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RESUME

La temp®rature de | 6eau "edtb@gmd dv aqruiad b It e® idnep d rbte:
la santé des écosystémes aquatiques. Une approche par régime a été proposée pour la

gestion de |l a temp®rature de | 6eau en rivi re s
acceptables sont décrites dansletempset | 6 epspatée que de sb6int ®ress:
au dépassement de certains seuils cr i ti ques. Léoapplication doune
toutefois sur | d6acc s °~ des outils permettant | .
de | a temp®rature de | deau. De tels outils pou

comprendre gquand et comment les barrages modifient le régime thermique des riviéres;

une problématique qui,bi en que peu ®t udi ®eestdepormntelétare st du Ca
donn® | e grand nombre de barrages qubéon y retrol
il est également primordial d 6avoir acc s ° des outpoura de mode@
gestion de |l a temp®rature de | 6eau en rivi re.
répondent a ce besoin bien que cert ai ns flux t hermiques tels
demeurent difficiles & estimer étant donné les difficultés associées a leur mesure en

riviere. Face a ces lacunes, 16 oeltif de cette thése est de proposer des outils de
caract®risation et de mod®lisation du r ®gi me t
gestionde latempér at ur e de | 6eau dans |l es rivi res natur

Le premier objectif spécifique de cette thése est de proposer un outil de caractérisation

permettant la prise en compte de la saisonnalité lors de la classification du régime

thermique des rivieres. L6 approche propos®e repose sur | 6 ane
| 6aide de s®ries de Fourier, l esquel l es ont ®t @
annuel de temp®rature de | 6eau. La saisonnalit
caract®ris®etiol $amderdques d®crivant l a magnit
(i.e. occurrence) du cycle annuel. Etant donné la parcimonie de cette approche, celle-ci

peut facilement servir de point de départ a une classification des régimes thermiques.

Une preuve de concept a ®t® effectuBes (nNn=1BHMeshel |l e de
permettant ainsi la définition de six classes de régime thermique en fonction de la
magnitude, amplitude et phase du cycle annuel 0
classification a ensuite été développé (erreur de classification par validation croisée =

30 %) permettant de prédire|l 6 appartenance ~ un r ®geéquaret her mi qu
variables explicatives : le débit moyen en mai, la moyenne annuelle de la température

de | 6 aeimmp,®rlaa ute de | 6air moyenne en juillet e
temp®rature de | dair.



Le deuxi me objectif sp®cifiqgue est de caract ®ri

| 6ann®e sur | e r®gime thermique dewsCanadavi res de
Deux types de barrages ont ©®t ® ®tudi ®s, soit un
capacité de stockage et deux barrages de stockage avec des réservoirs peu profonds

(profondeur moyenne < 6m). € | 6aide doune -ampaot/|ctedesciompa | e
barrages a ®t ® examin® 1) pour l a p®riode doboea
annuel extrait par | 6aj ust emeretlesir@sidosect 2) moardat i on si n
p®r i ode hivernale en ®valuant | 6&éeb.Demaniaur | a col
générale,lebarrage au f paseudedi Impeaaud mlua | e r ®gi me t he

riviere régulée. Les barrages de stockage ont entrainé un réchauffement de la
temp®rature de | 6eauddiaocl¥t®t"® oectt o buree®myenheao nineemp ®r
mensuelle était de 1,4 a 3,9 °C plus élevée en comparaison aux rivieres naturelles.

Pendant l 6hi ver, |l es barrages de stockage ont €
rivieres régulées : alors que |l a temp®ratur@°Cdamsldsbeau est
rivi res naturell es, la temp®rature de | 6eau m®

et 2,1 °C dans les riviéres régulées.

Le troisi me objectif sp®cifique &est de caract®
thermique estival des rivi r es ~ | 6®chell e r®gionale afin 1)

régime thermique affectés de maniére prédominante par la régulation et 2) de comparer

| 6i mpact thermique associ ® ° di ff®rents types
| ©c her d Olademande ed poimte). Le régime thermique de 13 rivieres régulées

et 18 rivi res naturelles de | 6est du Canada
thermol ogi que, soit " | 6aide de 15 m®triques

fr®quence, | BPectauxendee vatri ati on des conditions

Une analyse en composantes principales a per mis
thermique principalement contrastés entre les rivieres régulées et naturelles. Selon cette

analyse,lesbarrages de st ockage et avec | ©cher dbdéeau se
g®n®r al ement 1) r®dui t |l e taux de wvariation de
échelles temporelles (intrajournaliére, interjournaliere et saisonniere) et 2) augmenté la

magnitude dur ®gi me t hermiqgue ~ |l a fin de | 6® ® (septe

nébont g®n®r al ement pas entra " n® une modificati ol
rivi res, " | 6exception du sch®ma de variation
nombre de changements de direction au cours de la journée en comparaison aux

rivieres naturelles. La modification du régime thermique était significativement corrélée

au ratio de retenue, soit le ratio entre la capacité de stockage maximale du barrage et le

ruissellement médian annuel du bassin versant. Une modification importante du régime



thermique était généralement observée pour les barrages ayant un ratio de retenue
supérieur a 10 %.

Le quatri me objectif sp®cifi gthemiqeadssodétha m®l i or e
| 6®vaporation dans un mod | e de utead@thoBedet ure de
mesure de | 6®vaporation en rivi re reposant sSult
d®vel opp®e. Lé6®vaporation a O®tadsdamsslauxc®wes ~ | dai di
débeau en mi lldrigiére de mileansyerine Little Southwest Miramichi (LSWM,;

1190 km?) et le ruisseau Catamaran (CatBk; 27km?. é | d6ai de de mesures dbo
des modeles de transfert de masse ont été calibrés permettant ainsid 6 est i mer | e t al
do®vaporation N partir des condi ti onitsde mi crocl i

pression de vapeur).e Rarukarntoulrin@tl ® ezatthdey en d o6 ®v
3,0mm jr* & LSWM et de 1,0 mm jr* & CatBk. Les modéles de transfert de masse ont

®t ® utilis®s pour esti mer l e flux thermique ass:s
temp®rature de | 6eau au pas de tlefloptermgeer ai re. A
associ ® - | 6®vaporation as i®gor@ant mécanishe flei ® ¢ o mme

refroidi ssement | pPe®vdgprotr alt M4® % Ges pefes @eschafetira i t
LSWM et 34 % des pertes de chaleur a CatBk.

