonal variations in these characteristics, yet
traditionally, studies on lake CO, dynamics have focused on the open water season, and often
target only the surface layers of lakes. Winter processes, especially in ice-covered lakes, as
well as C dynamics that occur in the deeper layers of stratified lakes in summer have been
much less extensively studied. In particular, these components of lake C dynamics have
seldom been integrated into the annual C budget of lakes, and this gap may be particularly
significant in Northern temperate and boreal landscapes, which have both a long ice-cover

period in winter, and a summer stratification that lasts for several months.

Winter under-ice and summer hypolimnetic C dynamics have typically been studied
separately. There have been a number of studies that have explored CO, dynamics under the
ice in lakes, and have reported significant rates of CO, accumulation (Riera and others 1999;
Striegl and others 2001). Other studies have focused not on CO, per se, but on O, dynamics
under the ice, especially in the context of winter fish kills (Welch and others 1976; Mathias
and Barica 1980; Babin and Prepas 1985). The handful of studies that have directly (Maberly
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1996; Kortelainen and others 2006; Huotari and others 2009) or indirectly (Striegl and others
2001) quantified winter lake CO, accumulation, all tend to suggest that under-ice CO, build
up may be significant in terms of the annual budget. However, how these rates of winter C
accumulation vary with lake and watershed properties, and across regions, has yet to be

investigated.

Likewise, previous studies have shown that the accumulation of CO, in the summer
hypolimnia of stratified lakes may also be significant (Striegl and Michmerhuizen 1998,
Riera and others 1999; Houser and others 2003) and results in large CO, evasion during fall
mixing. Similarly to the studies on winter metabolism, more studies of summer hypolimnia
have focused on the O, depletion to assess the impacts of anthropogenic eutrophication and
potential impacts on fish and on sediment biogeochemistry (Charlton 1980; Comett and

Rigler 1987; Matthews and Effler 2006).

It is clear that in order to assess the regional role of northern lakes, it is necessary to
effectively quantify the annual lake C budgets, and this in turn requires the integration of all
potentially significant components of this budget, including both winter under-ice and
summer stratification processes. While there is some existing information on these
components individually for a variety of lakes, what is almost completely lacking is insights
on how winter and summer hypolimnetic CO; dynamics compare within the same lakes, in
terms of their respective magnitudes, and their cross-lake and regional patterns. There are
some analogies, but also major differences in C dynamics between summer stratification and
winter ice cover, such that it is difficult, if not impossible to extrapolate one from the other.
In this study, we explored CO, dynamics under the ice and in the summer hypolimnia of
lakes in three distinct temperate and boreal regions of Québec that differ in climate, geology
and land-cover; we quantify the magnitude of winter ice-cover and summer hypolimnetic
CO;, accumulation, explore patterns of accumulation relative to lake morphometry, chemistry
and watershed properties, and quantify the contribution of these components to the annual
lake CO, emissions, and how this contribution varies across of these boreal and temperate

lakes.



2.4 METHODS

2.4.1 Study sites and sampling design

For this study we targeted a total of 16 lakes, within two broad regions (Figure 2.1). Four
lakes were sampled in the southern temperate region of Québec: Two of these (Bowker and
Bran de Scie) are located in the Appalachian area of Eastern-Townships, 150 km south of
Montréal, and the other two (Croche and Connelly) are located in the Laurentian area of the
Canadian Shield, 100 km North of Montréal; twelve lakes were further sampled in the
Eastmain River region of boreal Québec, approximately 1500 km Northwest of Montréal.
The two regions, boreal and temperate, are characterized by large differences in climate:
Average January temperatures range from -30 to -15°C and from -20 to -5°C, respectively,
and the length of lake ice cover is on average 180 and 140 days respectively. Average June
temperatures in the boreal region range from 6 to 25 °C and from 11 to over 25 °C in the
temperate region (Natural Resources Canada, 2007B and C). Lakes were selected within
each region to obtain a range of nutrient concentrations and morphometry (Table 2.1), similar

between both temperate and boreal regions.

2.4.2 Sampling

The four lakes in the temperate region were sampled monthly during an annual cycle, from
Nov. 2007 to Nov. 2008. The twelve boreal lakes were also followed over an annual cycle
but the sampling interval varied: They were sampled in June, July/August and September of
both 2007 and 2008 (spring/summer samples), and in December 2007 and March 2008
(winter samples). Lakes were visited once during each sampling month, at their deepest and

central point.
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Figure 2.1 Map of Québec showing the geographical position of (A) the Laurentian region
(Lake Croche and Connelly), (B) the Eastern-Townships region (Lake Bowker and Bran de
Scie) and (C) the Eastmain River region (boreal lakes). This map was reproduced with the
permission of Natural Resources Canada 2010, from the Atlas of Canada.
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The percentage of incident light penetrating the ice cover, as well as the light attenuation
profile during the open water period was determined with a Li-Cor (Li-1400, quantum
underwater cell 6574). During the ice cover period, the Li-Cor underwater probe was placed
under the ice cover via a hole drilled in the ice and the incident light probe was kept over the
ice and snow cover. Secchi depth was further measured for all lakes during the open water
period. A detailed depth profile (one meter interval) of temperature, pH, conductivity, O,
(using a YSI 600XLM, Yellow Spring Instruments Inc.), and pCO, was carried out at each
sampling time. In situ pCO, was determined using an EGM-4 (PP Systems Inc.) connected to
a gas equilibrator (Mini Module membrane contactor (G542, Membrane Underlining
Performance Inc.) in a closed recirculating loop and a peristaltic pump (see Cole and Prairie
2009). At the outlet of the peristaltic pump, a Y-shaped connection allowed the water to pass
through the gas equilibrator for pCO, measurements or through a length of tubing to collect
other types of samples at the desired depths. Water samples were collected at a | meter depth
for total phosphorus (TP), dissolved organic carbon (DOC) and chlorophyll a. All tubes were
acid washed and rinsed three times with nanopure and in situ water before filling. Water for
DOC was filtered through a 0.45 pm Sarstedt Filtropur capsule using a syringe. Samples were
kept colder than in situ temperature during transport to the lab to avoid further formation of
bubbles. In the lab, the samples were stored at 3°C until analysis. DOC samples were run in
an O.1. Analytical 1010 TIC-TOC analyser. TP was analysed with unfiltered water after
persulfate digestion, and chlorophyll @ was extracted in ethanol. The tubes were submersed in
a water bath at 78°C during 10 minutes and were then kept at 4°C during 24 hours prior to
analysis. Chlorophyll a concentration was estimated by spectrophotometry (Sartory and

Gropfelaar 1984; Wetzel and Likens 1991).

2.4.3 Winter ACO,

The individual measurements of pCO, were converted to CO, concentration using Henry’s
Law and considering the water temperature. For each sampling date, we estimated the total

CO; content of the lake by summing the CO, content of each one-meter stratum; the latter
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was calculated as the product of the CO, concentration at that depth by the volume of the
corresponding stratum (see description of bathymetric calculations below). CO, accumulation
during winter was estimated as the difference in total lake CO, content between consecutive
sampling dates (two to three) over the ice cover period. Because samples could not be taken
for security reasons at the onset of the ice cover and prior to ice melt, accumulation rates over
the entire ice cover period were extrapolated assuming that the rates determined over the
central portion of the winter applied to either period (see Results section). The resulting
values of total accumulation of either CO, are expressed in terms of total C per m?® of lake,
and are respectively referred to as areal winter CO, accumulation (WACQO,). Winter CO,
accumulation is also expressed as a rate, in terms of C per unit of [ake volume per day,
calculated by dividing the total mass of C accumulated during winter ice cover period by the

total lake volume; this is referred to as winter CO, accumulation rate (WTACO,).

2.4.4 Summer hypolimnetic ACO,

We used CO, profiles to determine the upper limit of the hypolimnion, because they offered a
more relevant resolution than temperature alone. We fixed the upper limit of the hypolimnion
as the depth under which pCO, increased during the summer stratification. In cases where
this depth of the hypolimnion declined during summer stratification, we used the observed
depth in the last summer sampling date for calculations of hypolimnetic volume and ACO,.
The sampling frequency did not allow us to determine exactly the onset of thermal
stratification, especially in the boreal lakes. To derive a better estimate of the actual length of
the stratified period we used the linear relationship between total CO, accumulation versus
time to estimate the date that corresponded to a lake CO, content similar to that found at the
end-of fall mixing CO, content, which is assumed to represent a mixing period steady state
value. This assumption is supported by the low coefficient of variation (15%) of the total lake
CO, content between the Fall of 2007 and the Spring/Summer 2008 samples, suggesting that
when lakes are mixed for a certain period of time (15 to 30 days after complete mixing,

during Spring or Fall), they tend to reach a steady state in terms of CO, content. This
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hypothesis is further supported by the low coefficient of variation (12%) in the total lake CO,
content between the open water samplings of the lakes that were never thermally stratified
during summer (Lake 2, Lake 11 and EM-320). For some lakes, sampling coincided with the
timing of fall overturn, so the end of the summer stratification was estimated using the actual

field observations.

The hypolimnion was divided into |-meter strata, and for each sampling date, we estimated
the total CO, content of the hypolimnion by summing the CO, content of each stratum as
described for the winter. The rate of CO, accumulation in the hypolimnion was calculated as
the difference in total hypolimnetic CO, content between successive sampling dates, and as
with the winter, accumulation rates over the entire stratified period were extrapolated
assuming that the rates determined over the central portion of the summer applied to the
entire stratification period. As with the winter, summer hypolimnetic CO, accumulation is
expressed both in terms of total C per m” of lake (HACO,) and as a rate, in terms of C per
unit of lake volume per day, calculated by dividing the total mass of C accumulated during
the stratification period by the total hypolimnetic volume; this is referred to as hypolimnetic

CO; accumulation rate (HTACQO,).

On some occasions, the depth profiles were not carried out in the deepest portion of the lake,
or the lake depth exceeded the length of the probe cable (Lake Bowker); in either case, there
were strata that were not sampled for pCO,, both for the winter and hypolimnion. In these
cases, we assumed that the average volumetric rates of CO, accumulation that were estimated
from the sampled depths of the hypolimnion also applied to the deeper strata that were not
sampled; for these strata we then estimated the total CO, accumulation using the above rates
and the corresponding volume, and added the resulting mass of C to that estimated for the
sampled portion. The missing depths usually corresponded to less than 5% and 15% of the

winter and hypolimnetic volume, respectively.
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2.4.5 CO, fluxes

Gas exchanges at the air-water interface are a function of the concentration gradient between
the water and the atmosphere, and the piston velocity of the gas. Piston velocity (k), which
corresponds to the speed of exchange of a given gas at the air-water interface, is known to
vary with temperature and wind speed, among others. To estimate the piston velocity for our
lakes, we used the relationship by Cole and Caraco (1998), which is more adequate for
relatively low wind environments (<3 m s™) such as the ones we encountered (the mean

wind speed during sampling in James Bay was 3 m s and 2,2 m s™ in the temperate regions):
keoo=2.07 + 0.215U,"" (1)

where kgqq is the piston velocity normalized for a Schmidt number of 600 at 20°C, U, is the
wind speed at 10 meters from the lake surface. For the temperate lakes, we used daily wind
speed measured by the closest (less than 30 km from the sampling sites) meteorological
stations available (Environnement Canada and Université de Montréal). For Boreal lakes, we
measured the wind during summer using a Kestrel 3000 (Nielsen Kellerman Inc) anemometer
at each sampling site for all dates and wind speeds was converted to U, according to
Amorocho and DeVries (1980). In order to estimate an open water mean kg, we divided
wind speeds in classes with an interval of 1 m s™' and calculated the probability of each class
to occur during the ice-free period for each of the Laurentians, the Eastern-Townships and the
Boreal lakes, respectively. We then estimated an open water weighted average kgoo for each
region, which is pondered for the observed frequency distribution of wind speeds, using the

following equation:

ksoowa=2[pi X Keooi] (2)

where keoows 1s the weighted average kg0, pi is the probability of a wind speed in the class i to
occur, and kgoo; is the ke for the wind speed class i (i=0 to 9 m s'). Regional piston
velocities were than calculated for CO, for the surface water temperature of each sampling

date using Jahne and others (1987):

kgasl/kgas2:(scgasl/s cgas2) v (3)
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where Kgas1 15 the ksoowa described above, and Sc is the Schmidt numbers (Wanninkhof 1992)
of the gas for the corresponding water temperature. The CO, flux was calculated for each

sampling date as in Wanninkhof and others (1987):

FIUX = }J.k (Kh X [pC02wa:er' pCOQair]) (4)

where p is the chemical enhancement factor (see below), & is the weighted-average piston
velocity from equation 3, K, is the Henry’s constant for CO, at a given temperature and
salinity, pCOywaier 1S the partial pressure of CO, in the water measured at 0.5 meter depth, and
PCOyy; is the partial pressure of CO; in the overlying atmosphere. In all cases, the surface pH
was below 8 and in almost all cases the surface water was CO, supersaturated (exceptions:
lake Connelly on three occasions and lake Bran de Scie on one occasion). Under these

conditions, the chemical enhancement factor () is negligible (Wanninkhof and Knox 1996).

