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RÉSUMÉ SCIENTIFIQUE 

Les eaux continenta les j ouent un rôle important dans le cycle du carbone et l' émi ss ion 

des gaz à effet de serre et la majori té des lacs dans le monde se trouve dans la région 

boréale. A lors que la techno logie et les connaissances pour mesurer les propriétés de 

l' eau sont établi es, les techniques pour les estimer par té lédétection sont toujours à 

déve lo pper. Pui sque le biome boréa l est vaste et so uvent inaccess ible, il est nécessaire 

de développer des outils pour estimer les propriétés des lacs sans les échantill onner de 

faço n ex hausti ve. Dans cette mémoire, nous avons réa li sé une carte de la morphologie 

des lacs et nous avons exploré le rô le de la morpho logie dans la va riabilité de quatre 

fo rmes de carbone dans le paysage boréal du Québec, Canada. 

Le chapitre 1 vise à définir les région morpho logiques des lacs du Québec en utili sant 

un ensemble de paramètres morpho logiques qui peuvent être quantifiés par 

té lédétecti on. Ces paramètres inc luent: l' a ire, le pé rim ètre, la profond eur 

moyenne/max imale, le vo lume, la com plex ité de la ri ve, la fo rme du lac, le pourcentage 

de li ttoral et le ratio dynamique. Ces paramètres bathymétriques o nt été extraits de la 

fo rme du bass in, que nous avons estim é à parti r de la topographie auto ur du lac. Nous 

avons ensuite exploré les re lations a llométriques entre les paramètres et nous avons 

identifié tro is vari ables indépendantes : la ta ille, la forme bathymétrique et la 

compl ex ité. Nous avons utili sé ces tro is variables pour séparer les 1,27 milli on de lacs 

du Québec ayant une superfic ie supérieure à 0.005km2 entre 10 catégories. Étant donné 

que le paysage du Québec a subi l' act ion de la g lac iation, certa ines régions ayant le 

même matérie l géo logique de base ont une structure de surface s imila ire et ainsi les 

aspects morphologiques des lacs sont souvent redo ndants dans ces régions. Les régions 

morphologiques des lacs s'ali gnent donc souvent avec la roche mère et les sédiments 

so us-j acents. 
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Dans le deuxième chapitre, nous exam inon la relation entre neuf paramètres 

morphologiques, sept caractéristiques du réseau hydro logique et quatre formes de 

carbone : le méthane (CH4), le dioxyde de carbone (C02), le carbone organique di sso us 

(COD) et le carbone inorganique di ssous (CID). Nous avons utili sé une base de 

données de 300 lacs, échantill onnés au travers Québec, pour examiner l' importance de 

la relation entre la qu antité de carbone et les aspects morphologiques. La meill eure 

corrélat ion a été entre la morphologie et la concentration de CH4, expl iquant 60% de la 

variabilité des concentrations. Quant au C02, c 'était les variables qui décrivaient 

l' interface aquatique-terrestre des lacs qui ont exp liqué la plupart de la vari abil ité 

(30%). Par contre le CID a été presque indépendant de la morpho logie des lacs, mi s à 

part d' une faible influence de vo lume et de la pos iti on clans le réseau hyd rographique 

( 14%). Les différente relations entre la morpho log ie et les formes de carbone ont 

largement dues aux différentes sources de carbone et leur parcours jusqu'aux lacs. 

Les conclusions de ce mémoire mènent à plusieurs perspectives futures. Les suj ets 

abo rdé dans les deux chapitres élargissent no conn aissances sur la morpho log ie des 

lacs boréaux, la di stribution de leurs paramètres et leurs impacts sur le cyc le de carbone. 

D'autres études sur le ujet ou sur d'autre processus physique , ch imiques ou 

écologiques peuvent également utiliser des régions morpho logiques de lacs afin 

d' améli orer le des ign d'échantillonnage ou la modél i ation à grande échell e. 
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SCIENTIFIC SUMMARY 

Inland waters pl ay a s ignificant ro le in carbon processing and emittin g greenhouse 

gases to the atmosphere. Where the la rgest abundance of lakes g lobal! y is contained in 

the borea l. Whit e the knowledge and techno logy in how to phys ically measure severa ! 

water chemi stry parameters is we il developed, the techniques for estim ation are still 

quite rough. Because the boreal biome i vast and largely inaccess ible, it is necessary 

to deve lop too ls to approx imate lake properties w ithout the need for extensive 

sampling . ln this thes is we have deve loped a too l in the fo rm of a lake morphological 

map and expl ored what ro le lake morphology pl ays in th e variati on of four carbon 

species across the borea l Iandscape in Q uébec, Canada. 

C hapter 1 focuses on establi shing the lake morphological regions of Québec through 

an ensemble of morphometric parameters that can be estimated remotely. T hese 

metrics inc lude: area, perimeter, mean/max imum depth, vo lume, edge compl ex ity, lake 

shape, percent littoral area and dynamic rati o. The bathymetrie pa rameters of that set 

are derived from proj ecting an est imated bas in sha pe from the topography surrounding 

the lake. We explored the a llometric re lationships between the lake morphometri c 

paramete rs where three components were identified to vary relatively independently of 

each other: s ize, bathymetri e shape and complexity. We found that the 1.27 million 

lakes of Québec larger than 0.005 km 2 di vide into 10 di stinct categories based on these 

three aspects. Because the Québec land scape was formed from g lac ial processes, many 

regions with the same geo logie base materia l have s imil ar surface structure and so the 

morphological features of the lakes are often reoccurring within these areas . T he lake 

morpholog ical regions that thus appear often align w ith the loca l bedrock and 

sediments. 

In the second chapter we examine the re lat ion of th e nine morphometric parameters 

and seven additiona l metri cs describing the upstream lake and ri ver network 



xx 

configuration to four carbon species: methane (C l-1 4), carbon dioxide (C02), dissolved 

organic carbon (DOC), and di sso lved inorganic carbon (OIC). From 300 lakes sam pied 

across the Québec landscape, we were ab le to see the degrees to which the carbon 

species concentrat ions covaried with morphological features. C l-14, was the most 

influenced by morphol ogica l and network configurat ion metrics where 60% of the 

variation in concentrations could be predicted . ln the case of C02. it was the lake 

metrics related to terrestrial contact area that explained the most (30%), for DOC it was 

the dynamic ratio and metrics related to network configuration (36%). DIC on the other 

hand was largely unaffected by lake morphology except for a sma ll influence of vo lume 

and network position (14%). These differences in relation to the metrics for each of the 

ca rbon species can large ly be exp lained by their sources and methods ofde li very to the 

lakes. 

There is much prospect for furthe r studi es based on the conclusions from thi s thesi s. 

The subjects covered by these two chapters ex pand our knowledge regard ing the 

morphology of boreal lakes, the distr ibution of their features and the im pact it has on 

carbon cyc ling. Further studies on this subject and other physical, chemica l or 

eco logical processes can use lake morphologica l regions fo r more informee! sampling 

des ign or upscaling exercises. 

Keywords: lake morphology, carbon biogeochemi stry, boreal, limnology, ph ysical 

geography, limnogeography 



INTRODUCTION 

Out of a li the biomes on earth , the boreal by far contains the highest abundance of 

inland waterbodies (Messager et a l. 20 16; Feng et a l. 2016; Verpoorter et al. 2014) 

making the aquatic networks in boreal regions a substantia l part of the landscape as a 

who le. Inland wate rs (i.e. , Iakes, stream , rivers and reservo irs) transport, store and 

process considerable amounts of carbon. They a lso emit carbon in various fonn s at 

levels capable of offsett ing the terrestri a l carbon sink (Cole et a l. 2007). The borea l 

zone not only conta ins a maj or ity of the non-glaciated fresh water on Earth , it also 

contains a significant amount of carbon in peatlands, so ifs and vegetat ion (367.3-

171 5.8 Pg.) (B radshaw et al. 20 15). lt is therefore important to incorpo rate and quantify 

the carbon emi ssions from these dynamic systems into global and regional budgets to 

get an accurate view of its ro le in the globa l carbon cyc le, also with respect to climate 

change (B uffam et a l. 20 11 ; Raymond et al. 20 13; !PCC 20 13; Seekell et a l. 20 14). The 

higher northe rn latitudes are ex pected to be di sproportionate ly affected by c limate 

change (IPCC, 2007). ln fact, north ern lake have already experienced a more rapid 

rate of surface water warming than lakes in other regions (0' Reill y et al. 20 15). 

Because our understanding of how different landscape features functions (terrestri al 

and aquatic) is fragmented , it therefore becomes c ritical to improve on this knowledge, 

in order to predict potential impacts of our changing environment. However, the 

features used for quantitively upscaling a li kinds of physical, chem ical and eco logical 

processes a re st ill quite rough. T hi s hampers our ab ility to understand, upscale and 

predict the impacts due to our changing c limate on aq uatic carbon cycling. 

The sheer number of lakes and the remoteness of the boreal landscape in genera l, 

represents a major challenge in tenns of extrapo lat ion of processes to larger sca les. 

Methods th at can to a greater extent ut il ize data th at are obta ined remotely are therefore 

important to develop in order to understand the no11hern landscapes. As multi spectra l 

sate llite imagery improves, we are abl e to see that the abundances of lakes in the boreal 

are skewed towards smaller s ized waterbod ies (Cael & Seekell , 2016· Downing et a l. 
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2006). We are also ab le to utilize more detailed features because of continuously 

improv ing spatial and radiometrie reso lutions. The body of 1 iteratu re showing whi ch 

processes sca le with size is growing (see tab le 1.1 .2) (Post et al. 2000; Bastviken et a l. 

2004; Kortelainen et al. 2006; Staehr et al. 20 12; Kankaa la et al. 20 13; Schilder et al. 

20 13; Hayden et al. 20 14; Seekel l et al. 2014 & 20 18b; Ras ilo et a l. 20 15; Hall et al. 

20 16; 1-lolgerson & Raymond. 20 16). J-10\;vever, there are li ke ly other morphological 

features that can give us insight about the biogeochemica l profi les of inland waters. 

Metrics such as lake area, perim eter and network configurat ion are now easil y obtained 

through rem ote sensing (Qu inlan et al. 2003 ; Yerpoorter et a l. 2014; Downing 20 10; 

Winslow et al. 20 13). Algorithms to estimate lake vo lume and depth based on the 

surrounding topography are also avai lable (Heathcote et a l. 20 15; Sobek et a l. 20 1 1; 

Oli ver et al 20 16) and it has been shown that lake size is impottant to carbon processing 

(Ras il o et al. 20 15). 1-l owever, stud yin g the influence of various facets of lake shape 

and what it may infonn us about the function ing of lakes seems to be overl ooked in the 

literature. Some studies show the effects of connectiv ity and arch itectu re of the aquat ic 

network on water chem istry, although these studies are usua ll y perfonned with a single 

metric for severa! water chemistry parameters (Sadro et al. 20 12; Kratz et al. 1997). ln 

addition, the carbon species often become overlooked in favor of nutrients, such as 

phosphorou , which COITelate weil to metr ics li ke lake order (Sora nno 1999). 

Objectives of stud ies oriented around biogeochem ica! pro fi les of lakes can be d ivided 

into two categories: i) The need to predict, extrapolate and upsca le and ii ) exp lorations 

of the factors that influence observed concen trations and fl uxes. This thesis is aimed to 

examine some of the morphologica l features of lakes that may contribute to their 

carbon dynamics. 

The first chapter will foc us so lely on defining the geomorphologica l aspects of lakes, 

fro m whi ch the results of this geographical class ificat ion can be appli ed broad ly fo r 

multiple limnological purposes. The only featu res we are exp loring are tho e that can 



3 

be obtained or estimated remote ly for it to be applicable over large regions . These 

inc lude: area, pe rimeter, depth, vo lume, edge compl ex ity, shape, percent littoral , and 

dynamic ratio. 

The second chapter is of a biogeochemical nature, exploring which of the metrics 

deve loped in the first chapter is most re levant for each of the four carbon species in 

questi on: disso lved organic carbon (DOC), disso lved inorganic carbon (DLC), carbon 

diox ide (C0 2) and methane (C l-1 4). DOC and DIC are important carbon species in 

aquati c systems, either produced internally or imported from the s urrounding 

landscape. The carboni c gas species, C02 and C H4, are greenhouse gases and regularl y 

produced, consumed and emitted from inland waters 

The goa l of the study is to focus on drivers or prox ies that can be obtained remotely 

(i.e. derived from rem ote sensing or geo-databases) such that these approaches can be 

used as too ls for upscaling and prediction of carbon spec ies. While chemica l factors, 

such as pH or phosphorous, may be good predi ctors of carbon, the ir so lubility and 

impact on metabo lism and oth er bio logica l processes, limit their estimation to in s itu 

sampling only . Thereby the main issue of quantities and inaccess ibility of boreallakes 

is not so lved . Co lored di sso lved organi c matter (C DOM) and chlorophyll are linked to 

the carbon cycles and can be deri ved through remote sensing to a certa in degree . 

However, the accuracy in the derived values are highl y inconsistent across regions, 

ti me and types of waterbodi es (Brezonik et al. 20 15) . They may therefore not be 

suitabl e as predictive factors fo r the time be ing. 

lt is not a new approach to hypothesise that the morpho logy of lakes or features of the 

wate rshed could influence water chemi stry (Rasmu ssen 1989; Nages 2009 ; Dodds et 

al. 201 0). An increasing number of studies are looking at morpho logy, land scape 

factors and confi gurations of aquati c networks as potentia l drivers of biogeochemical 

properties of lakes and streams (Soran no et a l. 1999 & 2009; Prepas et al. 200 1; Sobek 

et a l. 2003 & 2007; Quinlan et a l. 2003; Martin et a l. 2006; Schilder et a l. 20 13; 
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Winslow et al. 20 13; Hall et al. 20 15; Fergus et a l. 20 17; etc.). There have been studies 

showing th at watershed characteristics, geo logy and cl irriate influence aquatic carbon 

(Larsen et al. 20 Il ), however, there have been few, if any, study exp licitly looking at 

lake morphology on regional sca les or how lake shape may influence lake carbon 

dynam ics. Considering the effects of for example small to large surface areas or 

volumes on key physical factors in carbon processes such as temperature, water 

movement and contact areas (see tab le 1.1.2), it is not inconce ivab le that other 

morphological features would a Iso influence th e biogeochem ica! lake environment. 

In order to investi gate spat ial limnological carbon dynamics, there needs to be a large 

numberofsampled lakes covering a wide ran ge ols izes, shapes, carbon concentrat ions, 

network confi gurat ions, watershed characteri stics and regions. Québec is thus weil 

suited as a borea l stud y region in the context of the overall goa l of th is work. The 

landscape was created by the Laurentian ice sheet dur ing the last ice age, it generated 

a wide range of geomorphological features, including many diftè rentl y shaped 

waterbod ies (Fu lton 1989; Hakansson 2005) . A Il lake types encountered he re are 

therefore likely to be reoccurr ing throughout the global regions shaped by glacial 

processes and therefore widely replicable and comparable. 







CHA PTE R 1 
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1 .1 INTRODUCTION 

7 

Lakes are dynamic components of the landscape with signi ficant impact on the g loba l 

environment (Co le et a l. 2007). lt is estimated that g loba l inland waters caver about 

3.7% of the worlds non-g lac iated a reas, and the arctic and boreal conta in the hi ghest 

concentrat ion ofwaterbodies, where the lakes a Iso have the largest areas and per imeters 

(Verpoorter et a l. 20 14; Messager et a l. 20 16) . T he morpho logy of lakes is a cri ti ca l 

fac tor in their eco logica l, biogeochemical and phys ica l funct ioning (Wetze l 2001 ; 

Hâkansson 2005). 