Les travaux de cette th se ont permis | e d®velc
caractérisation du régime thermique des riviéres : | 6anal yse des p®ri od
ajustement dbéune fpermet de décrire faisaisormalité die mamiere

parcimonieuse al or s que | 6approche thermologique per me
du régime thermique al t ®r ®s . Léapplication de ces outils
d®vel oppement ddune classification ainsi gue ©po
travaux de cette th se ont ®gal ement per mi s d
barragessurlerégi me t her mi que des rivi res dans | dest d

les outils de modélisation jouent un réle primordial dans la gestion du régime thermique

des rivieres régulées. Ainsi, les travaux de cette thése ont permis de proposer une

approche novat ri ce pour l a mesure de |-6@Poumapétreat i on en
mise ° profit pour am®liorer | 6estimation de ce

Mots-clés :r ®gi me t her mi que; t e mpnpacg bawrage régukation; b eau; r i
caractérisation; classification; modélisation; évaporation
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ABSTRACT

Water temperature is an important variable regarding water quality and aquatic
ecosystem health. A regime-based approach has been proposed to manage river water
temperature according to which the distribution of acceptable thermal conditions should
be described across temporal and spatial scales rather than focusing on the exceedance
of single-value thresholds. However, the implementation of a regime-based approach
requires tools to characterize temporal variability in river water temperature. Indeed,
these would be valuable tools to understand when and how dams modify the thermal
regime of rivers; an issue not well studied in eastern Canada although of importance
given the large number of dams in the region. In addition to characterization tools, it is
also important to have access to reliable modelling tools to manage river water
temperature. Deterministic modelling tools address this need although certain heat
fluxes such as evaporation remain difficult to estimate given difficulties associated with
their measurement in rivers. In order to address these gaps, the objective of this thesis
was to develop tools to characterize and model the thermal regime of rivers which can
be used to improve water temperature management in regulated and unregulated rivers.

The first specific objective of this thesis was to develop a characterization tool which can
efficiently describe seasonality when performing a classification of thermal regimes.
Based on an analysis of periodicities using Fourier series, the annual cycle of water
temperature was extracted and described using three metrics (magnitude, amplitude and
phase). Given the parsimony of this approach, it provides an efficient basis to develop a
classification of thermal regimes. A proof of concept was performed over the United
States (n = 135 sites) and six thermal regime classes were defined according to the
magnitude, amplitude and phase of the annual cycle of river water temperature. A
classification tree was developed (cross-validation error = 30 %) and four variables were
used to predict membership to a thermal regime class: the mean May flow, the annual
average air temperature, the average July air temperature and the annual air
temperature range.

The second specific objective was to characterize the year-round impact of dams on the
thermal regime of medium-sized rivers in eastern Canada. Two types of dams were
studied: a run-of-river dam with minimal storage capacity and two storage dams with
shallow reservoirs (mean depth < 6 m). Using a control-impact design, the impact of
dams was examined 1) for the open water period by assessing impact on the annual
cycle (extracted by fitting a sinusoidal function) and residuals and 2) for the winter period
by assessing impact on water temperature duration curves. Overall, the run-of-river dam
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did not modify the thermal regime of the regulated river. Storage dams had a warming
effect on water temperatures during the summer and autumn: from August to October,
the monthly mean water temperature was 1.4 to 3.9 °C warmer than at unregulated
rivers. During winter, storage dams had a considerable warming effect on regulated
rivers: while water temperature remained stable at O °C in unregulated rivers, the median
water temperature for this period varied between 1.0 and 2.1 °C in regulated rivers.

The third specific objective was to perform a regional-scale assessment of the impacts of
dams on the summer thermal regime of rivers to 1) identify thermal regime features
predominantly influenced by regulation and 2) compare thermal impacts associated with
different types of dams (run-of-river, storage, peaking). The thermal regime of 13
regulated rivers and 18 unregulated rivers in eastern Canada was characterized using
the natural thermal regime concept. Accordingly, 15 metrics were computed to describe
the magnitude, duration, frequency, timing and rate of change of water temperature
events. A principal component analysis was used to identify contrasting thermal regime
features between regulated and unregulated rivers. Results of this analysis show that
storage and peaking dams generally 1) reduced the magnitude of water temperature
variations at seasonal, daily and subdaily timescales and 2) increased the late-summer
(September) magnitude of the thermal regime. Run-of-river dams did not modify the
thermal regime of rivers, with the exception of the subdaily pattern of variation which
exhibited a greater number of changes of direction throughout the day compared to
unregulated rivers. Thermal regime modification was significantly correlated to the
impounded runoff index (ratio between the maximum storage capacity of the reservoir
and the median annual runoff of the basin). An important modification of the thermal
regime of rivers was generally observed for dams with an impounded runoff index
greater than 10 %.

The fourth specific objective was to improve the estimation of the evaporative heat flux in
a water temperature model. Based on a mass-balance approach, a method to measure
river evaporation was developed. River evaporation was measured with floating
minipans in two watercourses in a forest catchment: the medium-sized Little Southwest
Miramichi River (LSWM, 1190 km?) and the Catamaran Brook (CatBk, 27 km2). Using
evaporation measurements, mass transfer models were calibrated to estimate the
evaporation rate from microclimatic conditions (wind speed, vapor pressure deficit).
During the summer 2012, the mean daily evaporation rate was 3.0 mm day™ at LSWM
and 1.0 mm day™ at CatBk. Mass transfer models were used to estimate the evaporative
heat flux in a water temperature model at an hourly time step. At both study sites, the
evaporative heat flux corresponded to the main heat loss mechanism during the
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summer: evaporation represented 42 % of heat losses at LSWM and 34 % of heat
losses at CatBkK.