2.4.6 Annual CO, fluxes and contribution of winter and hypolimnion

To estimate the net annual CO, emission, we integrated the fluxes calculated from measured
surface pCO,. For temperate lakes, monthly measurements of pCO, (from May to October)
were available including spring and fall mixing periods. In the case of boreal lakes, we only
sampled from June to September. To account for the lack of actual pCO, measurements in the
weeks immediately after ice melt in the boreal lakes, we assumed that the accumulated CO,
under the ice was entirely emitted from the system over a l-month period after ice melt
(Huotari and others 2009) and that these fluxes coming from winter accumulation were
superimposed to a spring baseline flux value. We further assumed that the baseline spring
CO;, flux was similar to that observed in late spring (June). The relative contribution of winter
and summer hypolimnion was calculated as the ratio of winter or hypolimnetic ACO; to the

open water net CO, fluxes.
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2.4.7 Bathymetry

The bathymetric survey was carried out in the context of a parallel study that focused on
sediment C stocks in these same lakes (Ferland, in prep). The lake bathymetry was
determined by ecosounding using a sub-bottom profiler (Bathymetric Survey System BSS+3
depth sounder, Specialty Devices Inc) connected to a GPS. The instrument was towed on a
boat following a zigzag pattern across the surface of the entire lake; the resulting transects
were used to reconstruct the three-dimensional shape of the entire lake basin, using ArcGIS
(v9, ESRI Inc) software to extrapolate the depth measurements; total lake volume, and the

surface and volume of each 1-m stratum were then calculated also using ArcGIS software.

2.4.8 Statistical analyses

Statistical analyses were performed using the platform JMP v7.0 (SAS Institute Inc). We
used standard least squares regressions and data was log-transformed to attain normality and
homoscedasticity. We used a probability threshold of 0.05 for statistical significance. Data
points with studentized residuals exceeding three were excluded from the regressions. All

means are presented with their standard deviation.



2.5 RESULTS

2.5.1 General lake characteristics

Basic limnological data of the studied lakes are summarized in Table 2.1. Mean summer TP
ranged from 5.6 to 17.2 pg L', mean DOC concentration ranged from 2.5 to 11.4 mg L™ and
the boreal and temperate lakes did not differ in average TP but differed in terms of their mean
DOC concentrations (mean + standard deviation: 7.6 + 1.9 and 4.5+ 1.5 mg L', respectively;
Wilcoxon; n; = 12; n,=4; p = 0.01). Secchi depth was strongly negatively correlated to DOC
(Pearson; r = -0.91; p < 0.0001), suggesting a major role of DOC in determining the light
climate in these lakes. TP, DOC, secchi and mean depth were strongly correlated to each
other (Pearson; r > |0.6]; p < 0.005), i.e. lakes that had low mean depth tended to have low
secchi and higher DOC and TP concentrations. The lake area to catchment area ratio was
correlated to TP (Pearson; r = -0.7; p < 0.005), and DOC (Pearson; r = -0.6; p = 0.02; Lake

Connelly and Bran de Scie excluded).
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2.5.2 Winter conditions

Ice cover length was 182 + 15 days (Nov 15th, 2007 to May 15 2008) for the boreal lakes,
and 136 + 15 days (Dec 1%, 2007 to April 15, 2008) for temperate lakes, except for lake
Bowker, which was covered by ice for 121 + |15 days (December 15, 2007 to April 15, 2008).
The thickness of the ice varied from 30 to 100 cm, and during the sampling period, there
were on average more than 20 cm of snow overlying the ice. Under-ice PAR measurements
showed that less than 1% of the incident light reached the water layer below the ice at least
during the periods sampled. Typical winter temperature profiles were observed: Temperature
was near 0°C under the ice, with a sharp increase within the first meters (at a rate of
1.25°C m™"), and a more gradual increase thereafter (at a rate of 0.05 to 0.10°C m™), reaching
a temperature of approximately 4°C near the sediments. The winter volume-weighted mean

temperature ranged between lakes from 1.2 to 3.0 °C (mean = 2.2 £ 0.6 °C).

2.5.3 Winter CO; dynamics

Figure 2.2A shows an example (from Lake Connelly) of a temporal succession of winter,
under-ice pCO, profiles; all these profiles typically show a gradual increase with depth, and a
more rapid increase towards the sediment. Lakes were consistently CO, supersaturated on all
winter sampling dates, at all depths sampled. Under-ice pCO; varied from 500 to a maximum
exceeding 7000 patm in layers close to the sediment. Total winter CO, accumulation
(WACO,) varied from 4.0 to 13.9 g C m™ (Table 2.1), with an overall mean of 83 =
2.6 g C m™. The mean total WACO, for Boreal lakes (7.8 £ 2.1 g C m™®) was slightly lower
than for temperate lakes (9.9 = 3.6 g C m™), but the two regions were not significantly
different from each other (Wilcoxon; p = 0.2). Lake EM-320, Lake 34 and Lake 66 were only
sampled in March due to dangerous flying conditions for the helicopters in December. To
estimate WACQO, for these lakes, we assumed that the winter CO, content at the time of ice
formation was the same as in the fall overturn period (see Methods, Hypolimnetic ACO, for

more details on this assumption). WACO, was positively related to mean depth (Figure
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2.4A; Table 2.2, Equation 1), and the lakes from the two regions fit in the same relationship;
WACO,; was also related to maximum depth (r*=037;n=14; p = 0.0481; data not shown).
WACO, was not related to any of the other variables tested (TP, DOC, Secchi, Chl a, lake

volume, lake area or drainage ratio).

Volumetric rates of CO, accumulation in the winter (WTACO,) varied from 3.5 to 24.5
mg C m™ d' (Table 2.1) with an overall mean rate of 12.0 + 4.5 mg C m” d'. WtACO,
averaged 12.4 + 4.5 mg C m” d”' in boreal lakes, and 11.1 + 52 mg C m” d"' in temperate
lakes, and did not differ significantly between regions (Wilcoxon; p = 0.5) but lakes Bowker
and 11 were clear outliers within their respective regions, and when excluded, the mean
temperate WTACO, tended to be higher than that of boreal lakes (Wilcoxon; p = 0.06).
W1ACO, was negatively related to mean depth (Figure 2.4B; Table 2.2, Equation 2) and
showed a positive trend with TP (not significant). WTtACO, was not related to maximum

depth, water volume, lake area, DOC, Secchi or chlorophyll a.



pCO2 (natm)
1000 2000 3000 4000 5000 6000 7000
0 ] | 1 ] 1
—0— 31/01/2008
—A— 14/02/2008
5 ] —{F— 12/03/2008
10 —
15—
~20d A
)
S
o 0 1000 2000 3000 4000 5000 6000 7000
a o I I L1 1 ]
—0O— 05/06/2008
—— 16/07/2008
5 - —{ 11— 29/09/2008
10 —
15 -
20J B

Figure 2.2 Succession of winter (A) and summer (B) pCO, profiles for Lake Connelly.
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Figure 2.3 Annual cycle (from Nov. 2007 to Nov. 2008) of Lake Croche showing the
increase of total CO, content under the ice and during summer stratification (solid line). The
dashed line shows the daily fluxes estimated from pCO, measurements. The large declines in
the CO; content during spring and fall mixing periods are associated with high emissions of
CO,, to the atmosphere.
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Figure 2.4 The relationship between winter areal CO, accumulation (WACO,) and mean lake
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(WTACO,) and mean depth (B). Outliers are marked with an arrow, and regression equations
are in Table 2.2 (Equations 1 and 2). Open circles = Boreal lakes, Dark circles = Temperate
lakes.
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2.5.4 Hypolimetic conditions

Summer thermal stratification lasted on average 98 days (range: 73 to 101 days) for boreal
lakes, and 145 days (124 to 187 days) for temperate lakes. Hypolimnetic volume
corresponded to an overall mean of 31% (11 to 55 %) of the total lake volume. The volume-
weighted hypolimnetic mean temperature ranged from 6.9 to 14.6 °C (mean: 11.7 £ 2.7 °C).
The mean, volume-weighted hypolimnetic temperatures were significantly different between
the two regions (Wilcoxon; p = 0.0055), boreal lakes having higher temperature in the

hypolimnion (1.6 times higher, in average).

2.5.5 Hypolimnetic CO; dynamics

The total hypolimnetic CO, accumulation (HACO,, expressed in g C m™ of lake area) ranged
from 0.3 to 11.0 g C m™ (Table 2.1) with an overall mean of 3.1 + 2.8 ¢ C m™. The mean
HACO, differed between the two regions (2.1 £ 1.5 g C m™ and 5.4 + 4.0 g C m™ for boreal
and temperate lakes, respectively), but the differences were not significant (Wilcoxon; p =
0.1). A stepwise regression including nutrients, temperature and morphometric variables
retained only mean depth (positively related, Figure 2.5A) and TP (positively related), and
boreal and temperate lakes followed the same relationship (Equation 3, Table 2.2). HACO,
was not significantly related to lake area, lake volume or to the catchment area to lake area

ratio.

Volumetric rates of CO, accumulation in the hypolimnion (HTACO,) ranged from 2.1 to 39.4
mg C m” d"' (Table 2.1), with an overall mean of 19.7 £ 10.1 mg C m> d”'. HtACO, did not
differ (Wilcoxon; p = 0.9) between boreal (mean = 19.9 + 8.5 mg C m> d") and temperate
lakes (mean = 19.3 + 14.7 mg C m> d). The best predictor of HtACO, was TP (Figure 2.5B;
Table 2.2, Equation 4). HtACO, was not related to morphometric variables or DOC.
HtACO, was on average 1.8 times higher than WtACO, for the same lakes (Table 2.1), and
both rates were not significantly correlated to each other (Figure 2.6). This suggests that there

is not a close coupling between winter, under-ice and summer hypolimnetic processes.
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2.5.6 Annual CO, fluxes

CO; fluxes (negative values are for influxes) to the atmosphere ranged from -10.5 to 757
mg C m™* d”', and followed a similar seasonal pattern across lakes. Figure 2.3 shows a typical
seasonal progression of CO, fluxes, determined for Lake Croche. Fluxes tended to be high in
spring and in fall overturn (Figure 2.3), and lowest in the summer. On an annual basis, all
lakes were a net source of CO; to the atmosphere, annual emissions ranging from 25.3 to 77.8
g Cm™? yr' (Table 2.1), with a mean of 40.9 + 14 g C m™ yr'. Net annual CO, fluxes were
positively related to DOC (Figure 2.7A; Table 2.2, Equation 5), and negatively related to lake
area (Figure 2.7B; Table 2.2, Equation 6).
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Figure 2.5 The relationship between (A) areal hypolimentic CO, accumulation (HACO,) and
mean depth (Z), and (B) the relationship between volumetric CO, accumulation rates in the
hypolimnion (HtACO,) and total phosphorus (TP). The outlier is marked with an arrow. The
regression equations are in Table 2.2 (Equations 3 and 4). Open circles = Boreal lakes, Dark
circles = Temperate lakes.
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Figure 2.6 The relationship between volumetric hypolimnetic CO, accumulation rates
(HTACO,) and volumetric winter CO, accumulation rates (WtACQO,;). Note the decoupling
between winter and hypolimnion, and the larger range of variation of HtACO, relative to
W1ACQ,. The dashed line shows the 1:1 slope. Open circles = Boreal lakes, Dark circles =
Temperate lakes.
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2.5.7 Winter and hypolimnetic contribution to the annual CQO; emissions.

The relative contribution of winter CO, accumulation to the net annual CO, emissions
(WRC) ranged from 6.7 to 54.9 %. (Table 2.1), and was not significantly different between
the two regions (Wilcoxon; p = 0.7). The overall average WRC was 24.0 + 11.9%, and
tended to decrease with increasing mean lake TP (Figure 2.8A; Table 2.2, Equation 7) and to

increase with increasing DOC, although this relationship was not significant.

The relative contribution of hypolimnetic CO, accumulation to the net annual CO, emissions
(HRC) ranged from 0.8 to 43.9 % (mean = 9.3 + 11.3 %) (Table 2.1), and boreal lakes tended
to have a lower HRC compared to temperate lakes (not significant). HRC increased with
mean depth (Figure 2.8B; Table 2.2, Equation 8). A stepwise regression including all
nutrients and morphometric variables, retained only TP (positively related) and mean depth

(positively related) in the model (Table 2.2, Equation 9).
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Figure 2.8 The contribution of winter CO, accumulation to the annual net CO, emissions
(WRC) as a function of TP (A), and (B) the contribution of hypolimnetic CO, accumulation
to annual net CO, emissions (HRC) as a function of mean depth (Z). Outliers are marked
with an arrow, and the regression equations are in Table 2.2 (Equations 7 and 8). Open circles
= Boreal lakes, Dark circles = Temperate lakes.



2.6 DISCUSSION

2.6.1 Methodological uncertainties

There are several assumptions or processes that may influence our results. Two to three
weeks before ice melt, thinner ice conditions and loss of snow cover may allow significant
rates of primary production. For safety reasons, we did not sample during this period, rather
we assumed that CO, accumulation rates were the same as measured during the winter; this
could result in a slight overestimation of WACQ,, which based on previous studies, should
not exceed 5 to 10% (Huotari and others 2009). For several lakes we could not have full CO,
profiles to the bottom, and had to assume that rates of CO, accumulation observed in the
upper layers of the hypolimnion and ice-covered lakes applied to the missing depths in the
bottom of the lake. Since rates of CO, accumulation usually increase towards the sediments
during both winter ice-cover and summer stratification, this assumption may result in a slight
underestimation of the overall rate of CO, accumulation, especially when missing depths
represented a large proportion of the water volume (i.e. Lakes Bowker and Natel). During
summer sampling, lakes were generally well stratified, but we cannot exclude that high wind
conditions and drops in summer temperature, especially in the boreal region, could have
resulted in partial mixing of the water column between sampling dates. Finally, sampling at
the central point of lakes assumes of a complete horizontal mixing, and thus spatial

heterogeneity (ex. more active littoral zones) is not taken into account.