1.1.1 Lake origins 

The occurrence of a lake is a consequence of the surrounding landscape 

geomorpho logy. ln 195 7, Hutchinson compiled a li st of a li the lake types that 

orig inated from di ffe rent geomorpho logica l processes. G lac ia l processes were one of 

Il major types that was further broken up in to more deta il ed subgroups. The g lac ia l 

subgroups inc luded : (A) lakes in di rect contact w ith ice, (B) g lac ial rock bas ins, (C) 

morai ni c and outwash lakes and, (D) drift bas ins. This categorizat ion has rema ined 

fa ir! y intact w ith onl y sma ll a lterat ions over t i me, fo r example: group D is repl aced by 

peri g lac ia l bas in s (the rm okarst) by Cohen (2003). Lakes in the northern land scapes are 

a lm ost exclu sive ly fo rmed in the Pl e istocene g lac ia l peri od (Hutchinson 195 7; Fulton 

1989; Wetzel 200 1; Hâkansson 20 12). ln Q uébec in parti cular the A-types are unlike ly 

to appear s in ce there are no acti ve g lac iers. The majority a re shie ld lakes, which 

re present inundated c revasses in a reas where the g lac ia l concourse mil led the land scape 

down to bare bedrock with li tt le to no sed im ent present. Shie ld lakes are inc luded under 
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the subgroup glacial rock basins along with cirq ue, va lley rock bas in, glint and fjord 

lakes. The other large subgroup of glacia l lakes are Glacial deposit dammed basins 

which includes: moraine dammed lakes, kettle lakes and dammed subglacial ice tunnels 

(Cohen 2003). The resulting landscape from glacial processes a lternate somewhat 

depending on the local geo logy and the ice movements, and in doing so, create di stinct 

regions character ized by relatively homogenous geomorphological features . 

1.1.2 Lake feature effects 

Whi le some lake features have been more studied th an others, su ch as surface a rea and 

depth, ail morpholog ica l features contribute in some way to estab li shing local 

conditions that influence di fferent eco log ical and biogeochemical processes, as weil as 

organi sms and their adaptat ions (Hershey et al. 2006; Hâkansson 2005, Staehr et al. 

20 12; Kraemer et al. 20 15). Table 1.1.2 , summarizes some of the most studied features 

and their effects in three categories of lake functioning: physics, chemistry and biology. 

Out of ai l featu res, depth has been the most studi ed. Wh ile surface area, depth, vo lume, 

shape and land/water interface are the main features, the metrics of them are sub­

categorized. For example; depth may include both direct measurements, ratios of 

mean/max, and surface area/depth. The depth related ratios could be classified as a 

bas in shape measurement, however in thi s case we would like to highlight shape as 

referring to the littoral slope or overall hypsographic profi le in that category. The 

cascad in g effects from each process have not been included, the tab le is th us show ing 

only what is direct! y influenced by the feature. 

There are therefore multiple eco logica l, biogeochemical and ph ysica l reasons for 

further und erstanding the interact ion between lake size and shape. The effect of lake 

size has been widely studied, and we know that the size di stributi on of lakes varies 

regionally, and this has strong impl ications on a number of lake features (Seeke ll et a l. 

20 13; Downing et al. 2006) . More recentl y, it has been shown that mean and max imum 

depth is also regionall y structured, and that as a result, lake vo lume per unit surface, 



9 

and re lated facto rs, such as water res idence time per uni t area, a lso vary systemat icall y 

between reg ions (Heathcote et a l. 20 15; Cael et a l. 20 17). Other studies, which are a lso 

support ing the notion of the need for additi onal ways of describing the hydro logica l 

setting, have been foc using on aspects of connectivity (Fergus et a l. 20 17) or 

geomorpho logica l surface textures (Wo lock et al. 2004). Here we are ma inl y providing 

too ls for in - lake processes. 

Table 1. 1.2 Lake feature effects in the categories of physics, chemistry and bio/ogy. 

On/y the effects studied as being direct/y influenced by the feature is included. Each 

of the effects listed have further cascading effects in al/ categories. 

l'caturc 11actor 

Surface a rca • A rea 
• Shore line 
d istances 

Dcpth • Mean 
• Max 
• Ratios 

Ph ysics 

• Wave growth 
• Heat trans fer 
• Horizontal diiTusion 
• Evaporation 

• Li ght penetrati on 
• Stratifïcation 
• Mixing depth 
• Sedimentat ion 
• Resuspens ion 
• Tempera ture 

·-· ___ • Ebull~. 
Volume 

Shape 

• Tota l vo lume • Residence time 

• Fetch 
• Basin 

shape/slope 

• Outgass ing 
• Waves 
• M ixing/Strati fïca tion 
•I nternai seiches 
• Sed imentation 

hcrnist ry 

• Gas nux 
• Photo lys is 

• Oxidat ion 
• Hypox ia 
• Gas supersaturation 
•Isotop ie profi les 

• Di lution 
• Concentration 

• Littora l/ Pe lagie innucnce 
majority 

• A llochth onous/ Autochthono 
us mai n carbon sources 

13iology 

• Tota l primary producti vity 
• Planktonic di stributions 

• Number oftrophic level s 
• Pri mary prod ucti on 
• Fish communities 
• Macrophytes/vegetation 
• Vertical mi gration 

• Prod ucti vity 
• umber of trophic levcls 

• Planktonic d istributions 
• Macrophytes!Vegetat io n 

•_?eqir~r]t.~r_<t~OI1 ____ . ________ . _______ ·--· _____ ·---··--·· 
La nd/\Va tc r 
Jntc rlitcc 

• Contact area • Gas supersawration • Microbia l 
• pH 
• Nutrient inpu t/exchange 
• Mineral ava ilabi lity 
• Redox potential 

res pi ra tion/a~t ivi ty 

• Bioturbation 
• Macrophytes!Vegeta ti on 
• Community compositions 

Re re~~~~~~~ · -13;;g[55ü;; ·&-~i~~5~i;;y-2üï2; wet;~e i 2oo l ;-iVï~"YiJëckl99s: Hâk~nsson :.ioos :· si3ë ï;r-ë131.20ï2;-vâcho~-& 
Prairie 20 13 ; Hayden et al. 20 14; Steele et al. 20 14 : Korte le incn et a l. 2006: Kraemer et al. 20 15; Holgersson 

_ __. ______ §I,B~Y.!.11.2~ci.1Q f.!Lê!!.~ vik_<ê!l.!:.\ ~L~Q.~; .. ~!:t.i)d.!:.f~~!..~l.1Q!.1 Post ~~i'l.1QOO . ----·--·------····· 
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The patterns in lake shape, on the other hand, have been very sparsely explored. Wh il e 

it is often repeated that lake shape is of a fracta l nature, we do not actuall y know how 

the round ness of lake shape, the complexity of the ir shore! ine, or the shape of the ir 

basins vary as a function to the ir size. Neither do we know how these additi onal features 

relate to each other, and if they also have a spatial structuring that determines a 

regional ity in these properties. 

Because lake size and horizontal and vertica l shape may not be completely coupled, 

thi s will generate a wide range of morphometric configurations, which wi ll in turn have 

multiple, and often diverging influences on eco logica l, biogeochemical and phys ical 

processes. For exampl e: both a small lake and a large lake could have a deep bowl 

profile or a sha ll ow plate profil e and st ill have ei ther a complex. convo luted shoreline 

or a smooth round shape. Where a shall ow plate profile is less likely to stratify (Wetze l 

200 1) and is more inviting for macrophytes to establi sh in the littora l zone (Rooney & 

Kalff2000), a deeper bowl profil e is more likely to be stratified and have less relative 

macrophyte coverage. If one ofthese shall ow plate lakes has a more complex shoreline 

th an a round one of the sa me area and pro fi le, it wi Il have rel ative ly more contact area 

with the surroundin g landscape and a larger percentage of the tota l area could be 

overlyin g shallow edim ent . lt is then important to understand the relati onships that 

exist between the e dimensions of lake morphometry, and how these relationships vary 

along gradients of lake size, and ac ross diffe rent landscapes. 

More interesting, perhaps, is the type of distribution of lake features that emerges from 

superimpos ing these different dimensions, and how this may expose regions where 

lakes are characterized by a com mon set of morphometric features, which may be quite 

different fi·om a regional di stribution obtained on the bas is of lake size or eco-regions 

al one, and wh ich may genera te large-sca le, emergent patterns in lake functi on th at are 

not obvious from considering any single dimen ion. ln addition, determining links 
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between the va rious aspects of lake s ize and shape and the ir di stribution across the 

land scape may prov ide too ls fo r more effect ive ly upscaling a va riety of lake processes 

at a regiona l leve!. To illustrate thi s latter po int, consider a process that becomes 

enhanced in lakes w ith a certa in combination of morpho logica l features, if the number 

of those spec ifie lakes out of the who le populat ion can be estim ated with a fa ir 

accuracy, the effects of that process can be more prec isely quantified. If in addi tion to 

th at it is known where lakes with these fea tures are more corn mon !y occurring, rn ore 

detail s on the environm ent and landscape can be added to the calcul ations. 

Here we explore the allometry of lake shape (i.e. coup led or uncoupled morphologica l 

tra its), and the regional patterns in lake morphological structure across temperate, 

borea l and subarct ic land scapes in Q uébec. The bas ic quest ions we are looking to 

answer are; 

• ls there any a llometry assoc iated to lake morpho logy? 

• How do diffe rent metrics of lake shape re late to each other? 

• Are there geomorpho logical regions determined on distinct combinations of 

lake morphometric features? 

We expect to see regiona l di ffe rences in va rious aspects of lake morphology due to the 

dynami c behav iour of the Laurentian ice sheet that shaped the Québec landscape. For 

example, whereas the lakes towards the St Lawrence lowlands on the Canadian shie ld 

(south - so uth-west) li e in depos its fro m the glacier retreat, the lakes in centra l Q uébec 

w ill mainl y appear in g lac ia l scars w ith sha llow so i! depths (Fulton, 1989). These 

di ffe rent topographies are like ly to resul t in systemati ca lly di fferent pattern s in lake 

morphology. 
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1.2 METHODS 

1.2.1 Spatial Data 

The bas ic spatial data of digital elevation models (DEMs) and lake shapes was obta ined 

fi·om the Canadi an governm ental open data source Geograti s, whi ch is provided by the 

department of Natural Resources Canada; Earth Sciences Sector under the Open 

Government License- Canada. The software used to process the spatial data is ArcMap 

v 10.2-10.4 from ES RI. 

The DEMs are the third issue of the Canadian Digital Elevati on Mode! (CDEM) which 

have a 30m reso lution. 

The lake shapes are part of the National Hydro Network (GeoBase - NHN) whi ch have 

been deri ved from 1 :50,000 sca le maps or better where source image re olu tion is about 

3Q m. The distinction of lake vs wet land has thus already been made at the stage of 

production (GeoBase 20 1 0). A 0.005 km 2 minim um surface area eut-off was decided 

on based on the average reso lut ion of the source data, so that elements of shape and 

shape complexity wou ld be adequately represented throughout the who le region. Thi s 

cut-offreduced the number ofwaterbodies in the dataset from 2.71 * 106 to 1.27* 106. A 

total of 3,832 known reservoirs were also removed from the dataset. 

1.2.2 Morphometry 

ln additi on to the bas ic metrics of area and perimeter, deri ved from the lake shape , 

seven other metri cs were ca lculated: Max imum Depth (Zmax), Volume (V), Mean Depth 

(ZmemJ, Edge Complex ity, Lake Shape, Depth Profi le (Dynamic Ratio) and Sed iment 

Edge Contact (Percent Littoral). 

Maximum Depth and Volume was ca lculated using the method descri bed in Heathcote 

et al. 2015, where the elevation change with in a 25-meter bu ffe r arOLmd the lake is the 

key fac tor: 
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LoglO (Zmax ) = 0.35 + LoglO (E levat ion change25 ) * 0.79 

Log lO (V) = Log lO (Lak e A rea) * 0.96 + Log lO (E levation chan ge25 ) * 0.77 

Where Zmax is Maximum Depth, V is Vo lume and Elevation change25 is the max imum 

topographie change w ithin a 25-meter buffer aro und the lake. S imilar methods have 

been tested us in g 50 and 1 00-meter buffe rs (Sobek et a l. 20 Il ; Oli ver et a l. 20 16), 

however thi s is most likely an adaptation to the reso lution of the ava ila bl e e levati on 

data or for regiona l differences . 

Mean Depth was ca lc ulated from the vo lume and lake surface area: 

v z ----
Mean - arealake 

Edge Complex ity is a perimeter to area ratio , w here increas ing va lues expresses an 

increas ing complex ity . T he square root of area is used to exclude any s ize de pendency 

s ince that aspect is a lready accounted fo r in the bas ic metrics. 

. perimeterlake 
Edge Comp lex Lty = '---r====-= 

.Jareatake 

Lake Shape uses a sma ll est c ircum scribing c irc le a round the lake and compare the area 

of which to the actua l lake surface area. ln effect, it di fferentiates between oblong 

(shape approaches 1) and circular lakes (shape approaches 0). T hi s metri c is a Iso s ize 

independ ent and unitl ess . 

arealake 
Lake s hape = 1 - __ ..:.::.;.;~ 

areacircle 

Dep th Profile was accoun ted fo r us ing the Dynam ic ratio (Hakansson 1982 ; Fer land et 

a l. 20 12) which is the square root of lake area d iv ided by mean depth: 

. . .Jareatake 
DynamLc Ratw = Z 

mean 
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Low dynamic ratios indicate lakes that are bowl-shaped, whereas hi gh va lues of the 

ratio denote lakes that are dish-like. 

Sediment Edge Contact was included in the metrics to highlight the li ttora l zones of 

lakes, which are hotspots for biogeochemica l act ivity. For th is we ca lculated the 

Percent Littoral as the percentage of the lake area where the sediments are above 3 

meters in depth as: 

( 
3 )G ba thymetricshape 

%Littoral = 1 - 1 - - - * 100 
ZMax 

Where qbathymetric shape is a scal ing factor th at represents an ideal ized lake bottom pro fi le: 

Zmax 
qbat l!ymetric shap e = -

2
--- 1 
mean 

Flowcharts of the metric calculation process can be fou nd in Append ix 1. 

1.2.3 Statistics 

We carried out regress ion analys is to exp lore the presence of all ometric relationships 

between lake size and the various metrics of lake morphology. The regressions are 

simple yet effective explorative tools which also give insight needed for the principal 

component analyses. Ali metri cs were log 10 transform ed to mai ntain a norm al 

di stribution and ali analysis was conducted wi th JM P Pro v 13 statistical software from 

SAS lnstitute lnc. 