This thesis lead to the development and comparison of tools to characterize the thermal
regime of rivers: the analysis of periodicities by fitting a sinusoidal function proved a
parsimonious method to characterize seasonality while the approach based on the
natural thermal regime concept allowed the assessment of individual features of the
thermal regime. The application of these tools was conclusive for the development of a
classification and the conduction of impact assessments. Findings from this research
highlighted the important influence of dams on the thermal regime of rivers in eastern
Canada. Faced with these impacts, modelling tools play an essential role in the
management of the thermal regime of regulated rivers. Accordingly, the method
developed in this thesis to measure river evaporation could be used to improve the
estimation of the evaporative heat flux in regulated rivers.

Keywords : thermal regime; water temperature; stream; impact; dam; regulated;
characterization; classification; modelling; evaporation
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CHAPITRE 1 : INTRODUCTION

1.1 Contexte

La temp®r at estue rabld impertnte au regarddelaqual it ® de | 6eau
de la santé des écosystemes aquatiques. P ar exempl e, la temp®raturt
influence <certains aspecsle daux addasay gdgat ®e de | 0

concentration en nutriments et la toxicité de certains polluants (Cairns et al., 1975;

Caissie, 2006a) . D6éun point de twunp ®riadluagei dwe ,| 6leau i nf |
répartition des organismes (Buisson et al., 2008; Parkinson et al., 2015; Shuter et Post,

1990) et la composition des communautés aquatiques (Brazner et al., 2005; Chu et al.,

2008; Wehrly et al., 2003). Le cycle de vie des organismes aquatiques est également

étroitement| i ® © | a temp®ratur é adé¢ elmp ®a @adinflrecace dex ¢ DRl e
le taux de croissance des organismes (Neuheimer et Taggart, 2007; Sweeney, 1984) et

| 6occurrence de certaines ®tapes du cycle de Vvi e
et la fraie (Warren et al., 2012). De plus, les organismes aquatiques ont également des

limites physiologiques en ce qui a trait aux condi ti ons de temp®ratur e
dépassement de ces limites peut étre une source de stress (Lund et al., 2002) pouvant

ainsi accroitre la vulnérabilité a certaines maladies (Hari et al., 2006). Par ailleurs, le

dépassement de ces limites physiologiques peut également mener a des événements

de mortalité massive chez les organismes aquatiques (Ouellet et al., 2010). En somme,

l a temp®rature de | 6eau i nf | uiguescekla ndodificatiammbr eux p

du régime thermique peut avoir diverses répercussions sur les écosystémes aquatiques.

Le r®gime ther mi que da&dverses prassonsdidtleopiquesf Faget f ac e
aux changements <c¢climatiques, ad a&déa &€& dbsetvé f e men't C
dans certaines régions (Hari et al., 2006; Kaushal, et al., 2010; Webb, 1996) et divers

scénarios de changements climatiques anticipent une tendance similaire au cours des

prochaines années (lsaak et al., 2012; Mohseni et al., 2003). D6autress activit
anthropiques t el | es I a coupe forlestirejet doef bbdoniesati
centrales thermiques peuvent également mener & des réchauffements localisés de la

t emp®r at ur aisdiee 2006a;eHaster et Doyle, 2011; Poole et Berman, 2001;

Webb, 1996). Les barrages, petits ou grands, peuvent é€galement avoir un impact

important sur différents attributs du régime thermique (Olden et Naiman, 2010). Les



barrages font partie intégrante du paysage canadien et on estime leur nombre a plus de

10 000 a travers le Canada (Prowse et al.,, 2004). Dans le contexte canadien, les

barragess 6 av r ent une sour ce do poargearégime thermicren t i e | I mg
des rivieres. | | est donc primordial doéout iHydrigues | es ges
afin qudils puissent compr endr modifgn B nmédimee t comme

thermique des rivieres. Ces gestionnaires englobent divers acteurs impliqués dans la
gestion des ressources hydriques au Canadatels que les organismes de bassins
versants, les municipalités, les instances gouvernementales dont le mandat est de
protéger les ressources en eau ou la péche, les gestionnaires des pécheries et les

gestionnaires des barrages et réservoirs.

La prise en compte de la variabilité spatiale et temporelle des conditions de température

d e | éseum élément essentiel a la gestion des écosystémes fluviaux. La notion de

régime thermique décrivant un schéma de variabilité propre a chaque riviére ou groupe

de rivieres a ainsi été proposée pour la gestion des écosystéemes fluviaux (Olden et

Naiman, 2010; Poole et al., 2004). Par exemple, de nombreuses études ont montré

| 6i mportance de | a vari abiednrapp@rtadapdgnaniigaddes dans | a
écosystemes aquatiques (Ebersole et al., 2003; Torgersen et al., 1999). Différents outils

de caractérisation tels que la télédétection infrarouge thermique ont ainsi été développés

afin de permettre | 6®t udeunaéehelle apatibleimgo@antat ur e de
(i.e. échelle du bassin versant ou de la riviere), sans les discontinuités associées aux

mesures ponctuelles (Dugdale et al., 2015; Vatland et al., 2015). La variabilité
temporelle de |l a temp®rature de padmmpatajxoue ®&gal
écosystemes aquatiques étant donné son influence sur le cycle de vie des organismes

aquatiques. Tout comme des outils de caractérisation ont été développés pour décrire la
variabilit® spatial e ibdcenvitnaégaemenpd® déaciopperalesde | 6 eau
outls permettant | a caract®risation de |l a variabil
Pour les gestionnaires, les outils de caractérisation peuvent notamment servir a définir

les attributs thermiques souhaitables pour le maintien des services et fonctions
écosystémiques dans un cour s dbéeau. De pl us, l es outil s
®gal ement |l a comparai son des 1 ®gi mes deher mi que s
décrire les impacts associés a diverses activités anthropiques (e.g. en comparant des

rivieres naturelles et régulées).