2.6.2 Winter CO; dynamics

Most previous studies reporting winter metabolic rates (Table 2.3) have focused on oxygen
depletion rates. To facilitate comparison with published data, we converted our rates of CO,
accumulation to Winter Oxygen Deficit Rate (WODR; expressed in m” of lake area) using an
RQ of I, which was empirically determined for these same lakes (Ducharme-Riel et al.
Submitted, see Chapter 3). As shown in Table 2.3, our results were well within the range

previously reported by other studies (Table 2.3). Our lowest values of WODR (Lake
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Mistumis, 57 mg m™ d"') was lower than the lowest rates observed in other studies. As
discussed previously, the volume of Lake Mistumis may have been slightly underestimated

due to sampling difficulties.

Total CO, accumulation during winter was relatively invariant (variation coefficient of about
31%) considering the range of lake morphometry and water chemistry. Surprisingly, there
was no major difference in total winter CO, accumulation between regions, in spite of major
differences in the length of winter ice cover and watershed features. Winter CO,
accumulation should be greater in the boreal region where the winter ice cover is on average
35% longer, yet temperate lakes tended to have higher rates of CO, accumulation
compensating for a shorter ice cover period. Shorter ice-cover periods seem to be somehow
offset by higher rates and hypotheses about the underlying compensatory mechanisms are
discussed further. The positive relationship between mean depth and areal winter CO,
accumulation (WACO,; Figure 2.4) suggests a significant role of pelagic processes in the
accumulation of CO, during winter, and this observation is in accordance with results
obtained by previous studies (Welch and others 1976; Barica and Mathias 1979; Mathias and
Barica 1980; Babin and Prepas 1985). The role of pelagic processes in winter CO, dynamics
is investigated further in a companion paper (Ducharme-Riel and others, submitted, see
Chapter 3), where we have also explored the sources of organic matter supporting winter

metabolism.

The negative relationship between W1ACO, and mean depth (Figure 2.4B) could suggest
either a dilution of benthic CO, in an increasingly deep water column, or the fact that pelagic
processes tend to be slower in deeper lakes. All winter pCO, profiles (example in Figure 2.2)
showed peak of pCO, near sediment, indicating diffusion of CO, from the sediment layer that
contributes significantly to the pelagic CO, accumulation (see also Rantakari and Kortelainen
2005). Mean depth could also partly act as a surrogate for lake trophy, but WtACO, varied
only by 37%, despite a four-fold variation in TP.



(9007) 121333 pue smayuey AOHV 0801 sesadwa] oydospredAH
(S661) SloquInN
(2661) '1e 12 10[0IN
(£ 861) 19181y pue nawo)
(0861) uoljrey) dOHV 006 01 101 seredwa ], orydonosapy o1 orydonosiQ
%U:Hm NUNS dOHY S6S 03 8¢ oum._on_r:o,ﬁ pue jeaiog oEn_O.:OmoE 0] UEQO.:ow:O
(s861) sedaig pue uiqeq AAOM 878 01 €17 Jealog orydoapedAH 01 a1ydonodio
(0661) 101puiyds qaom 00% 01011 Jeatog patydonng Ajjenymy
(6L61) SEWYIB pUE EOLIEG qaom 0Z¥ 0102¢ soxe] auleld swydonng
(z007) 21dpueala(q pue myseg NAdom ZIis otesodwa |, oydonosay
(9L61) T2 1@ yolom AAOM 06€ 0108 sleradwd | o1ydonossjy 01 olydono3io
(8007) 'e 10 uoss|iey] 4AOM 20T onoreqng s1ydonosew-0311Q
(8007) "1e 12 21ym
($861) uuewsIag pue Ya|am ATOM 0Z€ 91 0Z1 onaIy oiydonodio
Apnis sty NAOM €LT 03 LS Jelodwa] pue jealog arydonosajn 01 o1ydonosQ
90UdI9)Y 2INSeaN (,.p w 3w) 4o adA1 snyes orydos

-

"1 Jo juanjonb Arojendsal e Suiunsse (qOHVY Pue (IO 01 PIHIAU0O sem (p[oq ul) Blep InQO

‘(QOHV) puewep us8Axo onauwijodAy [Bale pue (YAOM) S2iel uons(dop uUs8AX0 19juim uo ASAINS 3INJRIAI| Y} JO Arewiwung €7 dqeL



51

2.6.3 Hypolimnetic processes

Likewise to winter metabolic studies, research on hypolimnetic metabolism has mostly
focused on O, consumption (Table 2.3). Again we converted our CO, accumulation to areal
hypolimnetic oxygen demand (AHOD; expressed per m” of hypolimnetic surface area), also
assuming a RQ of 1 (Table 2.3). Our results are well within the range previously reported
(Nirmberg 1995). Our lowest value of AHOD (Lake 8) was lower than the lowest rates
observed in other studies and this is explained by the fact that this lake had an extremely low

ratio of hypolimnetic volume to total lake volume.

We found a positive relationship between areal CO, accumulation in the hypolimnion
(HACO,) and mean depth (Figure 2.5A), similar to that described for WACO,, which
suggests that pelagic processes in the hypolimnion also contribute significantly to CO,
accumulation. In contrast to WACO,, TP explained a significant part of the variation in
HACO, (Table 2.2, Equation 3), as previously observed by Cornett and Rigler (1980), and
volumetric rates of CO, accumulation in the hypolimnion (HtACO,) were also positively
related to TP (Figure 2.5B). It would thus appear that hyplomnetic CO, dynamics are more
tightly coupled to lake trophy than winter CO, dynamics, and this coupling may explain the
stronger cross-lake variation in HACO, (variation coefficient = 69%) relative to winter
(31%). Not surprisingly, HACO; is on average higher in temperate lakes than in boreal lakes,

the latter having a shorter summer stratification period.

2.6.4 Links between winter and hypolimnetic CO; dynamics

We found that total winter CO, accumulation was on average greater than hypolimnetic CO,
accumulation (Wilcoxon; p < 0.0001), this despite the significant higher volumetric rates of
CO, accumulation in the hypolimnion compared to winter (Wilcoxon; p = 0.0087). The ice
cover period was longer to the summer stratification in boreal lakes, but approximately of the
same length in southern lakes, and when these are considered separately, total CO,

accumulation during these two periods was not statistically different in temperate lakes. This
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would suggest that higher HTACO, compensates for the smaller water volume in the
hypolimnion compared to under-ice water volume, but not high enough to compensate for

major differences in the length of winter ice-cover relative to summer stratification.

The lack of relationship between WtACO, and HtACO, (Figure 2.6) has several
implications. From a practical viewpoint, it suggests that it is not possible to predict winter
CO, production rates on the basis of summer processes, and vice-versa. Conceptually, this
lack of relationship suggests that the variables primarily regulating winter CO, accumulation
may be different from those controlling these processes during summer, or alternatively, that

these variables do not have the same influence on these two components of the annual cycle.

During summer, higher TP concentrations are associated with higher rates of primary
production in lakes (Smith 1979) and higher metabolic rates in general (Ahrens and Peters
1991; Cimbleris 1998; Pace and Prairie 2005). Although primary production may not be
significant in the hypolimnion itself, sinking of particulate organic matter from senescent
algae of the upper strata (Baines and Pace 1994) results in inputs of freshly produced organic
matter to the hypolimnion. Thus, it is not surprising that variations in lake trophy, here
represented by a gradient in TP, should affect hypolimnetic CO, dynamics, influencing both
areal and volumetric CO, accumulation rates in the hypolimnion. In contrast, trophic
differences among lakes should be less apparent in winter, because differences in both
microbial heterotrophs and benthic or planktonic autotrophs may be muted, the first being
limited by low temperature and very low new inputs of organic matter (Felip and others
1996; Carlsson and Caron 2001), the second being limited by low, under-ice irradiance. This
hypothesis is supported by the observed convergence in WTACO, in ice covered lakes that
otherwise differ widely in lake trophy and morphometry. The apparent uncoupling between
hypolimnetic and winter CO, dynamics does not imply that winter processes are completely
disconnected from growing season features. There is probably a memory of summer
productivity on winter processes, since CO, production during winter may rely partly on
organic matter that was generated during the period of open waters (Karlsson and others
2008). This memory should be greater in lakes where the ice cover period is shorter, and this

could explain why temperate lakes, which have a shorter ice cover period but similar ranges



53

of morphometric and nutrients variables, tend to have higher WtACO, compared to boreal

lakes.

2.6.5 Contribution of winter and hypolimnetic CO; accumulation to annual C budgets

We found that both winter and hypolimnetic CO; production were significant components of
the annual CO, budget of these lakes: Winter contributed between 7 to 55 % of the total
annual net CO, fluxes while hypolimnion contributed from 1 to 44 % (Table 2.1). The CO,
accumulated during both periods will eventually be fluxed to the atmosphere or exported via
the outlet, yet it probably seldom accounted for in annual C budgets of lakes. For example,
our more detailed sampling in the temperate lakes revealed that lake CO, content reached
pre-ice values approximately 28 days (22 to 37 days) after the onset of ice-melt, suggesting
that the CO, accumulated over the winter was completely released to the atmosphere within a
few weeks, and due to concentration gradients, the bulk of emissions must occur within days
of ice break. This period following ice-break in northern regions is typically undersampled,
due to logistical and security issues, and thus the contribution of winter CO, production has
probably been systematically underestimated in northern landscapes. Likewise, the bulk of
hypolimnetic CO, accumulated during summer stratification will be released to the
atmosphere within the two to three weeks following fall overturn (Figure 2.3), and will not be
effectively captured unless the systems are followed closely in time. According to our results,
ignoring winter and hypolimnetic contribution can lead to an average underestimation of

33 % of the net annual CO, emissions.

One of the consequences of the relatively narrow range of WACQ, is that despite the wide
range in lake area (0.04 to 4 kmz), no relationship was found between WACQO, and lake size
and with region. The corollary is that an average value of winter CO, accumulation (in our
study 8.3 £ 2.6 g C m™) can be applied to both temperate and boreal lakes of various sizes to
account for winter-derived CQO, fluxes when the period following the ice melt is not sampled,
assuming that all this CO, produced during winter will eventually be all emitted to the

atmosphere.
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The hypolimnetic contribution to annual net CO, emissions (HRC) was positively related to
mean depth, and this relationship is to be expected, since deeper lakes have both deeper
hypolimnia and longer and more stable stratification, but it also suggests a significant role of
water column processes in the accumulation of CO,. We explore this role in more detail in a
companion paper (Ducharme-Riel et al. Submitted, see Chapter 3). HRC also increased with
lake trophy, and this might be the result of higher availability of nutrient and organic matter

to fuel decomposition.

It is interesting to note that, contrary to HRC, the relative importance of winter CO,
accumulation to the annual CO, budget (WRC) peaked at both ends of the productivity
spectrum (in both the most oligotrophic lakes, and in most productive lakes. This should
generate a U-shaped pattern of winter contribution as a function of trophic status, for
example, as summer TP, in these lakes. This pattern was not very clear, in part because we
have few lakes in this high productivity category, and TP may not be the best indicator of
primary production. Our data shows an initial decline in the WRC versus TP relationship
(Figure 2.8A), and this pattern is probably due to a dilution of the winter signal, which does
not vary greatly among lakes, with an open water signal that increasingly contributes to the
annual flux as summer lake metabolism increases due to higher TP and DOC. However,
beyond a certain threshold in nutrient enrichment, primary production in the surface layers
becomes the major component determining the open water CO, balance, to the point where
there may be net CO, uptake by the system. Under these circumstances, both the hypolimnion
and the winter ice-cover periods become much more important again in determining the net
annual emissions, because both accumulate larger amounts of CO, relative to net summer
fluxes and thus, when these components are considered, lakes become a net annual CO,
source to the atmosphere. Connelly is perhaps the example of a lake having high rates of
primary production during the open water period, as suggested by the net uptake of CO,
during most of the summer (data not shown) and where almost the totality of CO, effluxes
observed in this lake occurred during spring and fall as a result of winter and hypolimnetic
CO, accumulation. In this regard, Lake Connelly would have been erroneously considered as

a net sink for CO; if winter and fall mixing would not have been considered.
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2.6.6 Effects of climate and land use changes on winter and hypolimnetic CO; production

Mean annual temperatures and precipitation in the boreal region of northern Quebec are
predicted to increase over the next 100 years between 3 to 7°C, and from 12 to 31%,
respectively (Christensen and others 2007). In terms of temperature, northern boreal regions
will become more similar to present day temperate regions. The temperate lakes targeted in
our study had higher rates of winter CO, accumulation than boreal lakes of roughly similar
morphometry, but since the ice-cover period was shorter, total winter CO, accumulation was
similar between lakes in the two regions. This finding suggests that winter C accumulation
may not necessarily decline under scenarios of reduced winter ice coverage induced by
climate change, but rather that there may be compensatory mechanisms, as discussed
previously. In our study, temperate and boreal lakes had similar rates of hypolimnetic CO,
accumulation but had significantly different total hypolimnetic CO, accumulation, resulting
from longer stratification periods in temperate lakes. Climate warming will probably result in
longer and stronger stratification, and the importance of the hypolimnion will likely increase;
epilimnetic metabolism will also increase as a result of warmer temperature, and further
influence hypolimnetic metabolism. Climate changes will also induce shifts in regional
vegetation and soil characteristics, and most likely changes in nutrient and DOC loading to
lakes that may alter the lake CO, dynamics. The lack of significant difference between the
annual CO, budgets of boreal and temperate lakes suggests that these regional changes may
not induce major shifts on the total annual CO, budget, but rather influence the relative

importance of the components of this budget.