1.2 .3. 1 Principal Component Ana lysis 

We used principal component analysi s (PCA) to vi sualize the distr ibution of lakes 

based on the ensemble of morphometric variab les. The PCA scores on the first three 

axes for each individuall ake were subsequentl y used as the basi for the spatial ana lys is 

as integrat ive morphometric vectors. 
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1.2.4 Spatial Analysis 

The scores from the first 3 PCA axes for ali the lakes were imported to the GIS 

software, and in order to carry out a surface interpolation of the data, the point-vector 

format (lake center point coordinates with PCA scores attributed) was transformed to 

Thiessen polygons and then converted to raster format with a 15m resolution (Figure 

1.2.4) . Thiessen polygons are created by equally dividing the space between ali 

neighboring point features (Yamada 20 16). This procedure results in an equal spatial 

expression, regardless of actual physical expansion of an individual lake but rather on 

the lake center point relation to its neighbors . This implies that a smalllake and a large 

lake will be spatially more equally represented in the regional characteristics. This 

method of interpolation is performed without using algorithms that alter the input 

values and requires less processing power, as long as the input values are transformed 

from floating-point to integer data. 

A flowchart of the spatial analysis process can be found in Appendix 1. 

1.2.4.1 Outlier Resolution 

When the PCA scores were imported to the GIS software, ArcGIS desktop vl O.x 

(ESRI, 2016), there was a high degree ofso-called salt-and-pepper noise. This occurs 

when there is a scatter of extremely high and low values throughout the image. The 

general approach for removing salt-and-pepper noise is to employa median filter. In 

our case the noise was not produced by any error but rather from true regional outliers. 

The data therefore still needed to be regionally homogenized. Thus, when resampling 

the initial raster resolution (15 rn) to a coarser scale (1.5 km) the cel! aggregation 

technique was driven by median selection. Prior to the resampling the raster values 

were rounded offthrough a reclassification using quanti le breaks. The three PCA raster 

layers were then combined into a composite RGB image on which the classification 

was performed. 
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1. Lake polygons 

lake met ric calcul ations 
principa l component analysis 

attribute pca-scores to lake 

polygon to point conversion 

2. Lake center points 

po int to Th iessen polygon conversion 

3. Thiessen polygons 

Thiessen polygon to raster conversion 

4. Raster layers 

create composite from layers 

5. RGB composite 

Size 

Complexity 

Bathymet rie shape 

Figu re 1. 2.4 . An ill ustrat ed examp le of the tran si t ion f ro m lake polygons to com po site 

image . The p t step accounts for t he calcu lations made from th e lake polygons; the 2 "d hav e 

had the lake shapes rep laced with their center point; the 3 'd have had Thiessen polygons 

outlined; the 4 th is a representation of the conversion from po lyg on to raster format; the 

s t h is the composite image of the three raster layers which will be the input to the 

clas sificat ion . 
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1.2.4.2 Iterative Self-Organizing (ISO) Cluster and Maximum Likelihood 

Classification 

The ISO Cluster classification procedure is an unsupervised method in the ArcGIS 

Desktop software (ESRI, 2016), which functions much like k-means clustering. A k­

means clustering algorithm works by dividing the data points into groups where the 

sum of squares within the group is optimized to a minimum (Hartigan et al.l979) . 

Technically that means a number of clusters must first be specified for the algorithm 

to iterative! y fi nd the optimal mean value for each group given the number of specified 

clusters. In this case the optimal mean value is where the points assigned to the cluster 

are at the shortest distance compared to the mean of the other clusters. There is however 

no direct way to determine the optimal number of clusters, apart from specifying the 

minimal amount of data points to compose an individual cluster. Therefore, the sui table 

number of clusters that effectively describe a certain set of observations has to be 

estimated by iteration. 

The ISO cluster method thus allows to derive an optimized number of classes from a 

set of observations and produce a signature file that can then be used as input to the 

maximum likelihood classification procedure (ESRI, 2016) . 

Maximum likelihood classification considers the variance and covariance of the input 

values that characterize an item and makes a Bayesian decision on which class the item 

likely be longs to. More specifically, Bayes theorem makes estimations of probability 

based on prior conditions. 

P(AIB) = P(BIA)P(A) 
P(B) 

Where: A and B are events_ P(B) # 0 

The ISO Cluster signature file thus becomes a primer for the maximum likelihood that 

a certain data point belongs to a certain class . ln the postprocessing of the ML-
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classification the raster is aggregated to a 5x5 km resolution to enhance the different 

regions. 

A flowchart of the Image analysis process can be found m Appendix l. 

. .. ·:.: .. , ... 
. . ·l . · · .. · ' . ·.· .. · . .. 

. · .. : .· -~. :· ·: .. ·~_· .. ~ ·.· .... . 
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ISO cl ustering • start 
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Figure 1.2.4.2 An illustrated example of the transition from an RGB­

composite image of 3 PCA axes representing the red, blue and green, to 

an ISO cluster class ification and finally a processed maximum likelihood 

classif icat ion . 

1.3 RESULTS 

1.3.1 Distribution of lake sizes and morphological features 

The upper lake size in our dataset corresponds to Lac Mistassini which is 2,100 km 2, 

but the lower limit is somewhat arbitrary, since it depends on the cutoffthat was chosen 

for the lake shapes. The lowest cutoff possible, based on the source data resolution 

would be 0.001 km2, which would yield 2.7lx106 lakes, where 48% is in the 0.001 to 
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0.005 km 2 s ize c lass. These ultra-sma ll lakes a re at the edge of effective resolution of 

the source image data. The largest resolution of the sate llite imagery used to derive the 

lake shapes was 30 x 30 m (GeoBase 20 1 0), so in order not bias any regions as having 

more smal ler lakes because the resolution of sate ll ite imagery was hi gher there, a li 

reg ions mu st be he ld to the same cutoff. We therefore chose the more conservative 

cutoff of 0.005 km2 so that lake shapes and e lements of shape complexity cou ld be 

adequate ly represented . After remov ing 3,832 catalogued reservoirs from the dataset, 

so as to not bias the morphometric parameters, the total number of lakes that were 

finally included in the ana lys is was 1 ,270,878 . The average lake in this final dataset 

has a surface area of 0.15 km 2 
( 15 hectares). T he cumul at ive lake surface area is 

- 187,000 km 2, whi ch represents 12.3% of the total surface area of Québec covered in 

thi s stud y ( 1.52 x 1 06 km2
). 

The lakes extracted covered very large ranges in ali of the morphometric parameters 

(Tab le 1.3. 1 and Figure 1.3 . 1) 

The shortest perimeter in the dataset is 0.25 km , whereas the longest perimeter is 5, 71 1 

km and interest ing ly does not belong to the largest lake in the dataset. The mean 

perimeter length is 1.73 km, whereas the cumu lat ive lake edge is 2, 147,751 km (Tab le 

1.3. 1 ). 

The empirical model based on the mean e levation change around the lake yie lds an 

average maximum depth of 9.93 m, and the range of maximum lake depths of 0.8 -

144 m (Table 1.3. 1). While this model may not adeq uate ly approx imate depth for 

extreme situations such as fo r Lac Mistassini (max. depth 183 m) or fo r small er lakes 

in highl y vari ab le topographies, or for kettle lakes, it was ca librated for lakes of glacier 

ori gi n with surface areas between 0.005 to 1 030 km 2 and 1.5 to 125 m max depth 

(Heath cote et a l. 20 15), whi ch represent the majority of lakes in this region and shou ld 

therefore be genera ll y suitab le. 
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The calculated volumes using the above approach range severa! orders of magnitude, 

from 1.13 ·10-6 to 169 km 3 (Lac Mistass ini , actual : 150 km3
) where the mean volume is 

2.6 x 1 o-3 km 3. The resulting average mean depth for th e lakes in Québec is 5.34 m 

(Table 1.3 .1 ). The upper range in the distribution of mean depth (up to 143 m) is 

unrea listic, however, and likely retl ects bi ases in the algorithms used, but these extreme 

va lues hardl y influence the overa ll regional lake mean depth . 

The edge complex ity of the lakes in Québec spans a large range, from 3.6 to 222 (Table 

1.3. 1 ), but with a distribution that is cl earl y skewed towards the less intri cate (lower 

values) part of the spectrum (F igure l.3. 1. t). 

The lake shape parameter approaches 0 fo r lakes that are perfectly round and 1 as lakes 

become more oblong and elongated . The mean va lue and overall di stribu tion of the 

lake shape parameter, with a mean of 0.63 (Table 1. 3. 1 and Figure 1.3. 1.g) thus 

indicates that lakes in Québec tend to have more ob long shapes . 

Table 1.3. 1 Summarizing statistics for Québec lakes surface areas, perimeters, depths, 

volumes, edge complexities, shapes, percent littoral areas and dynamic ratios. 

Lake Feature Min Max Mean Std Oev Std Err Mean Sum 

urface /\ rea (km' ) 0.005 1.369 0.15 3.14 0.003 185,762 

Perimeter (k m) 0.25 5.7 11 1.73 112 0.0 10 2. 147.75 1 

M ax imu m depth (m) 0.83 143 7 9 93 S. l 4 0.007 12.295.877 

M ean depth (m) 0.2 1 143.4 5.34 5.72 0.005 

Volume (km' ) 1.13é 70 1 0 0026 0.15 0 000 1 3.206 

Edge complex ity 3.57 222.4 5.65 2 74 0.002 

Shape (circularity) 0.02 0.998 0.63 0.16 0.000 1 

Percent lilloral (%) 0.004 100 515 33.4 0.03 

Dynamic ratio 4.34 7,115 76.5 94.3 0.085 
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That the average lake in Québec is relatively shall ow is also reflected in the metric 

describing the percent littoral habitat ofthese lakes . The mean percentage of the surface 

area with depths that are shal lower than 3 rn was 51.5%, with most' lakes ranging 

between 20-80% littoral (Table 1.3.1 and Figure 1.3.1.h). Likewise, the distribution of 

values of dynamic ratio , which increases as lakes go from bowl- to plate-shaped, 

suggest that most lakes in Québec tend to have a flat, plate-like profile, since the values 

were strongly skewed towards the right, with a mean v&lue of 75 .3 (Table 1.3.1 and 

Figure 1.3 .1.i). 

d) mean depth g) shape 
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0.01 0.1 10 100 1,000 
0.1 10 100 0.1 
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400,000 300,000 300,000 
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100,000 100,000 
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c) max depth f) edge complexity i) dynamic ratio 
300,000 300,000 
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10 100 
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Figure 1.3.1.a- i Distribution of 9 morphometric parameters for lakes with 

between 0 .005-1,370 km 2 surface area in Québec . Ali distributions are on a loglO 

scale . 
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1.3.2 Allometric relationships between lake metrics 

We explored the relationships between the various lake metrics and lake area using 

regression analysis. Ali the variab les were log-transformed to ensure normality, and we 

further binned the variables into logarithmic-scale categories, in order to expose the 

underlying patterns that are difficult to visualize due to the large density and scatter of 

points . 

Not surprisingly, perimeter was strongly related to lake area (R2=0.92) (Figure 

1.3.2.1.a) but the log-log relationship was s lightly non-linear and better captured by a 

first order polynomial model. 

Likewise, as lake area increases, so does the mean and maximum lake depth (R2=0.15) 

(Figure 1.3 .2.1.b and c), but in both cases, there was a non-linear trend where depth 

tends to plateau with increasing lake size. While the range of our data is very large, 

these trends offer support to the model used to estimate depth, as it in itse lf does not 

incorporate lake size . 

The mean depth tends to increase Jess with area than maximum depth and therefore the 

ratio of the two tends to shi ft as lakes become larger, with consequences on the shape 

of the depth profile of lakes, as described below. 

Volume has a strong linear log-log relationship to area (R2=0.79) (Figure 1.3.2.l.d), 

which is partl y attributab le to surface area being a parameter in the vo lume algorithm. 

Because depth a Iso increases with lake area, the log-slope of the relationship between 

volume and area is significantly greater than 1. 

The edge complexity metric also showed a wide range for any given lake area, but on 

average complexity tends to increase with lake size (R2=0.36) (Figure 1.3.2.l .e). This 

cou ld partially be related to the fracta l nature of shorelines and the spatial resolution of 

source data (Mandelbrot 1967). lt is more likely, however, that it is a landscape scaling 
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factor, such that a lake surface expanding over a large area in the boreal is more likely 

to follow a variety landscape contours than one with a smaller extent. 

As mentioned before, a shape value of 1 is an almost complete diversion from a circle 

and the reis a clear trend for larger lakes to converge to this value of 1 (R 2=0.09) (Figure 

1.3.2.1.f), suggesting that in this landscape lakes tend to become proportionally 

narrower as they increase in size. 

On a log-log scale, the percent of lake area overlaying sediments shallower than 3 rn 

depth (% littoral) declined linearly with lake area (R2=0.17) (Figure 1.3.2.1.g). 

However, this relationship was rather weak and the range in percent littoral is very 

large for lakes for any given size of lake (Figure 1.3 .2. l.g). Likewise, the dynamic ratio 

in creas es with size (R2=0.1 0) (Figure 1.3 .2 .1.h), suggesting th at although larger lakes 

tend to be deeper, as described above, they also tend to become more plate-like as they 

become larger. 

We further explored the relationships that exist between the different aspects of lake 

shape, and we found that there was structure in lake morphology beyond the above size 

scaling (Figure 1.3.2.2). For simplicity we divided the metrics into two groups : those 

that depend on the depth profiles (max depth, percent littoral and dynamic ratio) and 

those that are associated to shape (edge complexity and shape). The depth related 

metrics ali strongly covaried, with R2 ranging from -0.75 to -0.96 and 0.70, and the two 

shape metrics were also strongly coupled to each other (R2 = 0.69, Figure 1.3.2.2). The 

relationships between the groups of variables were much weaker, with R2 ranging from 

-0.35 to -0.05 (Figure 1.3 .2.2), indicating that these different dimensions of lake 

morphology do not necessarily covary across the landscape, and that any given type of 

depth profile may be associated to widely varying lake shapes, and vice versa. 
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e) edge complexity vs. area f) shape vs. area 
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Figure 1.3.2.1 Allometry regressions between ali metrics and Area. a) Perimeter (R 2=0.92), 

b) Maximum Depth (R 2=0 .15), c) Mean Depth (R 2=0 .15), d) Volume (R 2=0 .79), e) Edge 

Complexi t y (R 2=0 .36), f) Shape (R 2=0 .09), g) Percent Littoral (R 2=0.17), h) Dynamic Ratio 

(R 2 =0 .10) . The Area data have been binned, ali parameters are log -t ransformed and the 

whi skers of the boxes represent the quantile ranges . The fitted line through the data is 

based on the mean values within each bin . 
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Figure 1.3.2 .2 Multivariate correlation scatter-plots and correlations of the 

5 metrics: Maximum Depth, Edge Complexity, Shape, Percent Littoral , and 

Dynam ic Rat io. 

1.3.3 Principal component analysis of lake metrics across the landscape 

We explored the distribution of sites based on the ensemble of morphometric 

parameters using principal components analysis (PCA) , with a li input variables log­

transformed to account for the large ranges and the often skewed distributions. The 

resulting eigenvalues of the components quickly declined from 5.2 to 2.5 and 1.0, thus 

only the first three components were retained as the most informative . These are the 

three dimensions of variation which is la ter used as the basis for the classification. The 
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PCA vectors cl earl y refl ected both the importance of lake s ize, as weil as the a llometry 

of lake morphology and the links that ex ist between spec ifie lake metri cs. 