Outre | 6i mportance des outils de caract®risati:

acces a des outils de modélisation fiables permettant de simuler et prédire la

temp®rature de | 6eau.i ebma,nsl Oaec ccosnt’exdes cawmtaidl s
est particuli rement i mport antnatigaldenstividedann® | 6dab
temp®rature de | 6eau. Ainsi, |l es gestionnaires

donn®es historiques déoltéee dapn@niere tcantinge etdpeur ded e a u

longues périodes. Dans ce contexte, | 6acc s " des out |
particulierement important afin de palierlemanqgue de donn®es " Del 6®chel | ¢
plus, les outils de modélisation s 6 a v padiculierement importants pour les

gestionnaires, car ils permettentd 6 ®v d |dwedrf i caci t ® de di ff ®rents s
Or, cette évaluation passe dbéabord par une bonne <compr ®he
physiques contrl] ant | a lesnvigréesr Baour d 6 d g e nmpbleea,u |
prédicionde | a temp®rature de | 6eau pendant des ®pi
mod®l i sati on ad®quat e de impoitadtveHep derefrdidissement®t ant do

de ce flux thermique a des températures élevées (Mohseni et Stefan, 1999).

1.2 Objectifs

L6obj ect idd cetig Ithese a4t de proposer des outils de caractérisation et de

mod®l i sation du r®gime thermique des rivi res d:
temp®r ature de | 0e auellasa&tnrégulées Bansrleé cadre deeeaite nat ur
theése, une riviere naturelle fait référence a une riviére ne présentant pas de structure de

retenue pouvant molLdsobjactésrspétifif@sde cettecthase sant.:

1) Proposer un e approche pour la caractérisation et la classification du régime

thermique annuel des riviéres.

Les gestionnaires ont besoin dooutils de caract ¢
la variabilit® temporelle et s Présénieradnte la d e l a t
caractérisation d e | a variabilit® tempor el | eassd e | a t e

généralementparlecalculd 6une s®r i e de m&stdifféregts atsbutdd®cr i vant
régime thermique (magnitude, fréquence, durée et occurrenced 6 ® v ®nement s chauds
froids, taux de variation). Or, cette appr pacimeniensé, €= tlle eppse

sur un grand nombre de métriques et celles-ci sont souvent redondantes (i.e. corrélées).

Une telle approche a notamment été utilisée pour la caractérisation du régime



hydrologique des rivieres engendrant ainsi plus de 200 métriques pour la caractérisation
du régime hydrologique et menant par la suite a de nombreuses études visant a
sélectionner un nombre restreint de métriques (Beveridge et al., 2012; Daigle et al.,
2011; Hamel et al., 2015; Olden et Poff, 2003).

Dans le cadre de cette these, une approche pour la caractérisation et la classification du
régime thermique annuel des riviéres est proposée et une preuve de concept est faite a
| 6 ®c hel | e-Und.eLe prdiniea abjectif spécifique est de proposer un outil de
caractérisation qui permetde 1) capturer la saisonnalité; 2) caractériser le régime
thermigue de mani re non redondante et 3) serv
deuxiéme obijectif spécifique est d 6 ecfudr ene classification des régimes thermiques et
développer un arbre de classification permettant de pr ®di r e uUndégipegp art enanc

thermique en fonction de variables physiographiques et climatiques.

2) Caract®r i ser | 6 hamgyes cde taileemoy enne sur le régim e thermique

annueldesr i vi " res dans | 6est du Canada

Les barrages sont une source d 6 i mp a ct inpartaneemour le tégime thermique

des rivieres canadiennes. Or, peu do®tudes ont caract®ris® | 6in
moyens barrages dans | 6est du Canada bien gue ce t
particulierement répandu. L6 i mpact des barrages avec prise (
hypoli mni que doéun r®ser voir ,grais areiirfcertiiudea ®t ® |
demeure quant au type et ° | 6ampleur de |1 086i mpac
De plus, |l es ®tudes doéi mpacts rr ®alis®es sur | e
concentrées sur la période estivale bien que les températures automnales, hivernales et

printaniéres aient également une importante influence sur le cycle de vie des

organismes aquatiques. En particulier, peu de travaux ont porté sur la thermie en saison

hivernale bien que certaines études aient montr ® | 6iogique da @ettec e bi ol
période (Cunjak, 1996; Prowse, 2001).

L6éobjecti éseabed ec eqgtutaen ttihf i er It ®iump awt |tomegr Mdiegu & ann

des barrages de petite ° moy €ounce faiteiaunelétude dans | 0
d®t ai | | ®e ldeamique Gai été petiectiée pour trois sites. Le premier objectif
spécifigueestde d®crire | 6i mpact des barrages tout au
p®ri ode dbeau | i Hdvereale. eLa rédlisationpd® rcet cobjextif permet

®gal ement Wtdi®lviag aiteirond 6de | approche de caract ®r i
objectif pour la réalisation d 6 ®tsddé mpact ( e. g.srégimestchermiquas ant | e



de rivieres naturelles et régulées). Le deuxieme objectif spécifique est de comparer
| pact associeadi f f ®r ents types de barrages, soit un b
faible capacité de stockage et deux barrages de stockage avec des réservoirs

relativement peu profonds.

3)Caract®riser | 6i mpact des barragesrivigresa | e r ®gi |
| 6®chell e r®gional e.

AuCanada, i nbexi ste pr®sent ement pas de r ®seal
de |.®e aeufait, ibacc s 7 éaebehistoriguesndemeure limité pour évaluer

| 6i mpact des barrages sur | @es fackegrs forg entsdrte r mi qu e d
que peu dobé®t udé&émembdsiapigpasade b eht et des barrages sur
thermiqgue des ri vi r elbdenteare @nsilunke eestaine theertit@a na d a .

face © | 6i mpact t h edifféréents tyges de barage  ® 6 ratmuve dans la

région (e.g. f i | d, @aved résenain, avec ou sans lacherd 6 eau sel on | a deman:

pointe). De plus,ilc onvi ent dds@npacts thermiquesiassociés aux barrages

sont spécifiques au site ou s 6 i | est possi lcértain sachémadj®gtagxe r un
impacts thermiques ~ | 6 ®c h el | Hantrd@ngéileognaad nembre de barrages a
travers |l e territoire,ctl ad®t®aillils@ds omb adt®t pale sn

possible pour chacun de ces sites. Dans ce contexte, une généralisation qualitative des
impacts associés a certains types de barrage est particulierement importante pour les

gestionnaires.