2.7 CONCLUSION

One of our main conclusions is that winter C accumulation is in fact remarkably invariable
(31%) across lakes of very different types and regions, and this allows the application of an
overall mean value to lakes in general, both in boreal and temperate landscapes. This is
important as a tool to incorporate winter to annual lake C budgets. There appears to be little
memory of lake trophy and open water processes on winter CO, accumulation, but
hypolimnetic CO, accumulation is more strongly coupled to summer productivity. There is
also a convergence in total annual C emissions (per m”) between lakes that varied by 3 orders
of magnitude in lake area, 6-fold in DOC and 4 fold in TP. Winter may play an important role
in this compensation, acting as a buffer to the divergence that occurs during the open water
season. Hypolimnetic CO, accummulation was more variable among lakes than under-ice
accumulation, but still much less variable than surface processes reported in the literature for
most of these lakes (for example, variation coefficient of 300% in summer planktonic
respiration, see Marchand 2007); in this regard, hypolimnetic processes may also play a
buffering role in terms of cross-lake variability. Winter processes, and to a lesser extent,
summer hypolimnia, thus confer temporal stability to the annual CO, dynamics, and also lead
to a relative convergence of total annual fluxes among lakes that are very different. This in
turn, implies that the aquatic portion of the landscape, taken as a whole, is a more constant
and stable source of C to the atmosphere, with consequences on the regional C dynamics and

budgets.
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3.2 Abstract

Northern lakes are now recognized as important sites of both C storage and C emission to the
atmosphere, and there is increasing interest in understanding the processes that modulates C
dynamics in these systems. In northern boreal and temperate lakes, the winter ice-cover and
the summer hypolimnion both accumulate significant amount of CO, that can contribute to
over a third of the annual lake CO, budget. Therefore the processes generating CO; during
the ice-cover period and in summer hypolimnia need to be better understood. Here we
explored the contribution of biotic processes to CO, accumulation, the dynamics of pelagic
community respiration, the contribution of benthic respiration, the sources of organic matter
fuelling respiration and the ecosystem-level RQs during the ice cover period and in the
summer hypolimnia of a set of four temperate and 12 boreal lakes of varying size and trophic
status. CO, accumulation in these lakes was dominated by biological aerobic pathways.
Pelagic respiration measured by O, consumption in dark incubations varied from 0.1 to 8.2
mg C m™ d”' during the winter ice-cover, from 0.2 to 71.4 mg C m™ d”' in the hypolimnion
and from 6.2 to 204.7 mg C m> d”' in the epilimnion, and seasonal variation in pelagic
respiration rates was mainly modulated by water temperature. Benthic respiration, estimated
by difference between total CO; accumulation and pelagic respiration, contributed in average
to over half (59 to 74%) of the total CO, accumulation during the ice-cover period suggesting
that benthic respiration play a key role in winter under-ice CO; accumulations. The isotopic
signature in 8"°C of the organic matter consumed, obtained from the Keeling plot method,
ranged from -34.5 to -28.8 %o in summer hypolimnia whereas they ranged from -28.2 to -21.5
during winter ice-cover. These values hints toward a clear seasonal shift in the relative
importance of the different sources of organic carbon fuelling respiration, suggesting a key
role of benthic algal primary production in supporting winter metabolism in many of these
lakes and a more significant contribution of phytoplanktonic OC in fuelling hypolimnetic
metabolism. The ecosystem-level RQs ranged from 0.41 and 1.51 for both winter ice-cover
and summer hypolimnia, and they were linked to the sources of organic matter respired. Our
study outline the importance of considering the origin of OC fuelling CO, production in lakes
given that this can both shape lakes gas balance and determine their role as a net source or
sink of C at regional scale.

Key words: lakes CO; accumulations, boreal, temperate, winter ice-cover, summer
hypolimnia, annual cycle, pelagic community respiration, benthic respiration, sources of OC
consumed, respiratory quotients.



3.3 Introduction

Northern lakes are generally supersaturated in CO, (Cole et al. 1994; Kling et al. 1991), and
are therefore net sources of CO, to the atmosphere. Recent estimates suggest that lake C
emissions may potentially be of similar magnitude as other better known components of the
global C cycle, such as forest fires and river C inputs to the oceans (Cole et al. 2007; Tranvik
et al. 2009), yet C fluxes from lakes to the atmosphere have seldom been considered in
regional or global C budgets. Two of the main obstacles to the inclusion of lake processes in
regional C models and budgets are 1) the paucity of complete annual lake emission budgets,
and 2) the lack of models that allow to extrapolate these annual lake budgets to the ensemble

of lakes in a region.

Regarding the former, most studies that have addressed CO, fluxes have focused on the
surface waters of lakes during the open water season, and have generally ignored processes
that occur during winter months, especially under the ice in high-latitude regions, and in
deeper water layers during summer stratification. These sampling biases may potentially
result in major errors in the estimated annual emission budget of lakes, particularly in lake-
rich temperate and boreal landscapes where ice cover is present for over a third of the year
(Striegl et al. 2001). Our own studies (Ducharme-Riel et al. submitted) have shown that in
northern boreal and temperate lakes in Quebec, the period of winter ice cover, as well as the
summer stratification, result in large CO, accumulations, which collectively contribute on
average to over 30% of the net annual CO, emissions of these lakes. It is clear that winter and
hypolimnetic C dynamics need to be better understood, in particular, in terms of both the

processes that generate this CO,, and the sources of C that fuel them.

CO, originates from the biological and abiotic decomposition of organic matter from aquatic
and terrestrial origin (Granéli et al. 1996), from ground- and surface water inputs of DIC
(Striegl and Michmerhuizen 1998), and from in-lake chemical processes. Lake
morphometric, catchment and climate characteristics, which in turn shape the physical
structure of lakes, as well as inputs of nutrients and organic matter to lakes, have all been

linked to lake CO, accumulation and the resulting emissions to the atmosphere (Kortelainen
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et al. 2006; Rantakari and Kortelainen 2005; Sobek et al. 2003). In lakes where CO,
originates mostly from decomposition of organic matter, microbial respiration, and the
variables that modulate microbial metabolism, such as the quality and the availability of
nutrients and organic matter (Carlsson and Caron 2001; Cimbleris and Kalff 1998; Felip et al.
1996), play a key role in the CO, dynamics (Marchand 2007). Microbial metabolism is
probably the dominant process underlying CO, accumulation during winter ice-cover and in
the summer hypolimnion in many northern lakes, since photochemical production and
groundwater CO; injection are probably at a minimum during those periods, but this

hypothesis has seldom been tested.

Microbial metabolism can occur in both the water column and in the sediments, but the
relative importance of these pathways during summer stratification and especially during
winter ice-cover has not been well explored. Lake morphometry and trophic status also
influence the relative importance of benthic versus pelagic processes in lake CO, dynamics
(Kelly et al. 2001). Smaller and less productive lakes typically have a relatively greater
contribution of the benthic compartment on C metabolism than larger or more productive
lakes (Vadeboncoeur et al. 2008), and this probably applies to winter and hypolimnetic CO,
production as well. For example, benthic metabolism accounts for a significant proportion of
total hypolimnetic respiration (20 to 80%) in both small (Carignan and Lean 1991; Cornett
and Rigler 1987; Linsey and Lasenby 1985) and large lakes (Jonsson et al. 2001). In this
regard, Algesten et al. (2005) hypothesized that the contribution of sediments to total CO,
production should be even more important during winter ice-cover, because pelagic CO,
production is slowed down by low inputs of organic matter, the absence of photodegradation
and by low temperatures. Sediments, being many-fold richer in nutrients and organic matter
relative to the water column, and also adapted to consistently low temperatures (Pace and
Prajrie 2005), may sustain higher metabolic rates during winter periods. To our knowledge,
only one study to date has actually quantified the relative contribution of benthic and pelagic

metabolism to under-ice winter CO; build-up (Karlsson et al. 2008).

The processes that generate CO; in deep waters during summer stratification, and in winter

under the ice cover, are strongly linked to the sources of organic C consumed to generate this
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CO,. There are two major sources of organic matter that can fuel biological CO, production
in lakes (Kritzberg et al. 2004), i.e. organic carbon (OC) fixed within the lake (autochthonous
OC) and organic carbon of terrestrial origin (allochthonous OC). There is increasing evidence
that external inputs of organic carbon play a major role in shaping lake metabolism (Aberg et
al. 2007; Karlsson et al. 2007; McCallister and del Giorgio 2008), and thus lake CO,
dynamics (Marchand et al. 2009). In northern temperate and boreal lakes, the importance of
these sources necessarily varies seasonally following changes in the loading and the relative
availability of terrestrial versus algal organic matter. Little is known regarding seasonal shifts
in the relative importance of the various sources of organic C in lakes, and particularly if the
sources fuelling the biological production of CO, differ between winter ice cover (Karlsson et

al. 2008) and summer stratification (Aberg et al. 2007; Houser et al. 2003).

The processes that generate lake CO,, and the underlying sources of organic C, both in turn
should influence the coupling between CO, and O, dynamics at the whole ecosystem level,
particularly at times when either the entire lake, or a stratum within, are isolated from the
atmosphere. Large deviations from physiological ranges of aerobic RQ (Williams and del
Giorgio 2005) during the periods of isolation, i.e. the hypolimnion and the winter ice-cover,
are evidence of the contribution of either anaerobic metabolic processes (Rich 1980), or
abiotic processes that contribute to CO, disproportionately in regards to O,. Thus the
magnitude and variability of ecosystem-level RQ may provide further evidence for the

pathways that lead to CO, accumulation during these periods.

In this paper, we explore CO, accumulation and C metabolism in both summer hypolimnia
and under ice cover in a set of four temperate and 12 boreal lakes, located in three major
regions of Québec. In particular, we studied the origin of the CO, that accumulates during
these periods (abiotic versus biotic processes), the relative importance of pelagic versus
benthic CO, production, the coupling between O, and CO, dynamics, i.e. the respiratory
quotient at the ecosystem level, and the organic matter sources supporting biological CO,
production during the two periods. The benthic contribution to total CO, accumulation in
hypolimnia and winter ice-covered Jakes was estimated by difference using measurements of

pelagic respiration and total CO, accumulation rates. Ecosystem-level RQs were estimated on
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the basis of departures from saturation along water column profiles during the two periods, to
assess how the coupling between O, and CO, dynamics varied across lakes, and how it may
be linked to the underlying processes and to the sources of organic matter consumed.
Potential differences in the sources of organic matter consumed were determined from
Keeling plots using the change in 8'°C isotopic signature of DIC during the ice cover period

and summer stratification.



3.4 Methods

3.4.1 Study sites and sampling design

For this study we targeted a total of 16 lakes, within two broad regions (Figure 2.1). Four
lakes were sampled in the southern temperate region of Québec: Two of these (Bowker and
Bran de Scie) are located in the Appalachian area of Eastern-Townships, 150 km south of
Montréal, and the other two (Croche and Connelly) are located in the Laurentian area of the
Canadian Shield, 100 km North of Montréal; twelve lakes were further sampled in the
Eastmain River region of boreal Québec, approximately 1500 km Northwest of Montréal.
The two regions, boreal and temperate, are characterized by large differences in climate:
Average January temperatures range from -30 to -15°C and from -20 to -5°C (Natural
resources Canada, 2007B and C), respectively, and the length of lake ice cover is on average
180 and 140 days respectively (Ducharme-Riel et al. submitted). Average June temperatures
in the boreal region range from 6 to 25 °C and from 11 to over 25 °C in the temperate region
(Natural Resources Canada, 2007B and C). Lakes were selected within each region to obtain
a range of nutrient concentrations and morphometry (Table 2.1), similar between the two

regions.

3.4.2 Sampling

The four lakes in the temperate region were sampled monthly during an annual cycle, from
Nov. 2007 to Nov. 2008. The twelve boreal lakes were also followed over an annual cycle
but the sampling interval varied: They were sampled in June, July/August and September of
both 2007 and 2008 (spring/summer samples), and in December 2007 and March 2008
(winter samples). Lakes were visited once during each sampling month, and sampled at their

deepest and central point.

The percentage of incident light penetrating the ice cover (see chapter 2 for more details), as

well as the light attenuation profile during open water period was determined with a Li-Cor
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(Li-1400, quantum underwater cell 6574). Secchi depth was further measured for all lakes
during the open water period. A detailed depth profile (one meter interval) of temperature,
pH, conductivity, O,, (using a YSI 600XLM, Yellow Spring Instruments Inc.), and pCO; was
carried out at each sampling time. In situ pCO, was determined using an EGM-4 (PP Systems
Inc.) connected to a gas equilibrator (Mini Module membrane contactor G542, Membrane
Underlining Performance Inc.) in a closed recirculating loop and a peristaltic pump (Cole
and Prairie 2009; Roehm et al. 2009). At the outlet of the peristaltic pump, a Y-shaped
connection allowed the water to pass through the gas equilibrator for pCO, measurements or
through a length of tubing to collect other types of samples at the desired depths. Water
samples were collected at a | meter depth for total phosphorus (TP) and chlorophyll a. All

tubes were acid washed and rinsed three times with nanopure and in situ water before filling.

3.4.3 Chemical analyses

Water for DOC and DIC was taken at | meter depth, middle water column and at 1 meter
from the bottom during each winter sampling. Hypolimnetic DOC and DIC samples were
taken at middle hypolimnion depth. Additional DIC samples were taken at the top and bottom
of the hypolimnion of the temperate lakes for Keeling plots analyses (see below). Gas tight
40-ml vials were filled in situ with no bubbles for DIC. All DOC samples were taken in
60-ml syringes and water was then filtered with a 0.45 um Sarstedt Filtropur capsule and
poured into two 40-ml acid washed vials. Samples were kept colder than in situ temperature
in their way to the lab to avoid further bubble formation and were stored at 3°C until analysis.
DOC and DIC samples were passed through an O.I. Analytical 1010 TIC-TOC analyser
within one week after sampling. TP was analysed with unfiltered samples after persulfate
digestion, and chlorophyll @ was extracted in ethanol and its concentration was estimated by

spectrophotometry (Sartory and Groppelaar 1984; Wetzel and Likens 1991).
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3.4.4 Changes in winter and hypolimnetic DOC and DIC concentrations

The changes in DOC concentration during winter ice cover (winter ADOC) were estimated
by integrating the area under the curves of the DOC mass profiles. DOC mass is the product
of the DOC concentration by the water volume of the corresponding one-meter stratum. The
DOC mass of each one meter stratum was plotted as a function of depth of the strata. The
integrated area of the last winter sampling was then subtracted from the area of the first
winter sampling to obtain the total DOC change. For the summer stratification period, the
DOC concentration was measured only at the mid-depth of the hypolimnion. Differences in
concentration between consecutive sampling dates were used to estimate the average DOC
change in the hypolimnion. In the lakes where isotopic analyses were conducted (see below),
the changes in winter and hypolimnetic DIC concentration (ADIC) were also estimated using
the same method as for ADOC. ADOC and ADIC are expressed as changes in DOC or DIC

per unit volume (hypolimnetic volume or lake volume in winter, respectively) per day.