The fi rst ax is expla ined up to 57.5% of the composition of the data (Figure 1.3 .3.1 ), 

and integrated severa ( lake metrics, which also weighed to a lesser extent on axis 2 and 

3, whi ch explained 27.8% and 11.3% of the total vari ance, respecti vely. Mean and 

max imum depth , and percent littoral weighed heav il y on component 1, with opposing 

effects w hich refl ects that deeper lakes tend to have proportionately less shallow area 

and tend to be less fl at. Almost orthogonally to depth Joad area, perimeter and edge 

complex ity increase, suggesting that the larger lakes tend to have more complex 

shorelines but that this is re lative ( y independent of lake depth . Weakly increas ing w ith 

the area group is the lake shape metric, suggesting that the larger lakes tend to be more 

oblong, however the feature is not exc lusive to the large lakes . 

T he vo lume vector increases in the direction between depth and area, slightly closer to 

the area, suggesting that both lake area and depth modulate lake vo lume. In a 90-degree 

angle to vo lume and in the same quadrant as percent li ttora l the dynamic rat io loads 

most strongly on the 2nd component ax is, again reinfo rc ing the trend that lakes w ith a 

plate- li ke profi le are more like ly to have sediments shall ower than 3 rn depth and 

Figure 1.3.3.2 Bar-chart displaying the relat ive contribution of each metric 

to the 3 first PCA components. Showing more clearly that the axes can be 

interpreted as : Size, Bathymetrie Shape, and Complexity. 
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therefore a high proportion of littoral area. Weakly opposing the dynamic ratio is Z 

max and Z mean, suggesting that the deeper lakes are more likely to have a bowl-shape 

although there is a certain degree of decoupling in this relationship. 

The strongest vectors loading on the 3rd component axis were lake shape and edge 

complexity. Ali other vectors are only marginally affecting or not correlated at ali , as 

is shawn in figure 1.3.3.2. Overall, the first component therefore seems to comprise 

Table 1.3.4.1 Statistics summary of minimum, maximum, mean, and standard deviation for each 

of the 9 metrics and 10 lake classes. 

Area (km' ) 

Perimeter 
(km) 

Edge 
complexity 

Shape 

Z max (m) 

Z mean (m) 

Volume 
(km3) 

%Littoral 

Dy na mie 
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N 
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Std 
De v 
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De v 
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lake area and the lake metrics that strongly covary with area, the second component 

integrates the bathymetrie shape which is often decoupled from lake area, and the third 

integrates various aspects of shoreline complexity, which are often decoupled from 

bath lake area and bathymetrie profiles . 

1.3.4 Determining lake morphological regions across the Québec 

lands cape 

The ISO cluster lake classification based on the combination of the three PCA 

components yielded 1 0 distinct lake morphological c lasses, which are patches of 

landscape where the majority of lakes share a defined combination of morphologie 

features. Table 1 .3.4.1 presents the basic statistics that describe the morphology of the 

lakes that populate each of these 10 c lasses. The classes containing the most lakes are 

5 and 6, wh ich suggests that the most common and widely distributed lake type in 

Québec is about O. L 1 to 0.14 km2 and has a maximum depth of 6.8 to 12.3 meters . 
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Figure 1 .3 .4 .1 PCA plot showing the distribution of the 10 lake classes along 

component axis 1 and 2. 
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Sorne lake classes · or morphological regions differ substantia lly in average lake area, 

for example between classes 1 and 10 (Table 1.3 .4.1 ), but other classes share a si mi lar 

average lake area but differ greatly in average bathymetry (i.e. classes 6 and 8, Table 

1.3 .4.1 ), or contour metrics (i.e. classes 2 and 3, Table 1.3 .4.1 ). This interplay between 

area-related metrics, bathymetry and contour in determining the distribution of lake 

classes can be clearly seen in a PCA of lakes where we have overlain the vectors for 

the lake metrics and projected the center points of the 10 lake classes (Figure 1.3 .4.1 ). 

The lake classes are spread out mostly along a gradient of lake area, complexity and 

bathymetry in the plot of the first two components, with sorne classes more influenced 

by one of the other group of metrics. 

The lake morphological regions not only differ in the average lake stze, but 

importantly, they also differ in their size distributions (Figure 1.3.4.2) and their 

respective lake abundance per lake area relationships (Figure 1.3.4.3). Whereas sorne 
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Figure 1.3.4.i. Abundance distribution of lake sizes. Size is one of the 

defining features for each class . Here it is shawn which other lake sizes are 

distributed within the classes and the differences in slopes of the abundance 

distribution depending on which class (or ali) is regarded . 
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of the morphological regions c lear ly follow the expected Pareto distributions ( i.e. 5 and 

6), others, such as classes 8 and 9, deviate considerably from this pattern . The different 

intercepts of the individual abundance to area relationships refiect major differences in 

the average lake density across the lake morphological regions, with sorne of these 

regions characterized by an extremely low density of lakes, or perhaps a low density 

of lakes larger than 0.005 km 2 (i.e. class 1 ), others by a high density of small lakes (i.e. 

class 5), and yet others are dominated by a few, very large lakes (i .e. class 10, Figure 

1.3.4.3). As a result, the regions populated by the different lake classes also differ 

greatly in the overalllake surface, ranging from 2% to 28% of the local land area (class 

1 and 10, Figure 1.3.4.3). 

The lake classes described above identified with the classification procedure that 

combines the ensemble of lake morphometric parameters, showed a very clear spatial 
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Figure 1.3.4.3.a-b. Bar chart displaying the distribution lakes across the 

different lake regions. The large class cover more area with fewer lakes, 

however the other sizes show large differences in composition . 
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distribution across the Québec landscape (Figure 1.3.4.4) While some classes are 

patchily distributed essentia ll y across ali of Québec, others dominate large portions of 

the landscape, and yet others are restricted to very specifie locations (Tab le 1.3 .4.2) . 

This generates an extremely heterogenous lake landscape: there are regions of Québec 

that are dominated by a mosaic of lake classes, such as the Appalachian region in the 

South, Gaspésie in the Southeast, or some regions in central Abitibi, whereas other 

regions are overwhelmingly dominated by one or at the most two lake classes, such as 

the Cote Nord area, the James Bay and some sub-arctic landscapes in the far North, 

albeit the dominant lake invo lved not being the same (Figure 1.3.4.4). 

Table 1.3.4.2 Summary table of the attributable characteristics of each of the 10 lake region 

classes. 

C LASS SIZE BATHY COMPLEX ITY DISTRIBUTION 

Very small Shallow Low Small , dispersed patches. 

Mid Bow l Low Dispersed patches in North and South. 

3 Small S hallow plates Low Dispersed patches 

Small Shallow plates Low Larger dispersed patches 

5 Small · mid Average Average Fairly contiguous field, mainly North. 

Mid Bowl Average Conunonly occurTing throughout who le arca. 

Small-nud Plate High Dispe rsed patches in Central arca. 

8 Large Deep bowls Average Large contiguous arca. 

Large Plate High Dispersed patches in Centra l arca. 

10 Very large Bowl High Scattered in South 
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Figure 1.3.5.1.a-d Maps showing the distribution of a) Bedrock, b) Sediment, c) Eco-Regions, 

and d) Slope in Québec. There is a striking alignment of the 10 lake classes and the bedrock, 

which was not used as a parameter in the classification . Ali of these additional layers may be 

helpful for further specifications of the lake cla sses depending on purpose . 
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1.3.5 Links between lake morphological regions, geology and topography 

The maps in Figure 1.3.5.1 suggest that the distribution of lake morphological regions 

shown in 1.3.4.4 aligns very weil with a combination of regional geology and 

topographical structure, suggesting that local lake architecture reflects these broad 

regional features , which was a Iso fou nd by Noges (2009) for Europe . ln contrast, there 

is almost no correspondence between the establi shed eco-regions and the regional 

distribution of lake classes . 

Most of the lakes (72.0%) are located in areas of glacia l deposits, 19.0% is in areas of 

rock-outcrops and the remaining 9.0% is located in other varieties of glaciofl uvial or 

lacustrine deposits (Figure 1.3.5.2). Table 1.3.5 shows that the underlying bedrock is 

62.6% intrusive, 24.9% metamorphic, and the remaining 12 .5% is sedimentary or 

volcanic . 

The majority of the lake classes are found in intrusive bedrock with rock and till as the 

overlying layers, except for classes 1, 8 and 1 O. These classes have sedimentary or 

Glaciolac ustrine and lacustrine deposi s: 
sediments deposi ed in a glacial lake du ring deglacia ion 

and subsequen lake drainage 

Glac iofluvial deoosi s: 
g rave! and sand d eposi ed by meltwa er strea ms 

Glaciomarine and mari ne deposits: 
sediments deposi ed from mel twa er and floa ing ice, 

in marine wa ers, during deglaciation and subsequen regression 

Roc k: areas of abundant (> 75) rock ou crop 

Glacial deposits: 
silty, sandy, and clayey diamic on; 

formed by the direc ac ion of glacier ice 

Figure 1.3.5.2 Distribution of surface layer geological compositions for ali 

lakes in Québec. 
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metamorphic bedrock, where class 1 is most common ly found in peat land . From Table 

1.3.5 it thus becomes possible to infer the general lake type for each lake class . 

As the majority of class 1 is found in peat and till , it is thus likely to be periglacial ice 

co llapse lakes, i.e. bog (muskeg) lakes . These types of lakes evolve relatively fast 

(compared to the average occurrence of an ice-age), due to accumu lation of slowly 

decomposing biomass. 

The class 2 lakes seem to be a combination of kettle and small sh ield lakes, depending 

if they are fou nd in the southern or northern areas . 

Class 3 lakes found in rock, t ill , sand and grave! sediments are likely to be kettle lakes 

formed by ice co llapse in outwash areas. Class 3 and 4 first appears to be very simi lar, 

however there is a difference in lakes per km 2, where class 3 is much more densely 

populated. 

Table 1.3.5 Percentage statistics of the geological setting each lake class is located in. 

Lake ctass 

Sediment 2 3 4 5 6 7 8 9 10 Ali 

Rock (%) 6 .7 70.5 39.0 39.0 47.2 62.5 36.6 80.2 47.0 62.0 53.8 

Till (%) 19.0 22.7 26.2 44.2 43 .2 32.7 53.7 15.2 4 1.7 28.6 35.5 

Sand and Grave! (%) 14.3 4 .5 25.0 5.9 7.8 3.9 6 .7 3.6 5.6 3.3 7.7 

Mud (%) 13.7 2 .1 6 .1 7.7 1.3 0 .9 2 .1 0 .8 3.7 4.3 2 .1 

Peat (%) 44 .0 0 .2 3.7 3.5 0 4 0 .2 0 .8 0 .1 1.8 1.6 0.9 

Modern river sedi ments(%) 2.3 0 .1 0 .1 0.2 0. 1 0 .1 0.1 0. 1 

Lake sand(%) 0 . 1 

Bedrock 

lntrus ive rocks(%) 30.2 75.9 65 .2 52. 1 754 58.9 6 3.9 40.0 534 334 62.6 

Metamorphic rocks(%) 7.9 7 .0 17.6 35.2 12.3 27.8 24 .6 53.7 36.8 53 .2 24.9 

Sedim entary and volcanic rocks(%) 0 .1 0 .9 0.1 0 .2 0.3 0.3 0 .1 0.7 04 14 0.3 

Sedimentary rocks(%) 603 10.2 10 .8 6 .5 7 4 8.3 5 .1 4 .3 4.6 6.6 7.5 

Volcanic rocks(%) 1.7 6.0 63 6.0 4 .6 4 .7 6.2 1.5 4 .9 54 4.7 
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Class 4 is mostly found in rock and till with finer particle sediment than sand and 

gravel. While both class 3 and 4 is probable to include bog land due to the small 

percentages of peat sediment, class 4 may mostly be shield lakes which are fed fine 

particle sediment from the further inland waters. 

Class 5 is mainly found in the north with only rock and till sediment. Geologically it is 

similar to class 4 and thus also likely to be shield lakes. Class 5 lakes are more abundant 

per km2
, with slightly more complex shapes and larger lake sizes than class 4. 

Class 6 lakes can be found distributed across landscape in Québec characterized by the 

absence of sediments. These lakes are of glacier rock basin type where the majority are 

shield lakes . 
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C lass 7 lakes a re a lm ost always found downstream from c lass 6 lakes and are primarily 

fo und in t ill sed iment. The shapes are complex and like ly to be fo rmed by moraine 

dam ming or g lint- like processes. 

C lass 8 lakes are large and deep in low-sed iment areas, they are therefore most like ly 

to be g lac ia l rock bas in types such as shield, valley, fjord or g lint. 

C lass 9 lakes are often found in connection to class 7 lakes, and with equa l amounts 

rock and till sediments, however they are much larger. They are still most like ly to have 

been created through mora ine damming. 

C lass 10 lakes are large w ith very litt le sediment and s lightl y different bedrock. This 

indi cates that they are likely ice-scour lakes (shie ld lakes). These distinct geo logica l 

profiles assoc iated to each of the lake classes are summarized in the correspondence 

analys is presented in Figure 1.3.5.3 , whi ch shows how the lake classes a lign to the 

geo logie setting. 

1.4 DISCUSSION 

O ur resul ts suggest that although there is a vast heterogeneity in lake size, shape and 

bathymetry across the landscape in Québec, lakes can be grouped into a relatively sma ll 

set of lake morphological classes, which are characterized by a spec ifie combination 

of morpho logica l features and a certa in distribution within the land scape. We have 

further shown that these lake morphological c lasses also have very specifie geographi e 

di stributi ons, and that they follow the geomorphology of the landscape . Wh ile it is quite 

"1 imnocentric" to interpret the landscape from a lake morphological perspective, s in ce 

in post g lac ia l regions lakes are the result of landscape processes rather than the 

landscape being a result of lakes, there is a need for studies aimed at explor ing lake 

features at large sca les. As we found for the Quebec landscape, these regions may 

appear sim ply by overlay ing a geo logical map with the movements of the past glac ia l 
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flows, however, for landscapes that were form ed by different processes, such too ls 

would not be useful. The limnocentric way of reverse-engineering the lakes to the 

landscape class ificati on may be the most use fu 1 pa th to take if one were to co ver regions 

that were created through a va riety of processes. 

The lake regions follow the bedrock and sediment geo logy in a way that confirm s that 

the ice abrasion created di ffe rent landscape features because of how it moved and what 

material it was mov in g over. Regions where it advanced and retreated repeatedly 

(South) show a different compos ition of lake types than where the presence was more 

constant (Central/North). This also accounts fo r the topographica l profile of the 

landscape, where elevations and slopes differ between regions, which have a large 

influence on the transportation of mater ia l within the watershed. Thus, the lake regions 

may also be useful fo r studying watershed-scale processes. If the underlying sediment, 

or lack of, is taken into account the lake classes could be even flll1her specified. Thi s 

can have large implications on understanding the continued evo lution of the lakes and 

landscape in Québec. 

These results are part of a new way of regard ing lake features in the context of large-

ca le limnology (Cheruvelil et al. 20 17). The implications th is may have, both in the 

interpretation of past studies and design of new ones, is of great importance. Rather 

than re lyin g upon a so le metric such as surface area or d ivision o f eco-regions, which 

we and others have shown can have great var iance in relation to other features (Wolock 

et al. 2004), we provide a classification th at can a im d irectl y at lake features th at wi Il 

be relevant. Because the lake biologica l, biogeochemical and phys ical and environment 

is to a large degree determined by its morphology (Wetze l 200 1, Staehr et al. 20 12) 

and by knowing that there are regions with spec ifie types of lakes future sam pl ing 

campaigns can be designed to more effectively encompass the range of dominant lake 

classes. Rev isiting previous studies can al o be done more wise! y. For example, i fthere 

are findings that seem to on ly apply to certain regions, such as CDOM and chlorophyll 
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remote sensin g (Brezonik et a l. 20 15), there may be too ls m lake morphological 

c lass ificati ons to expl a in sorne of the va riati on. 