Léobjectif det cdebt®teudtilerse 6esnpact des barrages
estivaldesr i vi res 7 | 0 Rourcefhile, ainear@lgse dunégime thermique
aétteffectu®e pour 13 rivi res Lam@agnel dbjectif de | 6e s
sp®ci fique eets attrbits dueragime fthermique modifiés de maniére

prédominante par les barrages. Le deuxiéme objectif spécifique est de comparer les

impacts thermiques associés a trois types de barrages ( f i | de | 6eawg stockac
lacherd 6 eau sel on | a J.dmaement ceteettude parmet également
do®valuer 6b0wmeéei Ausmnei appdoche de caract®risatio

| 6approche thermologique, dans |l e cadre doOo®tudes

HAM®l i orer | 6delsux malteromi qcdwe fas s o dan®lesoutils 6 ®vapor at

de modélisation déterministe

Pour |l es gestionnaires, | 6 a performants estdmepsrtandb ut i | s d e

afin de prédire lat emp®r at ure de | 6eau °~ des sites non ®c



différents scénarios de gestion. Les modeéles déterministes permettent notamment de
répondre a ces besoins. Toutefois, la performance de ces modeles repose sur leur
capacité a estimer de maniére adéquate les différents flux de chaleur composant le bilan
thermique. Dur ant |l es p®riodes <chaudes, | 6®vaporatio
mécanismes de refroidissement des rivieres. Par contre, la mesure de ce flux thermique
sbav r e dlont,fen géndrabp eet d O ®t udes viemhtiombewntaux | eur s e s

dé®vaporation en rivi re.

Dans cette these, il est proposé d @méliorer les outils de modélisation déterministe a
travers |l e d®veloppement dbébune m®thode de mesur
Le premier objectif spécifique est de développer un modéle pour estimer le taux
dé®vaporation en rivi re 7 partir des condition
vent et le déficit de pression de vapeur. Le deuxiéme objectif spécifique est de comparer
les flux thermiques associés ©  Vagof@tion de d e u x ¢ o w desdifféehte tille (un
ruisseau et une riviere de taille moyenne). Le troisieme obijectif spécifique est de
mod®l i ser |l a temp®rature de telatigeadu fluathermiqued 6 ®v al u e r

associ ® 7 |ledb@®mpagison des dutees flux composant le bilan thermique.

1.3 Structure de la thése

Le chapitre 1 présente la problématique ainsi que les objectifs de recherche de cette
these. Ensuite, le chapitre 2 met en contexte les différents objectifs a travers une revue
de la littérature. Le chapitre 3 présente une synthese des travaux de recherche effectués
dans le cadre de cette theése. Les chapitres 4 a 7 présentent les travaux de recherche
sous forme dbéart i clAmg, lechipltie ¢ @é&sene nn adiclegatcaptés .
pour publication dans la revue River Research and Applications et qui propose une
caractérisation et une classification des régimes thermiques annuels. Le chapitre 5

présente un article soumis pour publication a la revue River Research and Applications

qui d®crit | 6i mpact des barrages s ueachapitee r ®gi me
6 présente un article pour soumission a la revue Canadian Journal of Fisheries and

Aquatic Sciences q U i d®crit | 6i mpact d estval des rivieeeg@® s sur |
| 6 ®c hel | elerchagtie @ prasenée.un article publié dans la revue Hydrological

Processesqui ®t udi e | e processus doé®vaporation en ri
t emp ®r at ur ke clthpitre I8 présante.les conclusions ainsiqg u e | 0de pefteo r t

thése a la recherche.



CHAPITRE 2 : REVUE DE LITTERATURE

(@)
D

2.1 Le rt'le de | a temp®rature de |
aquatiques

La t emp®r at astume vdriablelabicticue qui revét une importance particuliére

pour les écosystéemes aquatiques. En effet, celle-ci influence la répartition des espéces

aquatiques, le déroulement de leur cycle de vie et leur comportement. Les especes

aquatiques ont des limites physiologiques vis-a-vis de la t e mp ®r at ur e de | 6ea
chacune dé&ntre elles a un intervalle spécifique de tolérance thermique. Cette niche

thermique influence en grande partie la répartition des espéces aquatiques. Ainsi, la

modification de la temp®r at ur e dé& adsdriéeaauuneacontraction (Hari et al.,

2006) et une expansion (Milneretal.,2008)de | 6aire de r®partition de
de poissons.Les seuils de tol ®  ance ~ | a temp®rature
étudiant la physiologie et le comportemen t de | 6esp ce emmiiéguabor at oi |
naturel (e.g. Breau, et al.,, 2011 et Elliott, 1991 pour le saumon de I@tlantique). Par

exemple, le tableau 2.1 montre la température |étale initiale (température a laquelle 50

% des individus peuvent survivre pendant une période prolongée) de certaines espéces

de salmonidés dans | 6 e st . ShahantGes rseuits ade tolérance de diverses

espéces, des guildes thermiques ont été proposées afin de classifier les différentes

espéces aquatigues selon leur préférence vis-a-visdel a t emp ®r at Gakexretde | 6 eau
al. (2001) a défini les catégories de préférence thermique estivale suivantes pour les

poi ssons doeau dloas eesp Caq fadbiser las tdmpéoaturdse

inférieures 2 19 A C, |l es esp ces dbéeau temp®r ®e favorisen

25AC et | es esp dasisen Bstanpératuresisupkreures a 25 °C.

Tableau 2.1 Seuils de tol ® ance de | a tedeps@mamitéesr e de | dea
(ddapr s Jonsson eln astéoisyee sndigue une és@E)non indigéne, mais acclimatée a
| 6est du Ca Bamtahez etGiraug, 2006).