3.4.5 Winter and hypolimnetic ACO,

Volumetric rates of CO, accumulation in the hypolimnion (HtACQO,) and in ice covered lakes
(WTACQO,) were previously estimated in Ducharme-Riel et al. (submitted) and are presented
in Table 2.1. The individual measurements of pCO, were converted to CO, concentration
using Henry’s Law. For each sampling date, we estimated the total CO, content of the ice
covered lake and of the hypolimnion, respectively, by summing the CO, content of each one-
meter stratum; the latter was calculated as the product of the CO; concentration at that depth
by the volume of the corresponding stratum. CO, accumulation was estimated as the
difference in total lake CO, content or total hypolimnetic CO, content between consecutive
sampling dates (two to three) over the corresponding period. The resulting values of total
accumulation of CQO, are expressed in terms of C per unit of lake volume, or hypolimnetic

volume per day calculated by dividing the total mass of C accumulated during winter ice
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cover or summer hypolimnia by the total lake volume or the hypolimentic volume,

respectively.

3.4.6 Isotopic analysis

The isotopic signatures in 8"°C of DIC and DOC were analysed during winter for all lakes
and in the hypolimnion of the four temperate lakes during summer stratification. At each
depth were DIC samples were taken, two additional gas-tight 40-ml vials were filled avoiding
the formation of bubbles. Samples were then sent to G.G. Hatch Stable Isotope Laboratory
(Ottawa) for 8"°C analysis of DOC and DIC where they were run in an O.1. Analytical Aurora
1030W TOC analyser connected to a mass spectrometer (Finnigan Mat DeltaAvantage). The

isotopic signature is expressed relative to a standard using the notation & in per mil (%o):
SUC = (Rsample/ Rsv.andard - 1) x 1000

where R = C/'2C (Mckinney et al. 1950). Precision for isotopic determinations is 0.2 %o.

3.4.7 Isotopic signature of the added DIC (Keeling plot method)

Respiration and other processes add DIC with a particular isotopic signature (8"C) to the
lake background DIC, and this added DIC accumulates during the ice cover period and in the
hypolimnion. In cases where DIC accumulation during these periods is primarily due to
respiration, the overall 8"°C signature of the added DIC will correspond to that of the sources
of organic carbon respired. Organic carbon of different origins (terrestrial plant material,
phytoplankton, benthic algae and macrophytes) has specific signatures in 8"°C (see
Discussion and Figure 3.8). It is possible to estimate the isotopic signal of the added DIC
using the Keeling plot method (Karlsson et al. 2007; Keeling 1958; Miyajima et al. [997),
which consists of plotting the 8'"°C signature of the DIC that accumulates as a function of the

inverse of the concentration of DIC; the intercept of this plot indicates the 8"°C signature of
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the added DIC, the latter coming from the decomposition of a combination of different
sources of organic carbon (when the added DIC has a metabolic origin). Keeling plot
analyses were done for all lakes during winter, and for the four temperate lakes during
summer stratification. DIC samples were not corrected for the proportion of DIC in the form
of CO, because pH measurements were not available for winter due to a pH probe failure.
We calculated the slope of the relationship between the rates of CO, accumulation and the
rates of DIC accumulation to estimate the proportion of the added DIC that results from CO,

accumulation during the winter ice-cover and in summer hypolimnia.

3.4.8 Pelagic Respiration

Pelagic respiration was estimated from changes in O, concentration versus time in short-term
incubations in the dark, and O, concentration was measured using two different methods (see
below). For all respiration experiments, water was taken at 1 meter depth under the ice
(winter), 1 meter depth below the surface (open water period) and at middle hypolimnion.
Due to logistical constraints, winter respiration was not measured in boreal lakes. In the lab,
incubators were used to keep the incubation set ups (see below) at in situ temperature during
the experiment. All incubation containers were acid washed and rinsed three times with

nanopur and in situ water before use.

For temperate lakes, the method described in del Giorgio and Bouvier (2002) was used
because it allows to measure low respiration rates in short incubations (< 24 hours). The
incubation set-ups consisted of one 4-liter Erlenmeyer and a 4-liter flexible container
(Cubitainer) connected via acid-washed tubing. The Erlenmeyer is used for the actual
incubation and sampled through an exit port over the time course of the experiment, whereas
the top container serves as a reservoir to replace the water sampled. These flow-through
systems (one per site, per date) were incubated during 48 hours and were sampled every 6 to
8 hours by filling three seven-ml tubes that were then killed with a saturated solution of

HgCl, and covered with a glass cap. Tubes were submersed in a water bath and kept at
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incubation temperature prior to analysis. Samples were analysed within two weeks for

oxygen concentration using membrane inlet mass spectrometry (MIMS, Kana et al. 1994).

The above method is difficult to use in remote areas because the MIMS is difficult to operate
under such conditions, and the incubation systems require large temperature-controlled
chambers or incubators. For respiration measurements in boreal lakes, O, concentrations
were determined using optodes, with a Fibox 3 system consisting of an external fiber optic
probe and oxygen mini-sensors fixed in the bottom of 500 m| Erlenmeyers, which were filled
in situ and closed with a silicon cap (method detailed in Marchand 2007). The upper part of
the Erlenmeyer is further covered with parafilm to ensure complete isolation. Measurements
of oxygen concentration were made every 12 hours and water was incubated for a total of 60
hours. The oxygen mini-sensor allows to repeatedly measure oxygen concentration in the
Erlenmeyers without exposing the samples to the atmosphere. The average error of O,

measurements carried out this way is 8 pg O, L™ (Marchand 2007).

The pelagic respiration rates (R) obtained by both methods were converted to carbon units
assuming a RQ of 1. R is expressed as a volumetric rate of C production per day. In order to
make cross seasonal comparisons, pelagic respiration rates were standardised at a temperature
of 10°C (Ryq) using the equation (6) between respiration and temperature provided by Pace
and Prairie (2005), assuming a double logarithmic slope of 1.28, following Carignan et al.
(2000).

3.4.9 Benthic contribution to total CO, accumulation

Benthic CO, production was initially estimated as the difference between total CO,
accumulation rate (described above) and the mean pelagic respiration rate of the
corresponding period (2 estimations per lake for winter; 2 to 4 estimations per lake for the
hypolimnion). Since winter respiration rates were only measured for temperate lakes, an
alternative method was also explored, based on ADOC as an approximation to pelagic CO,

production.
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The resulting benthic respiration rates (Ry.,) derived from both methods are expressed in
units of carbon per m” of sediment area per day. To allow cross seasonal comparisons,
benthic respiration rates were also standardised to a temperature of 10°C using the equation
provided in Pace and Prairie (2005), and a double logarithmic slope 0.65 for the relationship
between benthic respiration and temperature (Pace and Prairie 2005). The benthic
contribution to total CO, accumulation was estimated as the benthic respiration rate
expressed volumetrically, i.e. in units of total lake volume for winter and of hypolimnetic
volume for summer stratification, divided by the total winter or hypolimnetic CO,

accumulation rate, respectively.

3.4.10 Ecosystem-level respiratory quotient (RQ)

RQs were estimated using orthogonal regressions of equal variance between the departure of
CO; from saturation (Y) versus the departure of O, from saturation (X). CO, and O, at
saturation were calculated using Henry’s law. The last summer stratification profiles and the
last winter profiles of CO, and O, were used to estimate the RQ of the hypolimnia and the

ice-covered lakes, respectively.

3.4.11 Statistical analyses

Statistical analyses were performed using the platform JMP v7.0 (SAS Institute Inc). To
study the patterns between the variables, we used standard least squares regressions and data
were log-transformed to attain normality and homoscedasticity. We used a probability
threshold of 0.05. Data points with studentized residuals superior to three were excluded from

the regressions. Means are presented with standard deviation.



3.5 Results

3.5.1 General lake characteristics

Lake chemical and morphometric data are summarized in Table 2.1. Mean depth ranged from
1.5 to 23.6 m, and lake area ranged from 0.04 to 3.85 km?. TP ranged from 4.0 to 17.2 ug L'
(mean+ S.D. 8.6+ 2.8 ug L"). DOC ranged from 2.5to 15.7 mg L' (mean 7.1 £ 2.4 mg L),
and boreal lakes had significantly higher DOC concentrations than temperate lakes
(Wilcoxon: p = 0.01). The percentage of incident light reaching the surface of the water
column under the ice cover was below 1% during winter sampling. Incident light reaching the
thermocline during summer stratification ranged from less than 1% to 6% in temperate lakes.
Incident light under the thermocline was not measured in the boreal region but the colored
nature of the water and the low secchi depth (0.9 to 3.2 m) suggest that the incident light
reaching the hypolimnion of the boreal lakes was lower than in temperate lakes. Secchi depth
was a function of DOC concentration (SLS; r* = 0.89; n = 16; p < 0.0001). DOC was
significantly correlated to mean depth (Pairwise; r = -0.81; p < 0.0001; double log scale) and
also to TP (Pairwise; r =-0.59; p = 0.0160; double log scale).

3.5.2 Winter and hypolimnetic oxygen dynamics

The studied lakes are mainly in the lower range of productivity and thus oxygen
concentrations stayed well above 2 mg L' for most of these lakes over the winter ice cover.
However, hypoxic conditions (0.43 to 1.62 mg O, L™') were observed immediately above the
sediments in Lake Croche, Connelly and Bran de Scie throughout the winter period. Hypoxic
conditions (0.21 to 1.79 mg O° L") were also recorded in the layer above sediment in Lakes
Labyrinthe, 40, 66, 11 and 2, but only at the end of the winter. Likewise, we recoded hypoxia
near the sediments in the hypolimnia of Lakes Bran de Scie, Croche and Connelly by mid
august (0.01 to 0.83 mg O, L), and almost the entire hypolimnion of these lakes became

hypoxic for the remainder of the stratification period (from late August to early October). In
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the boreal region, only Lake 8 had hypoxic conditions above sediment during the last summer

stratification sampling.

3.5.3 Pelagic respiration

The majority of the experiments showed a linear decrease of O, during the entire course of
the incubation (48 to 60 hours), irrespective of the method used. Less than half of the time
courses had erratic patterns of O, and were excluded from the analysis and, most of these
erratic patterns were found in the hypolimnia when using the fibox method. Whenever
possible, we used the data points of the first 24 to 48 hours of incubation to estimate pelagic
respiration rates (R) because shorter incubations represent better in situ conditions (Gattuso et

al. 2002).

Mean respiration rates for the winter and the hypolimnion are presented in Table 3.1.
Considering all seasons and sites, pelagic respiration (R) ranged from 0.1 to
204.7 mg C m” d”'. Winter R (data available for temperate lakes only) ranged from 0.1 to 8.2
with an overall mean of 3.1 £ 1.0 mg C m~ d"'. Summer epilimnetic R ranged from 22.3 to
107.8 mg C m™ d"' (mean 42.5 + 19.0 mg C m™ d"') for boreal lakes, and from 6.2 to 204.7
(mean 63.7 + 52.3 mg C m™ d"') for temperate lakes. In boreal lakes, hypolimnetic R ranged
from 1.4 to 17.9 mg C m> d”' (mean 6.3 + 5.5 mg C m” d"'), and from 0.2 to 71.4 mg C m™
d' (mean + S.D. = 224 + 21.1 mg C m> d') in temperate lakes. Hypolimnetic R was
significantly lower in boreal lakes, when excluding Lake 8 (82.0 mg C m™ d') that was a

clear outlier in the boreal lakes group (Wilcoxon; p = 0.0026).

Figure 3.1 A shows the average annual pattern in pelagic respiration for the 4 temperate lakes.
R tended to decline during winter, and was significantly higher at the beginning compared to
the end of the ice-cover period (Wilcoxon; p = 0.0209; Figure 3.1A), and tended to increase
towards the end of the summer. Hypolimnetic respiration rates of the temperate lakes were
significantly lower than surface rates (Wilcoxon; p = 0.0043). The mean respiration rates

standardized at 10°C (Ryq, Figure 3.1B) were less variable throughout the year (variation
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coefficient = 21%), although the winter decline is more pronounced with these data (Figure
3.1B). In addition, the respiration rates for the hypolimnion were much closer than those of
the epilimnion when standardized for temperature, and showed a large peak in the early fall
(Figure 3.1B). Figure 3.1C shows the average and range in mean pelagic respiration rates
standardized for temperature (Ryg), for all lakes and for the different periods. Hypolimnetic

Rqq was on average 51% lower than surface rates during the same period, and within the

same range of winter Ryq. The highest Ryq were recorded during fall mixing.
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Figure 3.1 Annual cycle of pelagic respiration in temperate lakes for gross data (A) and for
data standardised to a temperature of 10°C (B). Bars represent the data range and dots
correspond to the mean respiration rate for each sampling month. Panel C shows the pelagic
respiration standardised at 10°C (Ry) for lakes of both regions, in the epilimnion (Epi), in the
hypolimnion (Hypo), during fall mixing (Fall) and during the ice cover period (Winter).
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3.5.4 Winter and hypolimnetic ADOC

The rates of decline of DOC in the water column of ice-covered lakes (winter ADOC) ranged
from 1.5 to 16.0 mg C m” d"' (mean 6.2 + 5.0 mg C m-> d”', Lake 2 excluded). Lakes 34, 66
and EM-320 were only sampled once during the ice cover period thus winter ADOC are not
available for these lakes. There was an overlap between winter ADOC (measured in most
lakes) and winter pelagic respiration rates (measured only in 4 lakes), although the former
tended to be on average higher and more variable (Figure 3.2A). ADOC in the hypolimnia
ranged from 2.1 to 42.9 mg C m™ d"' (mean 14.5 £ 12.7 mg C m” d™'), and were on average
higher than winter ADOC. There was also a complete overlap between ADOC and R in the
hypolimnion (Figure 3.2B).