Ali of the metrics show sorne degree of scaling w ith lake s ize, but the degree of 

a llometric coupling varies greatly, such that for a given lake s ize sorne of the metrics 

may vary in some cases by severa! orders o f magnitude. The result is that there is a 

w ide range of combinati ons but a l ways with a certa in framework imposed by lake s ize. 

T hi s is a Iso why we can draw just as much info rmation from the cases that are absent, 

as the ones that are present. For exampl e: small lakes can range from be ing very 

shall ow and very deep but there are hardl y any large lakes that are very shallow. As a 

consequence, in areas where lakes tend to be shallow, they a lso tend to be sma ll. While 

thi s may not be a surpri s ing result it does prov ide some va lidation to the depth 

calcul ation algorithm that we used (Heathcote et a l. 20 15), which does not incorporate 

any form of lake s ize. This however becomes a problem when it cornes to the very 

sma ll lakes in re lative ly steep terra in , where the algorithm c learly overestimates the 

maximum depths. To remedy the poss ible bias of the ana lys is because of those 

artefacts, lakes w ith unreali stically low va lues ofth e dynamic ratio were removed from 

the set. We deemed values in the lower 90-95 percentiles of the Dynamic Rati o as 

unrea li stica lly low and excluded these from a li further ana lyses. Ultimately these biases 

may be accounted fo r by fin e-tuning the depth a lgorithm and adjusting it for di fferent 

regions (Oli ver et a12016). The Heathcote et al. (20 15) mode! we use here was main! y 

calibrated for lakes found in lake c lasses 6 and 8. Even though those c lasses are 

dominant across the Quebec landscape, it would be worthwhile to test it fo r the other 

lake c lasses and ex pand on the dataset to perhaps deve lop c lass-specific a lgorithms. 

As lake s ize increases we a lso see a trend for shore line compl ex ity to increase and the 

lake shapes to depart from the round fo rm s. We can in terpret thi s as part of what has 

been termed the fracta l nature of lake complexity (Mandel brot 1967), and also a s ign 

of a shift from one type of orig in process to another, i.e . kettle lakes, or shi eld lakes. 
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When it cornes to the use of metrics to describe shape complexity a li methods are in 

one way or other var iations on the area-perimeter ratio . ln thi s regard , a lthough we 

chose to use edge complexity as one of our shape metrics, we cou ld a lso have used 

fracta l dimension (Cael & Seekell 20 16; Steele & Hdfernan 20 14). T he relati onship 

between the two is not perfectly linear due to the a lgorithm for fractal dimension being 

one step further removed from any s ize dependence, but they are nevertheless not 

entire ly decoupl ed as can be seen in fi gure 1.4.2. 1. 
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and Fractal Dimension. The two metrics display a sharp eut-off and then 

spreads with increasing variation with growing complexity. 



43 

The relative ly str in gent surface area constraint we imposed on our data (0.005 km 2) 

was based on the use of metrics rel ated to shape. T he resolutio n of the source im ages 

may be suffic ient to detect smaller waterbodi es, but in suffici ent to adequately represent 

their morphometr ies. By using this relatively large eut-off we may thus be under­

representing reg ions where lakes smaller than 0.005 km2 dominate, but on the othe r, 

we are ensuring that our regional ana lys is of lake shape metrics is robust. 

We recogn ize th at the dens ity of lakes and other open water surfaces pla ys a large ro le 

in the functioning of the landscape, however we do not in elude it until after the division 

has been made and we still onl y focu s on lakes larger than 0.005 km 2
. T his is because 

of our " limnocentric" perspective, where the emphasis was on individua l lake 

morphologica l features as focal classifiers. ln this regard we can clearly see (figure 

1.3.4 .2 & 1.3.4.4) that each lake c lass has a distinct landscape distribution, despite the 

fac t that we used this somewhat arbitrary surface area cutoff. 

Unsupervised c lass ifications such as ISO c lu stering and Maximum Likelihood on 

average do not perform as weil as the newer generat ion ofsuperv ised, machine learning 

class ifiers, such as a Random Forest c lassifier (Cutter et al. 2007, Cheruve lil et al 

20 17). However, app lying a more advanced c lass ification a lgorithm could in our study 

have been somewhat redundant. While some regions clear ly contai n specifie 

combinations of lake classes rathe r than one or two dominant c lasses, it is not certai n 

that a more com plex a lgorithm wou ld have been more effective at defining these 

regions rather than just recognizi ng the constituent parts. 

A va lidat ion of the c lass ification is made when the c lass-va lues are assigned to each 

lake metrics and stati st ica ll y analyzed. Si nce ali lakes that fall in a certa in region do 

not necessaril y share the same features as the majority, there is a certai n proportion of 

outliers within each c lass. A sma ll part ofthat error is attributab le to the genera lizat ion 

part of the post classification process that in troduces a s light spat ia l offset in some 
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smaller, irregular patches . This error is however negli gible on a regional sca le since it 

is only a minor shift . 

ln fi gure 1.3.4.2 we can also see that the size versus abundance relati onships vary 

greatl y between the lake classes that we identifi ed , and therefore between landscapes 

within Québec where these classes are dominant. However, when al i these classes are 

integrated, these differences are smoothed out and the overall size to abundance 

relationships for the entire region of Québec follows roughly a power law distribution, 

which agrees with what was found by Cae l & Seekell (20 16) for Sweden, although th e 

slope fo r the ensemble of lakes in Québec starts to deviate from th is Pareto di stribution 

in lakes below 0.40 km2
. This supports the conc lu ion that using a Pareto di stribution 

to estimate lake size abundances may not be the most suitab le method, because it may 

yield biased estimates particularly in the sma ll lake category. These deviations from 

Pareto di stribution were mu ch more obv ious for sorn e of the lake cl as es, wh ich did 

not confo rm at ali to a power law distribution (i.e. Classes 7, 8 and 9). Thi s implies that 

extrapo lation of a single power law relationship to the ensemble of lakes in Québec, or 

to the entire landscape, wou ld yield extremely biased and unrepresentative estimates 

of lake size distributions in some port ions of the landscape, and thi s may explain in 

part the large di crepancies that ex ist worldwide in lake accounting. Our resul ts 

highlight the importance of identifying dominant lake morpho logical classes, which 

are characterized not only by a certain average lake arch itecture, but also associated to 

a certain size distribution, and further e tabli shing the large-scale spatial di stribution 

of the se classes across the landscape. 

î .5 CONCLUS IONS 

We have identified a core set of ten lake classes, based on a combinat ion of 

morphometric features, which together capture the ma in axis of var iat ion of lake 

properties across the entire landscape in Québec. We have shown that these lake classes 

have a particular spatial di stribution across the landscape in Québec, tied to 



45 

topographica l and geo logie features. T hi s in turn results in di stinct geomorpho logical 

regions fo r lakes across Q uébec, and determines what we could refer to as limno­

regions, which are characterized by di fferent combinations of these core c lasses of 

lakes: Some limno-regions are dominated by a s ingle, sometim es two lake c lasses, 

other limno-regions are composed of a mosaic of multiple lake c lasses. The ten 

di fferent lake classes that we identified were primari ly di stingui shed on the bas is of 

the ir average lake s ize and on the ir respective s ize di stributions, but they were further 

di fferentiated on the bas is of the ir average bathymetrie profil es and shape complex ity. 

Had we used lake s ize a tone to establi sh lake c lasses within the Québec landscape, we 

would have arri ved at a much more constra ined, and one-dimensiona l set of lake 

c lasses. 

ln addition to c lass ify in g and ana lyz ing the lake features based on the ir PCA scores we 

have provided the bas ic stati stics (a rea, perimeter, depth, vo lume, edge complex ity, 

lake shape, percent littoral and dynamic ratio) of 1,270,878 lakes in Québec larger than 

0.005 km 2, excluding reservo irs. Wi th thi s data we have a lso explored the re lationships 

between metrics to identi fy the ir a ll ometric re lationships with lake size, and between 

each other. Whil e there are large variati ons for ali metri cs in re lation to area, there are 

underl ying structures thro ugh the mean va lues. The definin g characteri stics for th e 

division of lake c lasses (s ize, bathymetrie profil e and complexity of shape) show that 

these different features a re roughly a llometri call y independent. 

Fina lly, we have shown that these lake c lasses re late strong ly to regional fea tures 

geo logy, topograph y, and lake density. Depending on if the lake c lass ificati on will be 

used to study phys ical, chem ical or eco logical processes these re lations m ight have 

di fferent importance and implications. 
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CARBON SPEClES IN RELAT ION TO LAKE MORPHOLOG lCAL AND 

AQUATIC NETWORK MET RICS IN BOREA L QUÉBEC 

2.11NTRODUCTION 
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ln land wate rs pl ay a s ignificant ro le in carbon processi ng and as sites of greenhouse 

gas emiss ion to the atmosphere (Cole et al. 2007 Duarte et a l. 2005; Tranvik et a l. 2009; 

Bastviken et a l. 20 Il ). However, accurate ly quanti fy ing these emiss ions fo r en tire 

regions, where ph ys ica l sampling of every waterbody is imposs ible, rema ins a major 

cha ll enge. Estim ation methods are rough and there is a need to further under tand 

which features cou Id potentia lly be ut ilized fo r more accurate upscaling. In order to be 

useful these features need to be abl e to be obta in ed remote ly. Here we have co llected 

a suite ofm orphologica l (see chapter 1) and network metrics to investigate whether or 

not they can add predi cti ve va lue to fo ur different fonn s of carbon. The water chemi stry 

data has been collected in 7 diffe rent regions of Q uébec during the last decade and has 

been published in previous studies . 

2.1.1 BOREAL INLAND WATERS 

Borea l aquatic inland wate rs play an important ro te in carbon emi ssion, processing and 

storage (A lgesten et a l. 2004; Co le et al. 2007; Bastv iken et a l. 20 Il ). Wh ile it is 

estim ated that globa l inl and waters cover about 3.7% ofthe worlds non-glac iated areas, 

the arcti c and boreal conta in the highest concentration ofwate rbodies, where the lakes 

a Iso have the largest areas and perim eters (Yerpoorter et a l. 20 14; Messager et a l. 

20 16). ln chapter 1 we explored the morphologica l characteri stics of Québec ' s lakes, 

where we fou nd that at (east 12.3% of th e surface area consisted of lakes larger than 

0.005 km2 (reservo irs exc luded). 
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2.1 .2 CARBON SPECIES 

The carbon species we are interested in looking at are CH4, C02, DOC and DIC. CH4 

and C02 are powerful GHG 's when released to the atmosphere, whit e DOC and DIC 

are the main inputs of carbon to lakes whi ch fuel a number of reactions and processes 

along the whole aq uatic continuum (Tranvik, 2009). The fundamental processes 

underlying the var iat ion of carbon species in lakes, su ch as sources, chem ica! properties 

and major pathways are relat ive ly we il known, but how lake morph ology may 

modu late these processes and the dynamics of these C species has hardly been studied . 

However, to accu ratel y exp lore add itional effects ofmorphology the known parameters 

must be accounted for. 

DIC becomes a prominent form of carbon in lakes of higher northern latitudes and 

boreal forests in carbonate terra in . The increasi ng concentrations of DIC, even with in 

carbonate rock regions with little organic materia l, can be partially attributed to the 

retrograde solubility of carbonates. Retrograde olubility is a counterintuiti ve effect 

mean in g that solubility increases as temperature decreases, due to the water potential 

to hold more dissolved C02 th us lowering pH (James & Jones, 20 15). From the surface 

the type of fore t can affect soil pH, through for example, the litter it deposits on the 

forest tloor (0 man 20 13). Once in the open water, transported from groundwater, most 

of the DIC that is C02 is quickl y released to the atmosphere (Oqui st, 2009) . This 

implies that part of the carbon dioxide em itted from lakes originate directly from C02-

rich ground and surface water (Striegl & Michmerhuizen, 1998) or is released through 

photochem ica l processes (Koeh 1er et a 1. , 20 14) but most of it emerges from res pi rat ion 

within the lake; metabolized fi·om terrestrially derived organ ic carbon (del Giorgio et 

al. , 1999; Jansson et al., 2000; Battin et al. , 2008). These two spec ie mi ght therefore 

re late to metrics describing re lative terrestrial contact, exposu re to sunli ght and 

placement in the aq uatic network. 
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DOC beco mes more apparent in the noncarbonate boreal forests (S tets et al, 2009; 

T ranvik, 2009). It is invo lved in a number of in-lake processes, such as be ing 

min era lized or incorporated to heterotrophic metaboli sm (Batt in et a l 2008), 

undergo in g photochemi cal degradat ion (Mo lot & Dillon, 1997; Yachon et a l 20 16) or 

sequestered into lake sediments (Wachenfeldt & Tranvik, 2008), w ith the remainder 

be ing fLuth er transported (Co le et a l 2007). Metrics re lated to water movement and 

sunlight exposure might thus be re levant to DOC prediction. 

In contrast to the other carbon species, most C H4 in lakes is synthesized by anaerobie 

archaea (Zehnder et a l, 1979), where the maj ority of it is produced in anoxie sedim ents, 

clearl y dri ven by temperature (Crill et a l, 1988; Rudd & Hamilton, 1978). Littora l and 

shall ow areas of lakes usua lly emit more CH4 since there is less time fo r the methane 

to react with the oxygen in the water co lumn before reachin g the surface (Y avitt et a l. 

1990, Korte la inen et a l. 2006) and if vegetated, plant stems may transport the gas 

directl y into the atm osphere (Bergstrdm et a l. 2007). CH4 emi ss ions are therefore 

strongly predi cti ve from features such as lake area, water depth, and anox ie lake 

vo lume fraction (Bastviken et a l. 2004). 

We can expect the carbon species to re late to the metrics more or less strongly but a lso 

in di ffe rent ways. Where condi tions are favo rable fo r increased DfC, it is like ly to be 

the opposite fo r the producti on ofC I-14. T he gaseous species are a lso like ly to be more 

reactive and thus more predictable from morpho logical features, whereas th e di sso lved 

ones are less so. Thus, thi s chapter expl ores if introducing further metrics to the 

prediction o r understanding of carbon species processes will have di ffe rent resul ts and 

if so, to wh at degree. 

2.1.3 METRICS 

There is an extensive literature on the c limati c and environmenta l drivers of lake C 

spec ies. Thi s lite rature suggests th at each C species has its own set of environmental 

and c limati c dri vers, some of them shared, some of them spec ifie fo r a given C spec ies 
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or location (Kortelainen 1993; Prepas et al. 2001; Sobek et al. 2003; Bade et al 2004; 

Larsen et al. 20 11 ; Sadro et al. 2012; Lap ierre et a l. 20 12 & 20 15 ; Wik et al. 20 14 & 

20 16; Pinho et al. 20 16). Among these, lake area has been identified as a feature th at 

infl uences multiple aspects of lake functionin g, including GHG dynam ics and C 

processing (Hâkansson 2005; Kankaala et al. 20 13; Vachon et al. 20 13; Ras il o et al. 

20 15 ; Holgerson et al. 20 16). There has been litt le work done beyond assess ing the role 

of size on lake biogeochemical functionin g, however there are some (Rasm ussen et al. 