Espéce Limite supélrieur_e _d_e la température

Iétale initiale (°C)

Saumon rouge (Oncorhynchus nerka)* 24,4

Truite brune (Salmo trutta)* 24,7

Saumon coho (Oncorhynchus kisutch)* 25,0

Saumon chinook (Oncorhynchus tshawytscha)* 25,1

Omble de fontaine (Salvelinus fontinalis) 25,3

Truite arc-en-ciel (Oncorhynchus mykiss)* 26,2

Saumond e | 6 At Badmo salag ue ( 27,8




La temp®rature de | 6eau joue ®galement un rt] e
cycle de vie (McCullough, 1999).La t emp ®r at ur e detaukdeeraissancenf | uence
des organismes ectothermes tels que les poissons (Neuheimer et Taggart, 2007) et les

insectes aquatiques (Sweeney, 1984). Ainsi, 16 at t e i nt e dedié particulget paul

g®n®r al ement °tre d®t eranu mwleateinonf odnbcutniiotn®sd et hled
degrés-jours). Par exemple, Crisp (1981) a développé un modeéle en loi de puissance

permettantl|l ed recsmbrmerde jours entreaelsaidndrmstili sa
fonction de la temp®ratur e de | 6 eabm plysour cing
déinfluencer |l e tap®radeuceoidesaddeau padet e ®gal em

facteur déclencheur pour certaines transitions dans le cycle de vie. Par exemple,
certaines conditions dpeuvent edétgrn®nera le wWébet dedla | 6 eau
montaison ou la dévalaison chez les salmonidés anadromes (Goniea et al., 2006;

Hembre et al., 2001; Jonsson et Ruud-Hansen, 1985). La t emp®r at ure de | b0e.
également agir a titre de facteur déclencheur pour la migration vers différents types

d 6 h ad Par exemple, chez de nombreux salmonidés, les déplacements vers le site

déohi vernage ont g®n ®r al ement l'ieu | ow8gue | a t
(Huusko et al., 2007). La temp®rature de | 6eau g
des espéces adfluviales, soit les espéces dont le stade juvénile se déroule en milieu

lotique et le stade mature se déroule en milieu lentique. Ainsi, Baril et Magnan (2002)

rapportent le déplacement des ombles de fontaine lacustres vers leur site de frai en

milieu lotiquel or sque | a temp®ré&aiturea®3°Ce | 6eau est inf
Lorsque |l es conditions environnementales approc
espéce, celles-c i peuvent induire un certain comport eme

stress thermique important. Cette thermorégulation comportementale a été

particulierement observée chez les salmonidés qui prennent refuges dans des zones

localisées ou les conditions thermiques sont plus favorables. Par exemple, les

sal moni d®s ont t endanadegzores pus feoigas, sait me® zomas ded a

résur gence dodéeaux s outadfluents(Ebeesae ebal, 20DE Topgerden t s

et al., 1999). Ainsi, les organismes mobiles peuvent exploiter la variabilité spatiale de la
temp®rature de | 6eau afin de | imiterre$e stres:

élevées.



2.2 LO6i mpact des barrages sur | a temp(

Di ff®rentes activit®s anthropiques peuvent avoli

des rivieres. Par exempl e, | 6®1 i mi nati on de |l a bande r
activit®s agricoles ou foresti res peut entra’
(Barton et al., 1985; Moore et al., 2005a; Rutherford et al., 2004) . Le rejet doeff
d 6 eaux musidpalss (Kinouchi et al., 2007) ai nsi qgue | e rejet

refroidissement de centrales thermiques (Prats et al., 2012; Stewart et al., 2013) peuvent
également r ®c hauf f er | e ke revéatemens fondédabsmrbant fortement la

chaleur ainsi que le ruissellement rapide des eaux pluviales sur les surfaces

imperméablesf ont ®gal ement en sorte que | durbanisatio
sur | a t e mpedu (dones reteal., @04.2; LLeBlanc et al., 1997; Somers et al.,

2013).

Les barrages peuvent égalementavoi r un i mpact i mportant sur | a

des rivieres (Olden et Naiman, 2010). Dans le contexte canadien, les barrages
constituent une s o0Uur anportahi® iétemp dorné leup gran@ momhrecd
travers le territoire. On estime que la vaste majorité des barrages présents au Canada
sont de petite taille (Prowse et al., 2004). Par exemple, au Québec ou un recensement
de tous les barrages de la province a été effectué, on compte plus de 6500 barrages et
95 % de ces barrages ont une taille inférieure a 15 m (CEHQ, 2014). De plus, alors que
les grands barrages sont principalement situés dans le nord de la province, les barrages
de petite a moyenne taille sont principalement concentrés dans le sud de la province
(figure 2.1).



hauteur du barrage

* petit(0.5-5m)
)?7\?/\ ) moyen (5- 15 m)
£8

e grand (15-214 m)

Figure 2.1 Localisation et hauteur des barragesau Québec (ddapr s @EHQ, 201

L6i mpact des barrages s ur géhémalementrapf@nctiartdesae de | 6 e
capacité de stockage, du mode de gestion (e.g. | ©c her d 6 e damandeedeon | a
pointe) et de | a position de | e maniers gnéhlé,eoma u ( sur f ¢

associe les barrages de grande taille a une pollution thermique froide et les barrages de

petite taille a une pollution thermique chaude (Olden et Naiman, 2010). Les barrages de

grande taille sont souvent utilisés pour la création de grands réservoirs qui présentent

généralement une stratification thermique estivale étant donné leur profondeur. Cette

stratification thermique se manifeste de maniére naturelle dans les lacs profonds

(profondeur O 25 m; Lewis, 1983) en climat tempéré. Ainsi, lor sque | a prise dobe

barrage est situ®e e neppovienfde la zberethypolimiigheecaqui r e | ©c h ®

aura pour effet de refroidirle co ur s dnbagahdu barragependant | 6 ®t ®. Ce t
barrage peut entrainer un refroidissementd e | 6 o2&l5 & °@ekans | e cours dobe
en aval du barrage (Angilletta et al., 2008; Jackson et al., 2007; Lehmkuhl, 1972; Olden

et Naiman, 2010; Preece et Jones, 2002; Risley et al., 2010; Ward et Stanford, 1979;

Wright et al., 2009) . Loef fet des barrages daesedfad t emp®r a

ressentir t oantéeeen Ipolnugs ddee Iréef roi dir | a temp®rat
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| 6 ®ds ®arragés de grande taille ont également tendance a retarder le réchauffement

printanier et le refroidissement automnal en r ai son de | 6inertie ther
associée au réservoir (Angilletta et al., 2008; Olden et Naiman, 2010). De plus, ces

barrages peuvent entrainerun r ®c hauf f ement de Fekichéeallag ®r at ur e
de 0.4a44AC pendant I 6hi ver dsoibwn réchadfemen®guffisant s f r oi de
pour éliminer le couvert de glace des rivieres sous un climat tempéré nordique (Jensen,

2003; Lehmkuhl, 1972; Ward et Stanford, 1979). Cette élimination du couvert de glace

peut étre observée sur des distances allant de 4 a 32 kilometres en aval des barrages

avec prise d 6 e laypolimnique (Jensen, 2003; Lehmkuhl, 1972; Rader et Ward, 1988).