3.5.5 Winter and hypolimnetic ACO; and ADIC

Total CO, accumulation rates during winter (WtACO,; Figure 3.2A) ranged from 3.5 to 24.5
mg C m” d" (mean 12.0 + 4.5 mg C m> d"'), and were within the range of total hypolimnetic
CO, accumulation rates (HtACOy; 2.1 to 39.4 mg C m> d'l, mean 19.7 + 10.1 mg C m’ d";
Figure 3.2B). The rate of DIC accumulation during winter (ADIC, Table 3.1) ranged from 3.2
to 22.7 mg C m” d' (mean 10.7 + 5.3 mg C m™ d'; Lakes 66 and 2 excluded). In the four
temperate lakes, DIC accumulation rate in the summer hypolimnia ranged from 4.8 to 38.6
mg C m” d” (mean 21.6 + 14.5 mg C m™ d”', Table 3.1). The rate of DIC accumulation in the
summer hypolimnia were not estimated in the boreal lakes because DIC measurements were
made only where isotopic analyses where conducted. Considering all available winter and
summer hypolimnetic ADIC, there was a strong positive relationship between WtACO, and
ADIC (SLS; r’= 0.75; p < 0.0001; n= 17; slope = 1.01 + 0.149; intercept = -0.70 + 2.41;
Lakes Bowker, 2 and 66 excluded). WtACO, was on average two-fold higher than ADOC,
and there was a strong positive relationship between winter ADOC and WtACO, (r2 =0.80; n
= 13; p < 0.0001, Figure 3.2C). HTACO; completely overlapped with hypolimnetic ADOC

(Figure 3.2B), but unlike for the winter, there was no relationship between the two.
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Figure 3.2 Distribution of mean pelagic respiration (R), rate of decline of DOC (ADOC) and
CO, accumulation rate in the water column during the ice cover period (WTACO,, Panel A),
and in the hypolimnion (HTACO,, Panel B). WtACO, for Lake 2 is about 3-fold higher (see
panel C) and is not shown on panel A. There is a relationship between the decline of DOC in
the water column and WtACO, (C).
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3.5.6 Winter benthic respiration

Our two alternative estimates of winter benthic respiration (winter Ry.n) agreed well: Winter
Rpem €stimated using the mean winter pelagic respiration measured in temperate lakes applied
to all lakes (Table 3.1 and Figure 3.3A) ranged from 15.1 to 82.4 mg C m™>d' (mean 39.0 +
19.1 mg C m™> d"; Bowker excluded, see below). Estimates of Winter Ry, based on ADOC
(Table 3.1 and Figure 3.3A) ranged from 12.4 to 74.8 mg C m* d"' (mean 31.1 = 18.1
mg C m™? d'; Lake Labyrinthe excluded, see below). We obtained negative values of Rien
(Table 3.1) for lake Bowker using the first method, and for lake Labyrinthe using the ADOC
method.

3.5.7 Hypolimnetic benthic respiration

Benthic respiration in the hypolimnion (hypolimnetic Ry.,), calculated from the difference
between hypolimnetic pelagic respiration and HtACO,, ranged from -21.5 to 147.8 mg C m™
d' (mean 45.7 £ 52.0 mg C m™ d”') for boreal lakes, and from -26.6 to 7.1 mg C m™ d”'
(mean -5.9 + 18.1 mg C m™ d") for temperate lakes. These values are lower than direct
measures of benthic respiration found in the literature (Pace and Prairie 2005) for a similar
range of lake productivity, and together with the abundance of negative values, suggest that

our hypolimentic Ry, are severely underestimated (see Discussion).

3.5.8 Benthic contribution to CO, accumulation

Benthic contribution to CO, accumulation in the hypolimnion was not estimated due the
problems with the values of hypolimnetic Ryer (see above and Discussion). Winter benthic
respiration (based on estimates of pelagic respiration from temperate lakes) accounted for
554 to 88.3 % (mean 74.0 £ 0.1 %, excluding Lake 2, see below) of the total CO,
accumulation during the ice cover period (Table 3.1 and Figure 3.3B). The benthic

contribution in Lake 2 was 94.6%, but this lake has a water column of less than one meter in
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depth. The benthic contribution estimated on the basis of ADOC ranged from 35.0 to 90.2 %
(mean 58.6 + 14.4 %), excluding Lakes Labyrinthe, for which we had problems in the
calculation of Ryen, and Lake 2, which has a water column of less than one meter depth
during winter. The apparent contribution of Ry in Lake 2 was surprisingly low (43%) when
using the ADOC method, suggesting problems with either the estimates of ADOC (see
Discussion) and/or of ACO,. The contribution of winter benthic respiration to WtACO,
(based on measurements of pelagic respiration of temperate lakes and WtACO,) was
negatively related to mean depth (= 0.37; n = 15; p = 0.0164; Figure 3.4A) and lake area
(= 0.38; n = 15; p = 0.0140; Figure 3.4B). These relationships were not found when using

estimates based on ADOC as a measure of R.
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Figure 3.3 Winter benthic respiration (Ryey), estimated from 1) total CO, accumulation and
pelagic respiration of the temperate lakes applied to all lakes (WTACO; - R) or 2) total CO,
accumulation and the rate of decline of DOC in the water column (WTACO, - ADOC). Panel
B shows winter benthic contribution to total CO, accumulation estimated from both methods.
Lake 2, Labyrinthe and Bowker are excluded (see results).
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3.5.9 Respiratory quotient

For logistical reasons we could not follow the change in the O, vertical profiles during
winter, as we did for CO,, but we nevertheless had simultaneous profiles of both O, and CO,
for given dates in winter. Figure 3.5A shows a typical mid-winter vertical profile of CO, and
O, (from Lake Brendan), where there was a strong inverse relationship between the vertical
patterns in CO, and O, expressed as departures from saturation (Figure 3.5B). This was the
case for all vertical profiles taken under the ice and in the hypolimnion, in all lakes
(Orthogonal regressions, r were always > (.85), and the resulting slopes were used to
estimate ecosystem-level RQ. Figure 3.5C shows the resulting winter and hypolimnetic
respiratory quotients (RQ). Winter RQs ranged from 0.41 to 1.44 (mean 1.0]1 £ 0.22), and
hypolimnetic RQs had a very similar range, from 0.69 to 1.51 (mean 1.10 £ 0.28).
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Figure 3.5 Example of a winter CO; and O, profile (A), and an example of an orthogonal
regression of CO, and O, departures from saturation (CO,-sat and O,-sat, panel B) for Lake
Brendan during the month of March 2008. The slope of this regression is used as the
ecosystem-level respiratory quotient (RQ). The resulting RQs for all lakes, for the winter ice-
cover and for the hypolimnion, are presented on panel C.
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3.5.10 Isotopes signature

The 8"°C of DOC during winter (all lakes) and in the hypolimnion (four temperate lakes) was
relatively invariant, and ranged from -28.8 to -26.0%o (mean -27.0 + 0.4%q). Ambient lake
8"3C of DIC had a much wider range of variation, from -24.0 to -4.1 %o (mean -13.8 £ 4.9
%o). The concentration of DIC increased, and the isotopic signature of DIC tended to become
more negative both with depth on a given date, and between dates during the winter ice-
cover, and during summer stratification in the hypolimnion, thus generating a negative
relationship with the inverse of DIC concentration. Figure 3.6A shows an example of a
Keeling plot (for Lake Brendan) which was generated by combining data from different
depths taken at successive times. All lakes had strong negative Keeling relationships (SLS; 7
always > 0.85), and the depth patterns agreed well with the temporal patterns in the 8°C
versus 1/DIC relationship (Figure 3.6A).

The intercepts of the Keeling plots (8"°C-OC) were very different between hypolimnia and
ice-covered lakes: 8°C-OC for hypolimnia (of temperate lakes only) ranged from -32.4 to -
28.8 %o (mean -31.1 + 1.6 %o, Figure 3.6B), whereas 8"°C-OC estimated for the winter ice
cover period ranged from -27.6 to -21.7%o (mean -24.6 £ 2.9 %o) for the same temperate
lakes; the latter had the same range of winter 8> C-OC as the boreal lakes, which ranged from
-28.2 to -21.5 %o (mean -25.3 + 2.0 %o, Figure 3.6B). Overall, the hypolimnetic §"*C-OC was
significantly different from the winter §°C-OC (Wilcoxon; p = 0.0029). We could not
construct a winter Keeling plot for Lake Bowker because the changes in DIC and §"°C were
very small and erratic. For the three lakes for which hypolimnetic and winter isotopic data
were available (Lakes Connelly, Croche and Bran de Scie), there was a strong negative
relationship between winter and hypolimnetic 8"°C-OC (Figure 3.6C), i.e. lakes that had a

lighter §"*C-OC during summer hypolimnia tended to have a heavier §'*-OC during winter.

The Keeling intercepts were strongly related to the rate of CO, accumulation, albeit the
patterns for winter and summer were diametrically different: WtACO, was positively related

to 8"°C-OC (Figure 3.7A), whereas HtACO, was negatively related to §"C-OC (Figure
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3.7B). There was an overall positive relationship between the ecosystem-level RQ and the
Keeling plot intercept (Figure 3.7C), and both hypolimnetic and winter samples fit the same

general relationship.
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Figure 3.6 Example of a Keeling plot for Lake Brendan during the ice cover period (panel
A). Measures of the isotopic signature in 8"°C of DIC were done at three depths during each
sampling (December and March), and the variation of the 8'°C at different depths agreed well
with the variation between sampling dates (panel A). The intercepts of the Keeling plots are
assumed to represent the 3"°C of the organic matter respired (3"°C-OC) and are shown on
panel B (Bowker and Lake 2 excluded, see results). Winter 8"°C-OC were significantly
higher than the hypolimnetic 8"°C-OC (panel B; Wilcoxon; p < 0.005). There was a
relationship between winter and hypolimnetic §"°C-OC (panel C) for the lakes for which we
had data from both periods.
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Figure 3.7 Rate of CO, accumulation during winter (WtACQO,, panel A) and in the
hypolimnion (HtACQO,, panel B) in function of the isotopic signature of the organic carbon
respired (8"°C -OC), and the ecosystem-level RQ in function of the winter and hypolimnetic
(8"C-0C, panel C).



3.6 Discussion

In a previous study we have shown that the accumulation of CO, under the ice cover and in
the summer hypolimnion of stratified lakes is quantitatively important relative to the annual
CO; budget of these lakes (Ducharme-Riel et al. submitted). It has often been assumed that
this CO, build up has a metabolic origin but there are very few empirical observations of this.
In this study, we show several independent lines of evidence that support the assumption that
under-ice and hypolimnetic CO, production in these lakes is dominated by heterotrophic
metabolism. The first evidence is the strong coupling (orthogonal regression; r > 0.9)
between O, and CO, departure from saturation with depth (Figure 3.5), from which were
derived the ecosystem-level RQs, for both winter and summer hypolimnion. The second
evidence is the direct measurements of pelagic respiration during those periods (figure 3.1),
which demonstrate that water column metabolism contributes significantly to the CO; build-
up. The third evidence is the strong coupling (r* = 0.8) between the DOC decline and the total
CO; accumulation during winter ice cover (Figure 3.2C). This coupling was not found for the
hypolimnion, but this is not surprising because summer hypolimnetic DOC concentrations
may be affected by other processes, such as partial mixing of the water column, DOC
flocculation (von Wachenfeldt et al. 2008; von Wachenfeldt and Tranvik 2008), and higher
groundwater DOC inputs, and thus the patterns of change in DOC are less clear than during
winter ice cover, and less representative of microbial degradation per se. In the next sections
we discuss the pathways that generate this CO,, the sources of organic matter that fuel these

pathways, and how the ecosystem-level RQ varies across lakes.

3.6.1 Patterns in metabolism: Pelagic respiration

This study is among the few that has reported a complete annual cycle of pelagic respiration
(Figure 3.1) that includes both surface and hypolimnetic measurements. For temperate lakes

(Figure 3.1A), mean winter pelagic respiration (winter R) and summer hypolimnetic R
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corresponded to 5 and 34% of the summer epilimnetic R, respectively. For boreal lakes,
hypolimnetic R represented 22% of the mean epilimnetic respiration. Differences in water
temperature seem to be the main driver of seasonal variability (Apple et al. 2006). Indeed,
when pelagic respiration rates of both boreal and temperate lakes were standardised at 10°C,
winter and hypolimnetic rates both converged within the same range (Figure 3.1C), and over
the more complete annual cycle of pelagic respiration available for temperate lakes (Figure
3.1B), the average surface and hypolimnetic respiration rates were less variable and

overlapped once they were standardized for temperature (CV = 21%).