1989; Soranno et al. 1999; Schilder et al. 20 13; Steele et al. 20 14; Fergus et al. 2017; 

Masquera et al. 20 17) . Despite the scar·city of studi es there is reason to hypothes ize 

that other aspects of lake morphology might also influence C dynami cs in lakes . For 

example, a large portion of the pC02 that is fou nd in lakes originate from terrestrial 

so i! carbon which is tran ferred to lakes via groundwater (Sobek et al. 2005; Lap ierre 

et al. 20 13), lakes with a higher degree of contact surfaces with the terrestri al so il s and 

lake sediments should perhaps therefore show hi gher average pC0 2 (Kortelainen et al. 

2006). Likewise, most of the pCH4 that is fo u nd in lake waters originates from anox ie 

lake sediments (Rudd & Hami lton 1978) . Thus, lakes with a high ratio of ediment 

surface area to water volume, as weil as shallower lakes where CH4 ox idation in transit 

is minimized, should have higher average pCH4. 

lt mi ght be expected that not onl y the hape but th e position oflakes within the aq uati c 

network should influence C dynamics. For example, much of the DOC that is fo und in 

lake is of terrestrial ori gin (Sobek et al. 2007) and the pathways of deli ver ing thi s C 

to lakes thus have a profound influence on the amount and qua lity of DOC that is fou nd 

there (Jonsson et al. 2001 ). Lakes th at have tighter hydrologie connections to the ir 

watersheds, that receive multiple riverine sources and that are pos itioned upstream 

withi n the aq uat ic network should be expected to have hi gher average DOC 

concentrat ions. 
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There is indeed an increasing number of studies that explore network configuration and 

the positioning of lakes within the continuum as having a key role in the 

biogeochemical functioning (Kratz et al. 1997; Soran no et al. 1 999; Noges 2009; Sadro 

et al. 2012; Fergus et al. 2017). When applied, these studies usually focus on nutrient 

dynamics (Martin et al. 2006; Zhang et al. 2012). The influence of lake morphology 

and network configurations on C dynamics in lakes have to date seldom been assessed, 

and furthermore , no study to date has looked at the possible interaction between the 

two. What complicates matters further is that each of the major C species in lakes; 

DOC, DIC, C02 and CH4, likely have different responses to morphological and 

network variables. Such that identifying their influence on a given C species does not 

necessarily allow interference on the behavior of the other species; they ali need to be 

independently assessed ifwe are to have an overall perspective ofhow these variables 

influence lake C dynamics. Furthermore, these potential influences are likely subtle 

and are only detectable across a wide range in the ambient concentrations of the four 

C species. This can only be generated through a cross-regional perspective that 

maximizes the environmental gradients and landscape features. In this study we have 

explicitly addressed the issues above and have explored the potential influence of lake 

morphology and network configuration across >200 lakes that span the entire size, 

shape and configuration gradient, and which are located in varying regions throughout 

the boreal biome of Québec. 



52 

2.2 METHODS 
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Chicoutimi: 35 
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~ 

g 1:7,000,000 
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NAD83- UTM Zone 1 

Figure 2.2.1 Overview map of the sampling locations in Québec, Canada. 

Seven regi ons were sampled between 45° and 56° North. 

2.2.1 Sampling 

Sampling and analysis of DJC, DOC, pC02 and pCH4 is described in detail in the 

papers by Lapierre & Del Giorgio 2012 and Rasilo et al. 2015. The timespan of the 

sampling campaigns was: 2007-2009 Eastmain region, 201 0; Abitibi , Baie James & 

Laurentides , 2011; Chibougamau & Chicoutimi , 2012; Schefferville, and si nee 2013-

20 15 ; Cote Nord (Figure 2 .2 .1 ) . Sorne sites have been sam pied more than once, the 

values have in those cases been averaged . The sites were accessed by boat or in remote 

areas by hydroplane. Water samples for analysis was taken at 0.5-m depth over the 

deepest part of the lake or an estimated deepest part if bathymetrie maps were not 
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ava il able. T he va lues and ranges of the carbon species for each region can be seen in 

Table 2.2. 1. 

T he aquatic surface water partia l pressure of C0 2 (pC02) ( in )latm) was in the earlier 

yea rs measured in fi e ld with a MiniModule equilibrating module and an EG M-4 gas 

ana lyser. The partial pressure of C H4 (pCI-14) ( in )latm) was measured us ing the 

headspace method with triplicate 60ml po lypropylene syringes, 30mllake water, 30ml 

ambient a ir headspace, )-minute shaking with the sample inj ected to a 30ml g lass via l, 

stored co ld and da rk, then analyzed in a gas chromatograph in the lab. ln later years, 

thi s meth od has been repl aced w ith a headspace method fo r both pC02 and pC H4 where 

a 1 L glass bottle, fitted w ith two vents (50/50 water-headspace) , is v igorous ly shaken 

fo r 3min after whi ch the headspace is extracted by pumping more of the same lake 

water into the bottle, pushing the headspace gases into a dark, vented gas container and 

then ana lyzed on an LG R Ultraportab le G reenhouse Gas Ana lyzer. 

Table 2. 2. 1. Overview of the carbon species (CH4, C02, DOC and DIC) minimum, 

maximum, mean and standard deviation values for al/ regions. 

pCH4 (ppm) pC02 (ppm) 
min max mean std ITI IIl max mean std 

Abi ti bi 9.7 36 12.0 279.5 589.8 89 288 1 754.0 570.2 

Chi bougamau 13.7 128.5 35.0 29.9 403 863 582.4 140.4 

Chicoutimi 21.3 965.0 285.3 254.1 432 1972 978.0 3423 

Cote-Nord 14.4 1829.0 36 1.9 444.5 424 1550 832.3 29 1.3 

Eastmain 11.6 245.8 52.9 47 .5 338 2400 806.9 352.3 

Laurentides 74 .9 1593.0 610.2 466.0 162 787 428.7 164.4 

Scheff ·ville 17.1 1378.0 187.0 330.4 329 1392 542.0 198.9 

DOC (mg/L) DIC (mg/L) 
min max mean std min max mean std 

Abi tib i 4 .37 22.25 11 .62 4.35 0.434 13.53 4.077 3.82 

Chi bougamau 4.03 13.24 7.94 2.68 0 .896 8.20 3.342 2.40 

Chi coutimi 3.9 1 14 .28 7.85 2. 14 0 .923 7.92 2.4 19 1.81 

Cote-Nord 3.16 13 .11 8.54 2.72 0.431 2.34 0.975 0.43 

Easlmain 4.96 19.40 8.84 3.20 0 .67 1 2.23 1.439 0.58 

Laurentides 633 15.49 8.19 2.58 0 .734 5.54 2.596 1.79 

Scheffervi lie 1.4 1 7.68 3.80 1.69 0.282 14.42 4.24 1 4.4 1 
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DOC and DIC were measured in lake water sam ples fi ltered through 0.45 1-un PES 

cartrid ges and later analyzed on a 0 1 10 10 TOC analyzer after sodium persul fate 

digest ion. 

2.2.2 Metrics & Data 

The metrics were divided into two groups . The first one being Lake Morphology, where 

the diffe rent features are exhaustive ly descr ibed in chapter 1. The parameters tested 

under the Lake Morpho logy are: Area, Perimeter, Vo lume, Max imum Depth, Mean 

Depth, Edge Complexity, Shape,% Littoral Area, and Dynamic Ratio. The other group 

of metrics are Network Configuration, wh ich inc lude: Number of lnl ets to the lake, 

Upstream Length, Num ber of Upstream Lakes, Lakes/Inlet, Lakes/Upstream Length , 

and Upstream Length/Inlet. ln add ition to these metrics, the variable Latitude, was 

included in the ana lysis. This is to account for the non-morpholog ical parameters 

affecti ng the carbon species, as a proxy fo r temperature, prec ipitation, so i! carbon, 

vegetation, land use and other regiona l-sca le drivers that tend to vary along latitudinal 

gradient in this region (see table 2.3.1.1) . 

Some of the Network Configuration data was extracted usmg too ls for geometrie 

networks in ArcGIS 1 0.3 , which included Number of ln lets, Upstream Length, and 

Number of Upstream Lakes. Number of ln lets accoun.ts for the tota l number of rivers 

or streams entering the lake in question. Upstream Length is the tota l length of ali 

rivers, streams and waterbodies upstream of the lake. Number of Upstream Lakes 

coun ts the total nu mber of lakes in the upstream network fro m the foca l lake. • 

ln add ition, three rat ios were taken from th ose metrics: Lakes/ lnlet, Lakes/Upstream 

Length, and Upstream Length/Inlet. By taki ng rat ios of the simple metr ics, we a im at 

characteriz ing the structure of the netwo rk and potentia l di ffe rences in process ing the 

water masses and carbon entering lake have been through. The Lakes/ lnlet metric is a 

rat io of the tota l num ber of upstream Iakes and tota l number of in lets to the lake. Thi s 

metric is used to assess if the lake in question is mostly fed by streams with or without 
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lakes, where a lower value indicates mostly stream and a hi gher value indicates mostly 

lake. The Lakes/Upstream Length is a ratio of total number ofupstream lakes and total 

length of watercourses upstream of the lake. Lakes/Upstream length therefore informs 

us if the upstream network has tight ly or distantly connected lakes. Upstream 

Length/lnlet is a rat io of the total upstream watercourse length and the total number of 

in lets. This metric thus infers a network position of the lake, where it is either closer or 

further from the headwaters. 

To incorporate a hydro logical component, we ca lculated Water Retention Time (WRT) 

for each ofthe lakes. WRT was ca lculated using Lake Volume (m3
), catchment Runoff 

(m m m-2 yr-1) and Catchment Area (m2). While this is a rough estimate method , it can 

be app lied using data obtained remotel y. 

VolumeLake 
WRT = ----== 

Flow 

Flow= Runoff * Catchment Area 

The origin data fo r the geometrie ri ver network was obtained from Canadas Natural 

Resources Department on the open data portal GEOGRA T IS. This is also where spatial 

data for the proxy latitude variab le was co llected. Annual mean temperature (°C yr-1
) , 

annual mean precipitation (mm yr-1
) , annual mean runoff(mm m-2 yr-1

) , landcover and 

geo logy was used for the substitute latitude and the WRT calculation. The composition 

of Geo logy, Sed iment and Landcover was converted into relative percentages of the 

total watershed area. The watersheds (n=56), by which those metri cs were delineated, 

was also. collected from the same portal. The watersheds are derived from the 

HydroBASINS product produced for the World Wildlife Fund US (Lehner et al. 20 13). 

lt is divided into 9 scales, from continental (leve l 1 = 15.9* 106 km 2
) to headwater 

stream orders (lev el 9 0.1-54 70 km2
) , we used mostly lev el 7 ( 1.4 - 120 km 2

) for this 

data. ln addition to using latitude as a proxy in the analysis, lake area was also included . 
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In the case of DOC, area was replaced with dynami c ratio. Thi is to account for the 

strong influence ofthose morphological features on the carbon species. 

2.2.3 Statistics 

To identify which morphometric or network parameters could have any effect on the 

variation in partial pressures and concentrations an elastic net general ized regress ion 

was used (Zo u & Hastie 2005). The two groups of parameters, Lake Morphology and 

Network Confi gurati on, were tested separately to more clear ly see the effects of each 

in the ana lys is. The elastic net is in a category of pena li zing regress ion model s which 

is suitable for datasets with a large number of parameters . The penalties are dea lt by 

shrinking uninterest in g var iab les to zero in order to avo id overfitt ing. ln that class of 

penalty methods, the elastic net has advan tages over similar model s such as lasso in 

how it treats parameters that may be hi ghly co rrelated, where it can for example: either 

include or exclude parameters as a group . The elastic net regress ion is a l o known for 

its ability to handle instances where there may be more pred ictors than ample points. 

Wh ile this is not the case for ou r data (278 observati ons for 9+7 predictor variab les) it 

is a strong fundamenta l feature of the mode!. 

The validation method used for the predictor selection is 111 1 n1mum A IC (A kaike 

1979). By employing AIC va lidat ion criteria in the mode! , the potential outcomes are 

continuously compared against each other, to elect the one of highest quality. AIC can 

thus include every predictor that contributes predictive power, even if the individual 

variab le may not be stati st ica ll y significant. 

Outliers for each ca rbon spec ies were identified and excluded from the anal ys is through 

a multivariate k-nearest neighbor method. Th is method entail s locatin g and exc luding 

va lues which are on a Euclidian distance far enough from any neighboring data point 

to be considered an outlier. The values had been log 10 transformed be fore the OLit li er 

ana lys is. Ali parameters were also log ! 0 trans lo rmed to account for the di stributi on of 

the data. 
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T he metrics that were found to contribute to the variation of each carbon species by the 

e lastic net mode! are then fed into a dec ision tree partitioning mode!. With the 

partitioning mode! we are able to determine the ranks and pa rtia l contribution of each 

parameter. The decision tree works by recurs ively branching predi ctor variabl es until 

the best fit mode! fo r the data po in ts are found ( AS lnstitute lnc., 20 17) . Thi s resul ts 

in a tree-li ke structure of ru les cata loging va lues into increas ingly precise gro ups based 

on the ir commona lities. 

2.3 RESULTS 

Lake area has previously been shown to be an important determin ant ofvari ous aspects 

of lake functi oning (Bastviken et al. 2004; Hakansson et a l. 2005; Korte la inen et a l. 

2006; Post et a l 2000; Vachon et a l. 20 13; Ra s ilo et al. 2015 ; Ha ll et a l. 20 16; Ho lgerson 

et a l. 20 16) . T he four main carbon species showed various degrees of covariation w ith 

lake area across the borea l biome (Fi gure 2.3.1). The strongest re lati onship was w ith 

pC H4, which declined steeply as a functi on of lake area (R2=0.3 1) (F ig 2 .3.1 .a), as did 

pC0 2, a lthough thi s re lationship was weaker (R2=0.08) (Fig 2.3 .1 .b). DOC did not 

show any re lationship with area (R2=0.00) (Fig. 2.3.1.c), whereas DIC had no 

signifi cant relationship with area (R2=0.04) (Fi g 2.3.1.d). Because various aspects of 

lake morpho logy tend to covary w ith lake area, as shown in chapter 1, we inc luded lake 

area in a li of the ana lys is (exchanged for dynamic ratio in the case of DOC), such that 

we could extract the potentia l influence of other morpho logical variables, once those 

have been accounted for. As we show below, lake area was a s ignificant predictor fo r 

pC H4, pC0 2 and DOC in the multipl e regress ion models, but was not s ignificant in the 

case of DIC. 

2.3.1 Latitude as a proxy for environmental variables 

To account the more well-known effects to each species of carbon, latitude was 

inc luded as a proxy in a il subsequent ana lyses. While the elastic net regress ion is able 

to manage multipl e parameters, the potentia l links to the va rious aspects of lake 
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Figure 2.3.1 Overview of the carbon species ; CH 4, C02, DOC and DIC in relation to lake 

surface area. a) CH 4: R2=0.31, RMSE =0.48. b) C0 2 : R2=0.08, RMSE=O.l9. c) DOC: R2=0.00, 

RMSE=0.22. d) DIC: R2=0.04, RMSE=0.39 . 

morphometry and network pos ition mi ght become obscured, since carbon spec ies may 

be linked to a whole suite of envi ronm ental and climatic fac tors. ln Québec many of 

these factors tend to covary with geographi e po ition , and in particul ar with lat itude. 

ln tabl e 2.3 .1. 1 we show the environm ental and c1 imatic features thar are signiticantly 

correlated to lat itude (i.e. mean ann ual temperature, soi 1 ca rbon, N PP, 

evapotranspiration, precipitation, ru noff, and landcover types). Figure 2.3. 1.1 shows 
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the predicted latitude based on these features, show ing a near perfect corre lati on. 