Qutre | eur i mpact " eslbérr@ges avdc Iprse ddau hypolimnique r e I
modi fient ®gal ement | a v aeau a de ptus petides échetles t e mp ®r a't
temporelles. Steel et Lange (2007) ont montré que les barrages réduisaient la variabilité

de | a temp®r gpdauudexéchdlles tdmporelles allant de un a huit jours. De

plus, les barrages avec prise d éau hypolimnigue ont également tendance a modifier le

cycle de variation journaliéere del a t e mp ®r ent. Par exeniple, | b ccurrence du
maximum journalier était retardée™ des heures plus tardiwmes de | a
barrage avec prise d 6 e laypolimnique en Argentine (Casado et al., 2013). En outre, on

observe généralement une r ®ducti on i mportant een dval ddsé ®c ar t j
barrages avec prise d 6 eau hy p ¢didenredt Najmarg 2010; Ward et Stanford,
1979). Par exemple, | 6 ®cart journalier ®taidt reduit envir
avec prise dique anucontpgrgson a desnrivieres naturelles (Crisp, 1987;

Vinson, 2001).

£tant donn® | dampl eur desésegoirg, dednembpreusesjétades de barr

ont ®t® r®alis®es afin doé®valuer | eur Bnmpact su
compar ai son, b attention mété porste 'd 61 0 i thepnégoetdes barrages de

petite & moyenne taille. Or, bien qudon puisse sbdattendre 7 d
ampl eur pour ces petits barrages, l eur i mpact (
donné leur ubiquité. En ralentissant | 6 ®c oul ement dans l e cours d ¢
augmente | dapport de r adi ates mamages del patitertadle En c on:

entrainents ouvent un r®chauffementétédDrippseal Granger,d deau pe
2013; Lessard et Hayes, 2003; Maxted et al., 2005; Singer et Gangloff, 2011). Toutefois,
certains auteurs ont quant a eux not ® | 6absence doéi mpact pour ce
petite taille (Martinez et al., 2013; Mbaka et al., 2015; Santucci et al., 2005) alors que

dans d6 a estétudes, un refroidissement a méme été observé en aval de certains petits
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barrages (Lessard et Hayes, 2003). On note donc une certaine incertitude face au type

et 7 | 6 anmpaces des badages de petite a moyenne taille. De surcroit, on note

également un manque de connaissancesquant ° | 6i mpact des petits b
d e étd &ant donné que la majorité des études ont été menées pour cette période

seulement. Notamment, peu doi nfadirsnadnioml eessur | 6i mpact (
moyens barrages sur le régime thermique hivernal bien que cette période revéte une

importance particuliére pour les écosystemes aquatiques des régions nordiques

tempérées (Cunjak, 1996; Prowse, 2001).

Les connaissances sont particulierement déficientes quant aux impacts thermiques de

certains types de barrages rarement étudiés. Not a mment , p eont dédrih ®t ude s

| 61 mp a barrages eassociés a un réservoir qui ne présente pas de stratification

thermique p e n d a n tétant do@né &a faible profondeur (Fraley, 1979; Horne et al.,

2004). Quel ques ®tudes notent un r ®€Clmavd deeeavent de |

r®servoirs non stratif i ®zoosefeehall, 2006, Horre®ttalyy ( Fr al ey
2004) alorsquecer t ai nes ®tudes notent plut®t 36Cn refroi
(Crisp, 1977; Webb et Walling, 1993). Par ailleurs, de récentes études ont permis de

d®crire | 06i mpactavedleOpleern tdodaur aglpaime, | &-6@smande

a-dreo% | 6eau est rel ©ch®e au barrage e®@sfoncti on
barrages entra’ nent g®n®r al ement des variations

| 6i nt ®r ioernée (Didkéon et al., J012; Fette et al., 2007; Frutiger, 2004; Schmutz

et al., 2015; Toffolon et al., 2010; Zolezzi et al., 2011). Toutefois, la plupart de ces

études ont été menées sur des cour s dbdeau ermi mhl iquwoal pien rou
quelques étudesdans des r i vi Canals (Bahdet dl.,602615;tJoneku2014).

Dans deux rivieres régulées avec| ©c her do6eau s el pointeduaorddle mande de
| 60ntario (rivi res Magpie et Michipicoten), | a

variable durant les périodes a débit élevé (i.e. période de pointe). Ces conditions

fournissent un refuge thermique au chabot visqueux, une espéce peu tolérante aux

températures élevées, menant ainsi a une croissance plus rapide prés du barrage en

comparaison a des rivieres naturelles de la région (Bond et al., 2015). Par ailleurs, bien

peu d6®tudes se sont pench®es sur Heaguecempacts d

mode de gestion ait gagné en popularité dans les dernieres années. Anderson et al.