However, when all lakes are considered together, respiration in the epilimnion and during fall
mixing was on average higher than winter and hypolimnion, even after temperature
standardization (Figure 3.1C), and there was an extremely low average rate recorded at the
end of the winter (temperate lakes only, Figure 3.1B), and a peak at the end of summer
stratification suggesting a significant contribution of other variables. Previous studies in some
of these same lakes have revealed high microbial mortality and significant declines in
bacterial production towards the end of the winter ice cover, possibly due to depletion of
labile organic matter (Fauteux et al. Submitted; Maurice et al. 2010), which could be linked
to the observed drop in the respiration rates at the end of the winter ice cover. Higher rates of
primary production in the epilimnion, and perhaps also the mixing of nutrient-rich
hypolimnetic waters with organic matter-rich surface waters during fall turnover, may explain
the overall higher rates in the epilimnion and during fall turnover, when considering lakes of
both regions (Figure 3.1C). The peak in the average respiration rate towards the end of the
summer stratification (Figure 3.1B), due to the higher respiration rates in the hypolimnion of
the two most productive lakes (Lake Connelly and Bran de Scie), may be explained by higher
exports of labile organic matter from a surface algal bloom (Baines and Pace 1994) and/or by
the hypoxic conditions in the hypolimnion (see Results) that favour higher bacterial

abundance and production (Cole and Pace 1995).
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3.6.2 Patterns in metabolism: DOC consumption

Lake DOC lability and consumption rates are fundamental properties of these aquatic
systems, and have generally been measured using in vitro bioassays (del Giorgio and Davis
2003; Sendergaard and Middelboe 1995). It is thus interesting to compare the ecosystem-
level ADOC that we determined here, with in vitro ADOC reported for similar types of lakes.
Our rates, standardized for temperature, fit well the patterns of long-term DOC consumption
rates that have been observed in bioassays (del Giorgio and Davis 2003). For example,
Guillemette and del Giorgio (in press) carried out 4-week DOC bioassays on temperate lakes
of the same region, and reported initial rates of DOC consumption (at 20°C) in the order of 20
to 30 mg C m™ d. These authors also reported a steep decline in DOC consumption rates
beyond the first few weeks of incubation. Our rates of DOC consumption, standardized to
20°C using a Qyo of 2 (Raymond and Bauer 2000), ranged from 3 to 28 mg C m™ d”' for both
winter and summer hypolimnia, and are well within what would be expected for an
incubation lasting several months, as is the case for the winter ice cover and stratification

period in these lakes.

Overall it would appear that during summer stratification, and especially during winter ice
cover, the lakes essentially function as reactors of existing DOC. However, some of our
observations suggest that winter ADOC may be affected by processes other than metabolism
alone, at least in some lakes: DOC samples from the last winter sampling of Lake Labyrinthe,
Lake Bran de Scie, Lake 11 and Lake 2 were almost impossible to filter through a 0.45 um
pore capsule (capsules clogged with 1 to 10 ml), while at the beginning of winter, over 40 ml
of water from these lakes were easily filtered with a single capsule. These observations
suggest that there was an increase in colloidal or particulate matter in the water column
towards the end of the winter, most likely due to precipitation of DOC in some of the lakes
(von Wachenfeldt and Tranvik 2008). Interestingly, these four lakes had the highest ADOC
(14.8, 11.4, 16.0 and 33.3 mg C m” d', respectively), suggesting that the actual DOC
consumption may have been overestimated. When excluding the above lakes from the mean

winter ADOC, mean winter pelagic respiration (3.1+ 1.0 mg C m” d") and ADOC (new mean
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+SD.=3.6% 1.3 mgCm’d'; n=10) were remarkably similar. Thus it would appear that in
some lakes, winter ADOC may result in an overestimation of the actual winter pelagic
respiration rates, but in most lakes, these two estimates are in excellent agreement (Figure
3.2A). Interestingly, there was a convergence in winter respiration rates and winter ADOC in
these lakes, which otherwise differed greatly in all other aspects (Figure 3.2A). Export of
DOC to lakes via the tributaries may also influence the ADOC during winter. However, the
importance of DOC inputs to lakes via tributaries during the ice cover period is poorly known
(see further work by Vachon and del Giorgio). A study on boreal catchment suggests that
TOC exports by streams may be lower during winter (from 7 to 24% of total annual exports)

compared to the other periods of the year (Laudon et al. 2004).

3.6.3 Patterns in metabolism: Benthic respiration

For both regions, our estimates of benthic respiration in summer hypolimnia (hypolimnetic
Ryent) are lower than direct measurements of sediment respiration reported in the literature for
a similar range of lake morphometry and productivity (Pace and Prairie 2005). This suggests
that our approach probably underestimated summer hypolimnetic Ry, and that indirect
estimates of benthic respiration for the hypolimnion using total CO, accumulation and
pelagic respiration may not be an appropriate method especially in shallower lakes where
primary production and partial mixing during high wind conditions may result in the loss of
accumulated hypolimnetic CO,. Our estimation of CO, accumulation in the hypolimnion thus

represents a net CO, accumulation, which is less appropriate to estimate Ry, by difference.

Winter benthic respiration (winter Rye,) calculated as the difference between ACO, and
ADOC or pelagic respiration were in a similar range as those reported in Pace and Prairie
(2005) for a similar range in lake TP, when standardized for temperature. The negative
estimate of Ryen for Lake Bowker may be due to an underestimation of its WtACO,

(Ducharme-Riel et al. submitted), whereas overestimation of R (see Discussion, DOC
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consumption section) may cause the negative Ry, obtained for Lake Labyrinthe when using

ADOC as a proxy for pelagic respiration.

Winter benthic respiration accounted for an average of 59 % (method with ADOC) to 74%
(method using pelagic R) of total winter under-ice CO, accumulation (Table 3.1), which is in
accordance with previous results obtained by Karsslon et al. (2008) for a shallow subarctic
clear water lake (80%). The negative relationships between winter benthic contribution and
mean depth (Figure 3.4A) or lake area (Figure 3.4B) are expected, smaller lakes having a
higher sediment area to water volume ratio. The lake studied by Karlsson et al. (2008) also fit
well in these relationships. In our study, smaller lakes tended to have higher TP and DOC
concentrations, and likely had a greater amount of organic matter and nutrients accumulated
in the sediments, which could drive the above relationships. However there was no
relationship between winter Rye, and TP or chlorophyll a, suggesting that morphometric

aspects are the main drivers of these patterns.

There was a remarkable convergence in the contribution of benthic respiration to winter CO,
accumulation across lakes (CV < 25% for both methods; Figure 3.3B), despite the wide range
in lake morphometry. The components that were used to estimate benthic contribution to
winter CO; accumulation, i.e. pelagic respiration (or ADOC) and total CO, accumulation, also
showed very little variability across lakes (CV of 29-90%, or 29-33% when excluding lakes
for which we had filtration issues), and the resulting winter Rye, (CV of 49% to 62%, Figure
3.3A) was also relatively invariant in comparison to summer processes reported in the
literature for some of these lakes (example: CV of 300% for summer planktonic respiration
for a similar range of TP, see Marchand 2007). Overall, our results show that lake metabolic
rates tend to converge during the winter ice cover period, temperature probably playing a
more important role than cross-lake differences in the overall trophic status, as it had been
previously hypothesized (Felip et al. 1996; Nedwell 1999). Despite the lack of solid estimates
of benthic respiration during summer stratification, the evidence suggests that the
contribution of benthic metabolism is more important during the ice cover period. Benthic
respiration accounted for over half of the total CO, accumulated under the ice cover, and in a

study that included some of these same lakes, sediment respiration accounted for an average
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of 5 to 33% of total lake mineralization during the open water season, for a similar range of

lake trophic status (den Heyer and Kalff 1998).

3.6.4 Sources of organic carbon supporting CO; production

As discussed above, the evidence suggests that the CO, accumulated during winter and in the
hypolimnion is overwhelmingly of metabolic origin. The increase of DIC in the water column
during the period of winter ice-cover and in the hypolimnion is of the same magnitude as the
increase in CO, (slope not significantly different from one), suggesting that the former is
directly due to the latter, which is important for the interpretation of the Keeling plots.
Exceptions are Lake 66 and Lake Bowker, were the ADIC were higher than the TACO,.
Further, methane oxidation produces CO, with a very light 8"°C signature (Miyajima et al.
1997), potentially biasing our isotopic results, but exclusion of samples taken during periods
of hypoxia and anoxia did not change results substantially (< £ 0.1 %o). The above support
the assumption that the Keeling plot intercepts likely correspond to the isotopic signature of
the organic carbon consumed (8"°C-OC). We did not determine the signature of the potential
endpoint sources of the organic carbon, and cannot thus construct a quantitative isotopic mass
balance. We can however, use published information for similar types of lakes (France 1995;
Hecky and Hesslein 1995; McCallister and del Giorgio 2008) to obtain a likely range of §"°C
signatures for benthic algae and macrophytes (-27 to -17 %o), planktonic algae (-43 to -29%o),
and from terrestrial plant material (-29 to -26%o), which we can use to at least place our

measurements in context (see figure 3.8).

There is now widespread evidence that terrestrially-derived OC fuels a significant fraction of
summer metabolism in both temperate (Kritzberg et al. 2004; McCallister and del Giorgio
2008) and boreal (Algesten et al. 2003; Jonsson et al. 2001; Karlsson et al. 2007) lakes. The
relative invariance of 8"°C of DOC that we observed seasonally and across lakes (27.0 +
0.4%o0) suggests that a large refractory organic matter pool composed mainly of carbon of

terrestrial origin dominates the bulk DOC in all of the studied lakes. Autochthonous organic
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carbon of phytoplankton origin, which usually has a lighter signature in 8'"°C than terrestrial
carbon (del Giorgio and France 1996), does not appear to build up in the bulk DOC pool,
probably due to its high lability and turnover (Kritzberg et al. 2004). Thus, pelagic primary
production does not persist in the water column for long, and neither does it lead to a
significant accumulation of DOC which can then fuel metabolism later in the year, for
example, during winter ice cover. Given the seasonal invariance of the isotopic signature of
DOC across these lakes, there is no reason to assume that terrestrial OC does not also support
a significant proportion of metabolism during winter and summer stratification in all lakes as
well. In the absence of other sources, we would thus expect that the isotopic signature of the
winter and hypolimnetic §°C-OC would converge to that of terrestrial OC across lakes.
Alternative sources of OC would then simply dilute the terrestrial signature and result in

deviations of 8"*C-OC around the mean value for the latter.

In this regard, our results show 1) major divergences from the terrestrial signature in both
winter and hypolimnion, and 2) a strongly contrasting seasonal pattern of 8'"°C-OC between
winter ice cover and summer hypolimnion. Figure 3.8 shows the §"°C-OC as a function of
summer chlorophyli concentration; we have also superimposed in this figure the approximate
ranges expected for phytoplankton, terrestrial and benthic algae/macrophyte OC. We had
hypothesized that the divergence from the terrestrial signature should increase with
productivity (i.e. chlorophyil), and this was indeed the case for hypolimnetic 8'°C-OC, which
was consistently lighter than terrestrial OC (8"°C-OC between -33 to 28.5%), and become
progressively more depleted (more algal) with increasing chlorophyll. This pattern suggests a
pelagic primary production signature in the hypolimnetic °C-OC diluting the terrestrial
signature, and thus a direct connection between surface processes and summer hypolimnetic
metabolism (Baines and Pace 1994). In contrast, the average winter 8" *C-OC for about half of
the lakes was consistently heavier relative to terrestrial organic C (Figure 3.6B), and this
pattern was similar for both temperate and boreal lakes. These heavier signatures relative to
the terrestrial OC suggest a contribution of benthic algae (see also Karlsson et al. 2008)
and/or littoral macrophytes. The other half of winter §"°C-OC were not significantly different

from the signature of terrestrial organic C. The departure of winter 8°C-OC from the
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terrestrial signature was clearly not related to summer trophic status, and should in theory be
linked to patterns in benthic production in these lakes, yet winter isotopic patterns were not
explained by any of the morphometric or chemical variables that have previously been linked

to benthic production (Vadeboncoeur et al. 2008).
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Figure 3.8 Winter and hypolimnetic signature in 8”C of the organic carbon respired
(8"C-OC) versus mean chlorophyll a (Chl a). The ranges in 8"C of the different types of
organic matter, i.e. benthic (Benthic OM), terrestrial (Terrestrial OM) and phytoplanktonic
(Planktonic OM) organic matter reported in the literature, for similar types of lakes are shown
(France 1995; Hecky and Hesslein 1995; McCallister and del Giorgio 2008).
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Thus, in many lakes of our study, the baseline terrestrial signature is diluted by other sources,
but these sources appear to be fundamentally different between summer and winter. Benthic
photosynthesis is not likely to be significant under the thick ice cover of these lakes, rather it
is more likely that benthic primary production from the previous open water seasons persists
and sustains a significant portion of total benthic winter respiration, in agreement with the
results shown for a clear water subarctic lake by Karlsson et al. (2008). The benthic signal,
which probably originates from sediment respiration, is probably diluted during the open
water season by both phytoplankton production and new inputs of terrestrial OC, and
becomes quantitatively important only in the winter when these other pathways are at their
lowest. This in turmn confers a certain level of stability to ecosystem metabolism in these

northern lakes.

Interestingly, the few lakes for which we had both winter and hypolimnetic §'°C-OC show a
clear gradient of dominance of allochthonous and authochthonous OC: The lake that had the
strongest phytoplankton signature in the summer hypolimnion, also had the strongest benthic
algal signature during the winter (Figure 3.6C). This implies that there are lakes where
authochthonous OC plays a major role in shaping both winter and hypolimnetic CO,
dynamics, but that the main source of authochthonous C varies seasonally. Likewise, the lake
that had the strongest terrestrial signature in winter also had a strong terrestrial signature in
the hypolimnion (Figure 3.6C), suggesting that this is a category of lake where CO, dynamics
are overwhelmingly dominated by allochthonous inputs. This in turn suggests that although
winter and hypolimnetic rates of metabolism and CO, accumulation appear to be uncoupled
(Ducharme et al. submitted) our limited isotopic data suggest that there may be a closer

coupling in terms of §'"°C-OC.