Latitude can therefore be used latitu de as an integrati ve va riable that may account for 

these additiona l envi ronmenta l and c limatic dri vers, in o rde r to aid in expos ing 

re lati onships to lake morpho logy and network confi gurati on once th ese addi tiona l 

va ri abl es have been accounted fo r. 

2.3.1.2 The influence of lake morphology on the four carbon species 

T he elastic net ana lys is showed that the carbon species are re lated to morpho logical 

features, a lbe it di fferently. C !-14 showed the strongest link to lake metrics, while D!C 

showed the least connecti on to lake morphometry o r network pos iti on. 

Once latitude was accounted fo r in the anal ys is, lake pCH 4 strongly dec lined as a 

fun ction of lake area, and further dec lined as a functi on of increasing depth, and edge 

complex ity. Other morphometri c fea tures a lso influenced pCH4, a lbe it weakl y 

inc luding: Vo lum e, Shape, % Litto ral Area and Dynami c Ratio. The mode l 

neverthe less inc luded a li of the parameters in the predicti ve mode l, hi ghlighting the 

fact that lake pC !-14 is strongly influenced by lake morpho logy. (F igure and Table 

2.3. 1.2). 

As with pC I-1 4, lake pC0 2 showed a strong re lationship to latitude. Edge compl ex ity 

emerged with a strong pos iti ve re lati onship once the negative re lati onship to area was 

accounted fo r. Less influential predicto rs were mean depth, sha pe, and dynami c ratio 

(Table 2.3 .1 .3). Metrics that were excluded from the predictive mode l were: perimeter, 

max imum depth, vo lume, and % littora l. This suggests that the strongest morpho logica l 

influences on pC0 2 are re lated to the degree of contact area with the surrounding 

watershed (Table 2.3. 1.3). 

The strongest morphometric predictor of lake DOC concentrati on, after the proxied 

environmenta l and c lim ati c effects were accoun ted fo r, was dynamic ratio . Vo lume and 

% li tto ra l were weakly re lated to DOC but were nonethe less inc luded in the e lasti c net 
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predictive model (Table 2.3. 1.4) . Th is would suggest that the strongest influence on 

DOC concentrations are related to the degree of contact between wate r and lake 

sediments, i.e. suspension and sedimentation proces es. 

Lake DfC concentrations were complete ly unrelated to latitude, suggest ing that the 

factors related to DIC at the regional scale do not fol low a lati tudinal pattern but rather 

local geo logy. There was an interplay between lake area and volume in detennining 

lake DlC concentrat ions: area having a positive influence wh ile volume has a negative. 

Th is indicates that DlC concentrations are genera lly un affected by lake morphology, 

apart from a potential dilutive effect reflected in lake vo lume (Tab le 2.3. 1.5). 

2.3.1.3 The influence of network configuration on the four carbon species 

We analyzed the potential influence of network configuration metrics on the fo ur 

carbon species, and included in each case both latitude and either lake area or dynamic 

ratio. As previously described, thi s is to account for the overarching effect of those 

variab les on the carbon species, in order to more clearly perceive the potential effects 

of the network metrics. As in the case of the morphometric parameters there was a 

grad ient of influence of the network metric on the four ca rbon spec ies and the selected 

metrics differed between the four. 

Lake pCH4 were ign ifïcantly linked to WRT once latitude and area had been 

accounted for. WRT was the strongest predictor but number of inlets. total upstream 

lakes, and total upstream length were ali included in the elast ic net predictive mode! 

(Tab le 2.3. 1.2). This wou ld suggestthat pCH4 i sen itive to loca l lake conditions that 

are inf1uenced by both hydro logie connectivity to the watershed as we il as effects of 

network position. 

There was bare ly any relationship between network configuration and lake pC02 when 

latitude and area were accou nted for. WRT and the ratio of lakes/up tream length had 

a weak negative relationship, this suggests thal pC02 i not strong ly affected by the 



61 

aquati c network confi gurati on, however th ere may be a s li ght effect of the lake o rder 

in the network (Table 2.3. 1.3). 

ln the case of DOC concentrati on, we inc luded lati tude and dynamic ratio to accoun t 

for regiona l and lake effects. T he weakl y influencing but nonetheless inc luded metrics 

to the e lastic net mode! are: WRT, number of in lets, and the ratio of upstream length 

to number of inlets (Ta ble 2.3 .1 .4). These metrics are refl ecting the hydro log ie 

connecti vity w ith the watershed, suggesting that w hen regardin g the network 

configurati on, DOC is mostly affected by water movement w ithin the watershed and 

a lso of in lake degradation. 

DlC concentrati ons were inverse ly re lated to both WRT and the rati o of upstream 

length to number of in lets (Table 2.3. 1.5) . T hi s suggests that lake DlC concentrati ons 

are a lso linked to hydro logie conn ect iv ity w ithin the network. 

2.3.1.4 lntegrative Predictive Models 

Foll ow ing th e e lasti c net procedure, we combined the morpho logical and network 

configurati on metrics that emerged as s igni ficant fo r each carbon species into a Genera l 

Linear Regress ion (GLR) mode! that furt he r selected s ign ificant parameters th rough a 

ste pwise minimum A lC selection for each carbon species. ln ali cases we inc luded 

latitude to account fo r regiona l environmenta l effects. These morpho logica l/network 

configuratio n mode ls performed best in predicting lake pC H4 and moderate ly for DOC 

and pC02, w hereas only a very sma ll fraction ofthe among lake va riability in DlC was 

expl ained by any combination of these va ri abl es. 

T he best integrated predi cti ve mode! fo r lake pC I-1 4 exp la ined 60% of the va riation and 

reta ined the fo ll ow ing variables (Figure 2.3. 1.2): 

Log pCH4(ppm) = 3.55- 0.0592 (latitude) + 1.46 (Log-p erim eter) + 0.243 (Log-N 
inlets) + 0.137 (Log-total upstream length) -1. 068 (Log-area) -0.0684 (Log-mean 
dep th) -1.48 (Log-Edge Complexity) -0.169 (Log-% littoral) -0.241 (Log- WRT) -0.001 
(Log- Total Upstream Lakes) 
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The best integrated predictive mode! for lake pC02 exp lained 30% of the var iation and 

retained the following variab les (Figure 2.3. 1.3): 

Log pC02 (ppm) = 3.45 + 0.364 (Log-Edge Complexity) + 0.0217 (Log-WRT) -0.01 94 
(latitude) - 0.127 (Log-area)- 0.0371 (Log-mean depth)- 0.461 (Log-Shape)- 0.0468 
(Log-Lakesjupstream length) 

The best integrated predictive mode! for lake DOC concentrations exp lai ned 36% of 

the variation and retained the fo llowing variab les (Figure 2.3. 1.4): 

Log DOC concentration (mg/L) = 2.75 + 0.0441 (Log-volume)+ 0.196 (Log-%/ittora!) 
+ 0.0812 (Log-Dynamic Ratio)+ 0.0183 (Log-upstream lengthjinlet)- 0.0447 
(latitude)- 0.0408 (Log-WRT)- 0.0604 (Log-N inlets) 

The best integrated predictive mode! for lake DIC concentrations exp lained 14% of the 

variat ion and retained the fo llowing va riab les (Figure 2.3. 1.5): 

Log DIC concentration (mg/L) = 0.293 + 0.539 (Log-area)- 0.0016 (latitude)- 0.260 
(Log-penineter)- 0.188 (Log-volume)- 0.0404 (Log-WRT) - 0.0428 (Log-upstream 
Jength/inlet) 

2.3.1.5 Partitioned variables and parameter ranks 

The parameters of both morphological and network metrics which were found to 

contribute to the variation of the C species in the G LR were th en ana lyzed in a decision 

tree partitioning model. For ali species, latitude was ranked first or second in 

importance, however, it varied at which latitude the division was established and what 

metrics had more impact on the variation above or below that degree. 

Lake area is the first divider for pCH4 at 0.28 km 2
. Fo ll owing that it is sp lit into further 

branches of latitude groups. Sorne of those groups tangent more towards network 

configu ration metrics while the other branches into lake morpho logical features such 

as %littora l, WRT, edge complex ity and mean depth. However, eventua ll y ail 
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combinat ions of parameters appear, highlighting the sensiti vity of pCH4 to changes in 

the env ironment (Tabl e 2.3.1 .2). 

pC02 is first di vided by lake area where the very sm ali lakes ( <0.09 km2) are on the ir 

own branch while the others are di vided into groups of latitude from which th e 

morpholog ical and network metri cs begin showing effect: >52.6°: Shape, 52.6 - 48.2°: 

mean depth , edge complexi ty and lakes/upstream length (Table 2.3. 1.3). Thi s indicates 

that lake morphology and nel:\.vork configuration have di fferent effects on pC02 

depending on what type of landscape it i fo und in . 

DOC is first di vided by latitude at 54.3°. The lakes in the fa r north respond mainly to 

dynamic ratio whil e the lakes be low 54.3° branch out in further groups of vo lume, 

dynamic ratio, WRT and upstream length/ inlet, depending on which latitude it is on. 

This suggest that lake DOC concentrat ions are fo remostly affected by the surrounding 

landscape whil e the bathymetrie shape and stream nel:\.vork configuration regul ate the 

expression of that within each landscape group (Table 2.3. 1.4). 

The di ffe rences in DIC concentrations are fi rst divided by lake area (0.60 km 2
). For 

lakes small er than that WRT have the most infl uence and lakes larger than that it 

depends on the latitude before branching out in to small er groups of WRT, area and 

vo lume (Table 2.3. 1.5). 



64 

Table 2.3. 1.1 The parameters that are significantly correlated to Latitude and therefore able to be 

accounted for through the inclusion of Latitude in the following mode/s. LC stands for landcover. 

Parameter Estimate Std Error Prob>ltl 
Temp mean -0.5 18 0.050 <.0001 

Soil carbon 0.038 0.0 1 1 0.0004 
pp -4.465 0.935 <.000 1 

Evapotranspiration -0.045 0.018 0.0126 

Precipitati on (mm/yr) -0.00 1 0.00 1 0.0235 

RunotT (mm/yr) 0.00 1 0.000 <.000 1 

LC Developcd % 15 088 4.567 0.00 1 1 

LC Bryoids% 9.1 79 2.730 0.0009 

LC Wetland - Treed % -4 .581 1.806 0.0 11 8 

LC Annual Cropland % 6.00 1 2.780 0.03 18 

LC Perennial Cropland & Pasture% -8 .677 3.9 18 0.0277 

LC Mi xedwood Dense % -2.824 1.308 0.0318 

56 ..,...-------
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Latitude predicted 

Figure 2.3 .1.1 Pl ot of Actual vs. Predicted values of Latitude from the parameters in 

the dataset . The line goi ng through is the .1:1 reference . 



Table 2.3. 1.2 Summary of how much each metric contributes ta the variation of pCH4 

from the elastic net analysis and the results of a decision tree partitioning mode/. 

pCH4 Morphology 
Latitude 

Log 1 O[Lake a rea (km2)] 

Log l O(Lake perimcter (km)] 

Log l O[Lake vo lume (km3)J 

Log l O[max depth (m)l 

Log l O[mean depth (m)] 

Log l O[Edge ·omplexi ty l 

Log 1 O[Shape] 

Log 1 0[% littoral a rea (3m depth )] 

Log 1 O[Dynam ic Ra tio] 

.pCH4 Network 
Latitude 

Log 1 O[Lake a rea (km2)] 

Log 1 O(Water R~sidence Ti mc (yr)) 

Log iO[ inlets] 

Log i O[Total Upstream Lakes)] 

Log 1 O[total upstream length] 

Log l O[Lakes/inlet] 

Log 1 O[Lakes/upstream lengthj 

Log l O[upstream length!inlet] 

Ela tic Net Elastic Net 
Estimate Std En·or 

-0 .08 1 0.0 11 

-1.5 14 0.267 

1.597 0.470 

0.4 14 0.297 

0.462 0.458 

-1.250 0.403 

- 1.260 0.507 

-0.340 0.4 10 

-0.302 0. 171 
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Figure 2 -3.1.2 Plot of Predicted vs. Actual of pCHo (ppm) from a minimum 

AIC se lecti on madel combining both Morphology and Network metrics. 

RSq=0.60, RMSE=0 .35. The diagonal line is the 1:1 reference. 
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Table 2.3. 1.3 Summary of how much each metric contributes ta the variation of pC02 from 

the elastic net analysis and the results of a decision tree partitioning mode/. 

pC02 Morphology 
Latitude 

Log i O[Lakc area (km2) 1 

L.og l O[Lake pcrim ctcr (k m)j 

Log l O[ La k~ volume (km3)] 

Log i O[max depth (m)] 

Log i O[mean depth (m)j 

Log i O[Edge Complcxny l 

Log 1 O[Shape 1 
Log l OI% l inora l area (3 m dcpth )l 

Log i O[Dynamic Rat io[ 

pC02 Network 

Latitude 

Log l Of Lake a rea (k m2)] 

Log i OfWatcr Res idence T i mc (yr)] 

L.ogl O[N in lets[ 

Log i OTota l Upstream Lakcs)l 

L.og i O[tolalupstream lcngth] 

Log 101 Lakes/ mlct] 

Log i O[ Lakes/upstrcam length] 

Log 1 0[ upslream length/ inkl] 
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Figure 2.3.1.3 Plot of Predicted vs. Actual of pCOz (pprn) from a minimum A IC 

selection rnodel cornbining both Morp ho logy and Network metrics . RSq =0.30, 

RMSE =0 .15. The diagonalline is th e 1:1 refe r e nc e. 
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Table 2.3.1.4 Summary of how much each metric contributes ta the variation of DOC from 

the elastic net analysis and the results of a decision tree partitioning mode/. 

DOC Morphology 
Latitude 

Log ! Of Lake arca (km2)) 

Log ! O[Lake perimetcr (km)] 

Log ! O[Lake vo lume (k m3)] 

Log 1 0[ max depth ( m )] 

Log ! O[mean depth (m)l 

Log ! O[Edge Complex iryj 

Log ! O[Shapel 

Log ! 0[% littora l arca (3 m depth)] 

Log ! O[Dynamic Ratio] 

DOC Network 
Latitude 

Log l O[D namic Ratio] 

Log 1 0[ Watcr Residence T i me (y r)] 

Log 1 0[ in lets] 

Log ! O[Total Upstrcam Lakes)] 

Log 1 Of total upstream length] 

Log 1 O[Lakcsli nlct] 

Log 1 O[Lakes/upstream length] 

Log ! O[upstream length/ inlet] 
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Figure 2.3.1.4 Plot of Predicted vs. Actual of DOC (mg/L) from a minimum AIC 

selection model combining both Morphology and Network met r ics . RSq =0.33, 

RMSE =0.14 . The diagonal li ne is th e 1:1 reference . 
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Table 2.3. 1.5 Summary of how much each metric contributes to the variation of 0/C 

from the elastic net analysis and the results of a decision tree partitioning mode!. 