3.6.5 Links between sources of OM, ecosystem metabolism, and gas dynamics in lakes

during winter ice cover and summer hypolimnia

We have shown that there was a strong coupling between CO, and O, along vertical profiles,

which resulted in a range of apparent ecosystem-level RQs between 0.4 and 1.4 (Figure
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3.5C), well within the range expected for aerobic metabolism of the major classes of organic
substrates (Williams and del Giorgio 2005). Our values also agree with the few existing
empirical measurements of lake RQ for aerobic sediments and water column (Baehr and
Degrandpre 2002; Fukushima et al. 2000; Hanson et al. 2003). There are several factors that
may influence these ecosystem-level RQs, including the type of substrate preferentially
consumed (Williams and del Giorgio 2005), the relative importance of sediment and water
column processes, and the relative contribution of aerobic and anaerobic metabolism (Murray
and Rich 1995; Rich 1980). Significant contributions of anaerobic pathways, or of
groundwater inputs, should result in high RQs (above 1.5 to 2), which was not the case in our
study. Likewise, a positive relationship between the relative importance of the sediments and
the ecosystem-level RQs could be expected since anaerobic pathways occur predominantly in
the sediments, yet we found no relationship between the benthic contribution to total CO,

accumulation and RQs.

We did find, however, a significant relationship between the RQs and the isotopic signature
of the organic carbon consumed (Figure 3.7C), which strongly points to a physiological basis
for the variation in winter and hypolimnetic RQs, most likely driven by broad differences in
the nature of the organic matter consumed. The consumption of organic carbon with a lighter
8"C signature was apparently linked to lower RQs compared to organic carbon with heavier
8"°C, thus determining a range of RQs according to the origin of predominant organic

substrates : Benthic (RQ ~ 1.2), terrestrial (=1) or planktonic algal carbon (= 0.8).

In systems, such as lakes during winter ice cover, where metabolism dominates gas
dynamics, these differences in RQ, driven by the sources of organic C metabolized, may
profoundly influence the overall gas balance, even in systems dominated by aerobic
processes. In addition, we have shown (Figure 3.7A and B) that the dominant sources of
carbon fuelling winter and hypolimnetic metabolism are linked to the actual rates of CO,
accumulation, and that the resulting winter and hypolimnetic CO, dynamics are important
components of the annual C budget of northern lakes. Perhaps more importantly, the sources
of C fuelling the underlying metabolism must be considered in any assessment of the net role

of lakes as C sources or sinks, for while the accumulation of CO; derived from the respiration



99

of terrestrial OC contributes to the overall net heterotrophy of the lakes, and thus to their role
as net sources of C to the atmosphere, the accumulation and subsequent emission of CO,
derived from authochthonous sources does not represent a net source of C to the atmosphere,

but rather a contemporary C loop.



4. CONCLUSION

4. 1CONTRUBUTIONS DE L’ETUDE AUX CONNAISSANCES SUR LA
DYNAMIQUE DU CARBONE DANS LES LACS

4.1.1 Importance de ’hiver et de I’hypolimnion dans les émissions annuelles nettes de CO,
(Article I)

La période du couvert de glace et I’hypolimnion estival sont des composantes souvent
ignorées dans les bilans annuels de carbone des lacs mais notre étude démontre pourtant
qu’elles sont des périodes d’accumulation significative de CO, contribuant a plus de 30% des
émissions annuelles. L’importance relative de la période du couvert de glace sur les
émissions annuelles nettes de CO, est plus grande dans les lacs oligotrophes et dans les lacs
qui sont trés productifs pendant la saison libre de glace. L’importance relative de
’hypolimnion estival sur les émissions annuelles nettes de CO, est plus grande dans les lacs
plus profonds dans lesquels le volume hypolimnétique et la stabilité de la stratification sont

plus grands.

4.1.2 Patrons d’accumulation de CO, (Article I)

L’approche que nous avons proposée, soit d’étudier deux composantes du cycle annuel des
lacs de fagon comparative, a permis d’approfondir nos connaissances sur la dynamique
saisonnieére du métabolisme lacustre dans des conditions in situ. La comparaison entre les
deux périodes d’isolation, soit la période du couvert de glace et ’hypolimnion estival, montre
qu’il y a une convergence des lacs en hiver, en termes d’accumulation de CO,, par rapport a
I’hypolimnion qui est plus variable. Cette convergence entre les lacs en hiver, qui sont
pourtant tres différents en termes de nutriments et de morphométrie, semble étre attribuable a
une moins forte association entre les processus hivernaux et le statut trophique du lac alors
que les processus hypolimnétiques y demeurent davantage couplés. Pendant la saison libre de

glace, la variation dans le degré de productivité des lacs est exprimée entre autre par des
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différences en production primaire et en taux métaboliques. Sous le couvert de glace, la
variation dans le degré de productivité n’est probablement pas autant exprimée étant donné

un niveau de limitation semblable entre les lacs par la température et la lumiére.

4.1.3 Outils d’intégration de I’accumulation hivernale dans les émissions annuelles de CO,
(Article I)

Le premier article de notre étude fournit plusieurs relations permettant d’estimer de fagon
empirique I’accumulation de CO, pendant les périodes d’isolation. Toutefois, I’accumulation
de CO, en hiver semble étre une composante tres peu variable du cycle annuel des lacs, du
moins dans les lacs boréaux et tempérés de niveau oligotrophe a mésotrophe. Nous proposons
donc une valeur moyenne de 8,3 + 2,6 g C m™ qui peut étre intégrée au bilan d’émissions de
CO, d’un lac afin d’inclure les accumulations de la période du couvert de glace dans les
estimations. Les études désirant mesurer les émissions de CO, relative a I’accumulation
hivernale devront considérer dans la planification de leur échantillonnage que le CO,
accumulé pendant I’hiver sera émis dans I’atmosphére sur une période totalisant environ 30
jours suivant la fonte du couvert de glace et que les flux qui y sont associés seront
probablement plus élevés dans les premiers jours suivant la fonte, étant donnée le plus fort

gradient de concentration en CO, entre le lac et I’atmosphére.

4.1.4 Origine du CO; en hiver et dans ’hypolimnion (Article 11)

Dans les écosystémes aquatiques, on assume souvent que le CO, a une origine métabolique.
Toutefois, il existe peu d’observations supportant cette hypothése. Dans notre étude, plusieurs
indices supportent que le CO, accumulé sous le couvert de glace et dans I’hypolimnion
estival des lacs étudiés provient principalement des processus métaboliques (respiration). De
fagon générale, on peut conclure que le métabolisme semble étre une source significative de
CO, dans les lacs et que I’étude du métabolisme microbien peut contribuer a améliorer notre

compréhension de la dynamique du CO, lacustre.
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4.1.5 Dynamique saisonniére de la respiration pélagique (Article II)

Un nombre tres restreint d’études ont mesuré la respiration pélagique dans un cycle annuel
complet. Dans cette étude, nous avons mesuré la respiration pélagique en surface dans un
cycle annuel complet, incluant la période du couvert de glace. De plus, nous avons mesuré la
respiration pélagique dans I’hypolimnion lors de la stratification thermique estivale. Nos
résultats montrent que la température semble étre le principal modulateur de la variation
saisonniere de la respiration pélagique, une conclusion aussi partagée par les travaux d’Apple
et al. (2006) dans un systéme estuarien. Par contre, nos résultats pourraient indiquer qu’a
certains moments de l’année, d’autres variables viennent influencer significativement la
variation saisonniere de la respiration pélagique. Bien que nos données ne nous permettent
pas d’identifier ces variables avec certitudes, les conditions en oxygéne, une trés grande ou
trés faible disponibilité en matiére organique labile et en nutriments sont possiblement les
variables secondaires qui ont des effets sur la variation saisonniére de la respiration pélagique
vers la fin de la période du couvert de glace et de la stratification thermique estivale ainsi que

lors du brassage automnale.

4.1.6 Importance du métabolisme benthique en hiver (Article II)

Plusieurs auteurs ont suggérés 1’importance de la respiration benthique sur le métabolisme
hivernal des lacs (Aberg et al. 2007) mais trés peu d’études ont vérifié cette hypothése
(Karlsson et al. 2008). Dans les lacs de notre étude, le métabolisme benthique est responsable
de plus de la moitié de I’accumulation de CO, sous le couvert de glace et cette proportion
tend a étre plus grande dans les petits lacs qui ont un ratio d’aire de sédiment plus élevé par
rapport & leur volume d’eau en comparaison aux plus grands lacs. La forte contribution de la
respiration benthique souligne I’importance de considérer les sédiments dans 1’étude de la
dynamique du CO; et ce, plus particuliérement pendant la période du couvert de glace ou la
respiration benthique semble avoir une plus grande contribution relative par rapport a la
période libre de glace. Bien que nous n’ayons pas été en mesure d’estimer la contribution

benthique pendant la stratification estivale, les valeurs rapportées dans la littérature
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concernant la période libre de glace suggerent que les sédiments contribuent davantage au

métabolisme hivernal qu’au métabolisme hypolimnétique.

4.1.7 Sources de matiére organique (Article Il)

De nombreuses études ont démontré I’importance du carbone terrestre en tant que source
alimentant la respiration dans les écosystémes aquatiques d’eau douce. Le réservoir de DOC
des lacs de la présente étude montre une signature en 5'"°C clairement terrestre qui est trés peu
variable entre les lacs et saisonniérement, ce qui suggere que cette source de carbone est
relativement stable et qu’elle a probablement un temps de renouvellement trés lent. Cette
source de carbone doit donc étre disponible pour alimenter la respiration mais elle est
possiblement moins labile. Considérant la présence de la matiére organique terrestre dans
tous les lacs, les divergences entre la signature isotopique du carbone respiré et la signature
du carbone terrestre devraient donc étre interprétées comme une dilution du signal terrestre
due a la contribution de d’autres sources de carbone organique alimentant la respiration. Dans
I’hypolimnion de plusieurs des lacs étudiés, la signature isotopique du carbone organique
respirée était appauvrit en °C par rapport au carbone d’origine terrestre, ce qui suggére que le
carbone d’origine phytoplanctonique alimente de fagon significative la respiration dans
I’hypolimnion. Pendant la période du couvert de glace, la signature isotopique du carbone
organique respiré n’était pas significativement différente du carbone terrestre dans environ la
moitié¢ des lacs. Toutefois, dans plusieurs lacs, la signature isotopique en 8"°C du carbone
organique respiré pendant la période du couvert de glace était clairement enrichit par rapport
au carbone terrestre, suggérant une contribution significative du carbone autochtone
benthique pour alimenter la respiration sous le couvert de glace. Le fait de mesurer ces
signatures benthiques dans le CO, respiratoire ne signifie pas que cette source de carbone soit
consommée seulement pendant la période du couvert de glace. Nous suggérons plutdt que le
carbone d’origine benthique est produit pendant la période libre de glace et consommé
pendant toute ’année mais que sa signature n’est perceptible qu’en hiver étant donné la
diminution de l'importance relative des autres sources, telle que le carbone d’origine

phytoplanctonique, qui est également produit pendant la période libre de glace mais qui est
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plus rapidement consommé et qui ne peut donc pas soutenir de fagon significative le

métabolisme hivernal.

4.1.8 Coefficient respiration a ’échelle du systeme (Article II)

Lorsqu’on convertit en unité de carbone les données de respiration mesurées a partir de la
diminution d’O, en fonction du temps, on assume souvent un coefficient respiratoire (RQ) de
1, c’est-a-dire un ratio de 1 :1 entre la consommation d’O, et la production de CO,. 1l existe
tres peu d’observations directes supportant cette hypothése. Dans cette étude, nous avons
estimé in situ le RQ a I’échelle du lac. Dans les lacs oligotrophes a mésotrophes pour lesquels
les processus anaérobiques ont une contribution relativement faible par rapport au processus
aérobiques, les RQ sont en effet trés prés de 1 (moyenne : 1,05 £ 0,25). Il y a toutefois une
variation dans les RQ (étendue : 0,4 a 1,5) et cette variation semble en partie expliquée par le

type de carbone organique respiré.

4.2 PERSPECTIVES DE RECHERCHES FUTURES

L’approche isotopique suggeére que la production primaire benthique est une source de
carbone qui contribue significativement a soutenir la respiration dans de nombreux lacs ayant
des concentrations en COD variées, méme sous le couvert de glace, ce qui est une découverte
relativement récente (voir aussi Karlsson et al. 2008). La production primaire benthique est
une composante trés peu étudiée dans les lacs, en partie due aux difficultés méthodologiques
mais aussi parce que la production primaire dans la colonne d’eau est souvent considérée
comme étant relativement plus significative. Lorsqu’on cherche a qualifier (net hétérotrophe
versus net autotrophe) et quantifier le réle des lacs dans les bilans de carbone a 1’échelle
régionale, il est primordial de s’intéresser aux sources de carbone qui alimentent la
production de CO, dans les lacs. Les découplages spatiaux et temporels qui semblent exister
entre la production autochtone du carbone organique et de sa subséquente respiration

pourraient entrainer des biais dans notre perception des lacs a 1’échelle régionale puisqu’une
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portion significative du CO, produit semble provenir de carbone précédemment fixé dans le
lac lui-méme. Notre étude souligne I’importance d’inclure les différentes composantes du
cycle annuel des lacs dans les bilans annuels de carbone et d’accorder davantage d’attention

au processus benthiques, particuliérement dans les lacs qui sont relativement peu profonds.
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