DIC Morpho logy 

Lati tude 

Log 1 O[ Lakc a rea (km2)j 

Log ! 0[ Lake perimeter (km)) 

Log ! O[Lake vo lume (km3)] 

Log 1 0[ max dcpth (m)J 

Log ! O[mean depth (m)] 

Log 1 0[ Edge Complex ity J 
Log 1 OfShapej 

Log l Of% l ittoral area (3m depth)l 

Log ! O ]Dyna mi~ Ratioj 

DIC Network 

Lati tude 

Log !O[Lakearea (km2)] 

Log 1 0[ Water Res idence Ti me (yr)] 

Log 1 O[N in lets] 

Log ! O[Total Upstream Lakes)] 

Log ! Of total upstream length] 

Log ! O[Lakeslinlel ] 

Log ! O[Lakes/upstream length] 

Log ! 01 upslream length/ inlet] 

Elast ic Net Elasti c Net Partitioning 
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Estima te Std Error 

0 0 

0.384 0.11 0 
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Figure 2.3.1.5 Plot of Predicted vs. Actual of DIC (mg/L) from a minimum A IC 

selection mode! combining both Morphology and Network metrics . RSq =0.14, 

RMSE=0.34. The diagonal li ne is the 1:1 referenc e. 
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2.4 DISCUSSION 

Our results show that some C spectes, notab ly lake CH4 and C02, are strongly 

intluenced not on ly by lake area, but a lso by lake shape, and a lso by position in the 

network. Lake morpho logical and network features s ignificantly may improve the 

prediction of lake pCH4, pC02, DOC and DIC based on area o r envi ronmenta l 

parameters a tone. No si ngle morphometric or network variable, however, applied 

across a li carbon spec ies, and here we have identified w hich morpho logica l features 

con tri bute to the variation of each one. T his means that there is great potentia l fo r large 

scale biogeochemica l predi ct ions with morpho log ical features derived from remote 

sens ing data beyond lake surface area. T here is still a need for in-s itu sampling in 

regards to obtaining a wider range of data points to ca librate models and a lgor ithm s, 

a lthough re lyin g on sampling a l one for the boreal or g lobal est imates of carbon cycling 

in the land scape is an impossib ility. 

One of the cha llenges in this exerc ise is to identify the intluentia l morphological 

features in the context of multiple other environmental drivers. Here we have used 

latitude as an integrat ive proxy for a large set of environmental , landscape and climatic 

variabl es that are known to influence the var ious C species (Sobek et a l. 2007; Larsen . 

et a l. 20 Il), and we have shown that key variab les, such as landcover, terrestrial NPP, 

so il composition and major c limatic variables strongly covary with latitude. Three of 

the C spec ies; C02, C H4 >and DOC, had highly s ignificant relationships with latitude, 

suggesting that this integrat ive variab le captu red at least a large portion of the extant 

environmenta l drivers. DIC had only a weak relat ionsh ip with lat itude, which retlects 

the fact that the ma in environm enta l drivers of thi s C spec ies do not necessaril y vary 

along a lat itudina l grad ient. Our use of lat itude as a proxy thus has its limitations due 

to it being specifie for Q uébec. Since latitude itself is onl y a coord inate, what is 

affect ing the env ironm ent and carbon spec ies are the differences in c limate, w hich in 

comb ination w ith the local geo logy and anthropogen ic activ ities affect the 

biogeochemi ca l and bio logical processes. As such, for the models that we present here 
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to be applied in other regions wi ll require recalibration to the climate and geological 

conditions ofthat region. For example, in China using longitude as a proxy willlikely 

prove more effective than using latitude (L iu et al. 20 1 0) . lt has been suggested that 

fe rtilizer use, population density and net primary production could prov ide a relevant 

base of division as such in a global context (Seeke ll et al. 20 18a) 

The four C species showed diffe rent relationships to lake morphology and network 

configuration metrics both in the strength of the relationships and the metrics that were 

most strongly linked. Three of the fo ur C spec ies (C02, CH4 and OIC) showed sorne 

degree of connection to lake area . 8oth pC02 and pCH4 dec lined as a function of lake 

surface area and size in general, a pattern that has been shown before (Rasi lo et al. 

20 15; Lapierre et al. 20 12). This has been related to the extent of connection with hi gh 

gas production in littoral areas (OeiSontro et al. 20 17), and also to increased gas 

exchange and degass in g in larger lakes (Bastv iken et a l. 2004). lnterestingly, there was 

a weak but significant positive relationship between OIC and lake size sca ling (F igure 

2.3.1. and Table 2.3.1.5), whi ch does not have an obvious explanat ion, especially si nce 

a porti on of the OIC is composed ofC02, which itself has a negati ve relationship with 

lake size sca ling. 

ore showed the !east signs of di fferences in concentration due to lake morphology or 

network configuration. A sign ifi cant fracti on of the total OIC pool is composed of 

carbonates and bicarbonates, whi ch originate fro m mineral weathering in the bedrock 

and sediments, and undergo relative ly little change wi thin the aq uat ic network. We did 

detecta small effect of lake volume, network configuration and WRT, which perhaps 

reflect some dilution of DIC-rich ground water in deeper, long residence ti me lakes . 

ln contrast, lake pCH4, appeared to be the C species that was most strongly related to 

lake morphology, since it linked to virtua lly every metri c we ex plored. Most ofth e CH4 

that is found in lakes is loca ll y prod uced in lake sediments (Rudd & Hamilton 1978), 

and it is not surprising that a pect of lake shape would influence C l-1 4 dynamics in 
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lake . pCH4 declined as a function of mean depth , a pattern to be expected si nee that 

implies that Jess volumes of water are in contact with the littora l. Surpri singly, pCH4 

also declined as a function of%1ittora l area and of the dynamic ratio, a counterintuitive 

result because both are metrics that increase as the relative importance of shallow 

versus open water pelagie regions dec li ne within lakes. pCH4 further decreases as a 

function of declining ci rcularity and increasing edge complexity, again a rather 

counterintuiti ve result given that both metrics are also related to the extent of littoral 

versus open water a reas. The 1 ittoral areas of lakes are otherwise considered hotspots 

fo r pCH4 because of macrophytes, ebu Il ition from anoxie sed iments and decreased 

ox idation through the water column. This view was challenged by a recent study that 

in mesocosm experiments sti ll found 90% of methane emiss ions from a temperate lake 

originated from oxic lake surface water (Donis et a l. 20 17). Wh ile they did not attempt 

to in detai 1 exp lai n the "paradoxical process", DeiSontro et al. (20 17) did, using a 

physical mode! where lateral inputs proved to be more influential than previously 

considered. Therefore, it is likely that the negative relation to the Edge Complex ity 

metric, which was chosen over the Percent Littoral metric, captures more influencing 

conditions for pCH4. Si nce Edge Complexity increases with lake size (see Chapter 1 

Figure 1.3.2. l. e), it generall y captures lakes that likely originated from mora ine 

da mm ing of a vall ey or deep scraping into the bedrock by glacial action . This in tu rn 

would imply deeper mean depths, less shallow, tine grained sed iments and larger 

volume of water. However, to accurately upscale pCH4, the lateral grad ients have to 

be taken into account, in which case a metric like percent littora l may or may not prove 

to be more useful. 

These results hi ghlight the complexity of the sources and regulation ofpCH4 in lakes. 

The partial pressures ofC02 also appeared to be linked to lake morphology, albeit less 

strongly than pCH4, once latitudinal and lake-s ize effects were accounted for. 

Originating from a multitude of sources, pC02 is Jess likely to show the same pattern 
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across allmetrics in ali sampled locations. There was therefore few metrics that could 

significantl y explain much of the va ri ation, while there were more parameters that 

could explain a little. 

pC0 2 tended to dec line with increas ing mean depth, a pattern that is consistent with a 

major role of lake sediments fu eling water co lumn C02 supersaturati on (Kortelainen et 

al. 2006). pC0 2 also tended to be higher in oblong lakes (high shape values) and al so 

in lakes with hi gh edge complexity, both of whi ch imply increased terrestrial contact 

area, i.e. perimeter, per unit of lake area or vo lume, which highlights the importance of 

lateral inputs of or for C02 originat ing fro m terrestrial sources (Sobek et a l. 2005 ; 

Lapierre et al. 20 13) . Taken together, the relationships with these morphologica l 

metrics refl ect the mul tiple sources of lacustrine pC02, both in ternai and external, 

reflected in the relationshi p to lake morphology. 

The Network Configuration metrics did not exp lai n much of the var iati on fo r ei ther 

pC02 or pCH4. WRT did explain some of the variation fo r pCH4 in a negati ve 

re lationship, meaning that longer residence times leads to less pCH4. This is more likely 

exp lained by larger lakes having longer residence times than slow flow ing water hav ing 

a negative impact. The weak positive response to the metrics: Number of ln lets, Total 

Upstream Lakes, and Tota l Upstream Length, hints at some sli ght influence of the lake 

pos ition in the network, although not significantly. The ratio of Lakes per Upstream 

Length had the same sli ght but not sign ificant, negative relationship to pC02, which 

could suggest that in sorne instances the Network Configurat ion hasan impact. 

lnterpreting di ssolved gas partial pressures does in general bring uncertain ties 

regardin g the data. What we are aim ing to determine, separately from dail y or weekly 

fl uctuations is the general patterns assoc iated with the morphologica l and network 

fea tures. Morphology and network configurations are in re lation to disso lved gases 

re lati ve ly stati c. Where a low gas concentrati on in a sample could be due to odd 

dispersa l patterns within the lake wh ich was not captu red by a si ngle po in t sample, or 
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to low production or high outgass ing to the atmosphere on that particular day, to name 

a few . To obta in very exact data one would have to be continuously sampling the lakes 

from severa! points, during a li seasons. As this is not a like ly scenario to obta in data 

from hundreds of lakes across the boreal, a certain degree of variati on in the resul ts can 

thus be ex pected . T he metrics as weil are onl y prox ies fo r the processes invo lved, and 

the actua l re lation can onl y be speculated about. ln table 1.1.2 in chapter 1, a number 

of processes assoc iated with each morpho log ical feature is_ listed. T hus, the re lations 

we present he re apply onl y to the summer period and only to explore the C spec ies 

larger patterns re lated to metrics that ca n be obtained remote ly. 

DOC was the only species that did not show a c lear relationship w ith lake s ize but in 

contrast was strong ly positi ve ly lin ked to the dynamic rati o, such that fl at, sha llower 

lakes tend to have hi ghe r DOC concentrations regardless of the ir s ize, once lat itudina l 

effects related to the surrounding watershed so i! and vegetation features have been 

accounted for. This re lationship w ith dynami c rati o may reflect on the balance between 

sedimentation and suspension in e ither decreasin g or suppl ying the water co lumn of 

lakes w ith DOC. lt is a lso like ly th at the plate shaped lakes have increased litto ra l 

macrophyte growth which have been shawn to re lease large amounts of DOC to the 

surrounding waters (Demarty and Pra irie, 2009). ln addition, lakes with fl atter profil es 

are more likely s ituated in terra in with low slopes which have prev iously been fo und 

to affect the a moun t and qua i ity of DOC del ivered to the surface waters by way of fl ow 

paths (Mullho ll and 2003; Rasmussen et al. 1989; McG iynn & McDonne ll 2003). 

ln chapter 1 we identifi ed a set of generic lake c lasses based on the ensembl e of the ir 

morpho log ical features. We further showed that there are regions where these lake 

types a re more preva lent, lake morpho logica l features are th us not randomly di stributed 

across the landscape. ln thi s chapter we show that the concentrations of various C 

species are linked to some of these lake morpho logical features. The di ffe rent lake 

types should impose a base line leve! ofC concentrati ons in the lakes of these regions, 
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so lely based on lake morphology and network configurati ons, separate from the other 

regional and environmental drivers. Our results suggest that these base line patterns 

should be more marked for pCI-14, wh ich showed the strongest links to lake 

morphologica l features and the aq uati c network structure and secondaril y soto pC0 2 

and DOC. The lin k was almost non-ex istent for DIC, which is overwhelmingly driven 

by regional geo logica l factors and only a small effect of lake morphology and network 

configuration. These morphology-driven patterns in C species may account for some 

of the var iati on in the concentrations that has not been expla ined by any of the 

environmental and climatic factors that have been explored to date, and may further 

help explain some di stinct regiona l patterns in C pecies that have been observed across 

the boreal biome (Lapierre et a l. 20 15). 

2.5 CONCLUSIONS 

This study has high li ghted that there is defin ite ly an influence of lake morphology and 

network configurations on carbon. 

pCH4 is strongly influenced by lake morphology and the aquatic network 

configu rat ion. lt would therefore be highly useful to incl ude severa! of the lake 

morphological and some ofthe network metrics in predictive lake pCI-14 models. 

The strongest influence to variat ions in pC02 is related to contact area . lt is not strongly 

affected by the aquati c network configuration, however there may be a sli ght effect of 

the lake order in the network . The use of the edge complex ity metr·ic in addition to lake 

area im pro v es pred iction of pC02. 

The strongest influence on DOC concentrati ons, apart from the proxy for 

env ironmental factors (latitude), is re lated to the dynam ic rat io. At the network -scale 

the va ri ati on is mostl y affec ted by water movement and watershed drain age. To 
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improve DOC predi ctions, it is therefore useful to combine the dynamic ratio metric 

w ith land cover info rmation. 

DIC concentrations are genera l! y unaffected by lake morpho logy, apart from a diluti ve 

effect from vo lum e and it is somewhat affected by pl acement in the watershed . Vo lume 

and prox im ity to the source may be the most effecti ve predictors fo r DIC. 
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APPENDIX 

1. GIS FLOWCHARTS 

Metrics calculation 

a) 

b) 

LoglO V = LoglO Lake Are a • 0.96 + LoglO Elevation change25 • O. 77 

Figure Al.l Flowchart for calculation of metrics from lake po lygons. Where 

a) shows the steps for area, perimeter, lake shape and edge complexity . b) 

shows the steps for maximum depth and volume . Blue circles are pre - existing 

spatial data, purple squares are processing tools and red circles are resulting 

data. 



-------·-----------------------------------------------------------------------------------------------

92 

Classification Data Processing 

Figure A1.2 Flowchart for producing the data to be used for image 

classification. Beginning with the lake data shapefile and resulting in the three 

PCA ax is layers. Blue circ les are pre -existing spatia l data, purp le squares are 

processing tools and red circles are resulting data. 



Image Classification 

a) ISO cluster 

b) 

Figure A1.3 Flowchart for the image classification. Where a) produces an ISO 

classification signature file from the combined PCA layers and b) shows the ML 

classification which produces the final lake region classification. Blue circles are 

pre -existing spatial data, purple squares are processing tools and red circle s are 

resulting data . 
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Il. Example images of lake classes 

Figure A2 .1 Lake class 1 . IESR I 20 17 ) Figure A2.2 Lake class 2. I ESRI 2017 ) 

Figure A2 .3 Lake cl ass 3. ( ESRI 20 17 ) Figure A2 .4 Lake cla ss 4 . (ESRI 2017) 

Figure A2.5 Lake class 5 . (ESRI 2017) Figure A2 .6 Lake class 6. (ESRI 2017) 
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Figure A2.7 Lake class 7. (ESRI 2017) Figure A2.8 lake class 8. (ESRI 2017) 

Figure A2.9 Lake class 9. (ESRI 2017) Figure A2.10 lake class 10. (ESRI 2017) 