(2006) ont néanmoinsnot ® une augmentation de |l a temp®rat u
petit barrage au fil de | 6eau e mitenteilespomt de | a r
de prélevementet de retour de | 6eau ° |l a rivi re.
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De maniére générale, on note une bonne c odhepO@lassociei on de |
aux barrages avec prise déau hypolimnique. Toutefois, une certaine incertitude

demeure quant aux impacts des barrages de plus petite taille ainsiqudaux i mpact s
associés a certains modes de gestion. Il convient donc de bien comprendre les impacts

associés aux différents types de barrages pr ®s ent s sur le territoire
prise en compte dans la gestion des écosystémes aquatiques. Qui plus est, étant donné

l e grand nombre de petits et moyens barrages d
do®t udes doi mpacts néd®dsarément Passble podirechacun peaces

barrages. Dans ce contexte, la généralisation, méme qualitative, des impacts associés a

certains types de barrage est particuliéerement importante pour les gestionnaires. La

formulation de certaines généralisations p er me t ai nsi de cerner | 6i mp
barrages sur | a t e mpieformdtianpeut edsaite sefvie a identifieCe t t e

des sites ou bassins ver sants prioritaires p
approfondies. Par exemple, de telles études préliminaires ont permis do i tifierndes

sites avec un potentiel d 61 mpact ®hev ®i gume Australie afin dbé

efforts de surveillance accrus (Preece, 2004).

2.3 Les outils de caractérisation

Lesoutisdecar act ®r i sati on cherchent ~ d®crire |l es ¢
dans un c o@Qes sutildsereeata. mieux comprendre la variabilité spatiale et
temporelle des condit i o.nComneelécrit @ lmpgeRtiom2.lylae de | 0 e
variabilit ® s pati al e et temporelle de | a t emp®r at ul
processus biologiques. Les outils de caractérisation permettent donc une prise en

compte adéquate de cette variabilité par les gestionnaires. L6acc s ° des outil
caractérisation e s t particuli rement i mportant pour l a
effet, ces outils peuvent étre utilisés pour définir un régime thermique de référence

auquel il est possible de comparer le régime thermique potentiellement altéré. Ainsi, les
outlsdecaract ®ri sation permettent de d®finir | es
attendues a un moment et un endroit donnés afin de mieux comprendre comment une

activité anthropique modifie le régime thermique des rivieres.
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2.3.1 Caractériser la v ariabilité temporelle

Différentes approches ont été proposées afin de conceptualiser le régime thermique des

rivi res et |l a variabilit® temporlkeltableau2l2zs condit
recense les cinq principales approches utilisées pour caractériser le régime thermique

des rivieres. D6 u n , ce#tain@ approchess 6i nt ®r essent principal ement
fondamentales et a la structure de la série temporelle de température de | 6 eau (e. g.
approche par distribution statistique et analyse des périodicités). Pl ut 1t t gue do6®tud
seul ement |l es propri ®t ®s thermiques de | 6eau, c
thermique des rivieres en fonction de la relation entre latempér at ur e de | d6eau et
Diverses études ont ainsi caractérisé le régime thermique des rivieres en fonction de

leur sensibilité climatique, c 0 eagdite en décrivant le degré de variation de la
temp®rature de | 6eau face 7iqudsgGarner atral, a4, ons hydr
Kelleher et al., 2012; Luce et al., 2014). D e autrécoté, certaines approches s
plutdét sur le contexte biologique et cherchent a caractériser des attributs du régime

thermique en lien avec les pr ®f ®r e n c e Mdes drgamisntes aqaatiques (e.g.

approche par pr ®f ®r ences doh &ei bpat sl 6ap prtohcenrem
pr ®f ®r ences dohabitat, ces |iens sont explicite
définis par des études physiologiques pour une espéce ciblée (Butryn et al., 2013) ou

alors sur pr®f resmces| d®bhbitatdd®f ancommunaut ®
2015). D6apkrdapproche thermologique, l es implicatic
attributs du régime thermique caractérisés sont plus implicites et reposent sur des

hypothéses générales (Olden et Naiman, 2010).

Cette th se sbint®resse principal ement " deux
variabilit® temporelle, s ol approcHe dparpapalysecdess  t her mo
périodicités. L dilisation de ces deux approches dans le cadre de cette thése permet de

mettre en relief les forces et faiblesses associées a chacune. Une description détaillée

de ces approches est fournie ci-apreés.
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Tableau 2.2 Principales a pproches de caractérisation du régime thermique des rivieres

Approche Description Avantages Désavantages Exemples
Distribution Caractériser la distribution Parcimonie Implications biologiques Arismendi et al. (2015)
statistique empirique ° | 6aid difficiles a interpréter »

décrivant les moments de différents p o met u Exemples relies pour la
ordres (e.g. moyenne, variance, temp®rature d
asymétrie, kurtosis) Donat et Alexander (2012)
Shen et al. (2011)
Analyse des Extraire et décrire les signaux Parcimonie Implications biologiques Poirel et al. (2008)
périodicités périodiques dans une série difficiles a interpréter Steel et Lange (2007)

temporelle de te
(e.g. séries de Fourier, ondelette)

n

Partitionnement explicite de la
variabilité a différentes
échelles temporelles

Steele (1985)
West (2014)

Relation avec la Caractériser la magnitude et la

températurede vari ation de | a

I 6 ai rl 6esta enfonction des conditions de
temp®r ature de |

Permet la prise en compte de
la variabilité spatiale et
temporelle des conditions

météorologiques

Requiert la collecte de
données de température de
| 6air

Chu et al. (2009)

Garner et al. (2014)
Kelleher et al. (2012)

Lisi et al. (2015)

Luce et al. (2014)
Stoneman et Jones (1996)

Approche
thermologique

Décomposition du régime
thermique et calcul de métriques
décrivant la magnitude, durée,
fréquence, occurrence et taux de
variation des conditions de

Caractérisation exhaustive

Flexibilité au niveau de la
sélection des métriques

Effort de calcul important

Redondance statistique des
métriques

Absence de consensus quant

Arismendi et al. (2013a)
Chu et al. (2010)
Guillemette et al. (2011)
Nelitz et al. (2007)
Olden et Naiman (2010)

temp®rature de 1|0 au choix des métriques Rivers-Moore et al. (2013)
pertinentes
Préférences £Evaluer | doccur r e Implications biologiques Préférence s d o6 habi t ¢ Butrynetal (2013)

ddhabi t a conditions spécifiques de
temp®r ature de |
des pr ®f ®rences
limites physiologiques associées a
une espéce donnée.

o O

explicites

physiologiques ne sont pas
toujours connus.

Ne permet pas une
caract®risati

des conditions ressenties par

le biote.

Caissie et al. (2012)
Parkinson et al. (2015)
Wehrly et al. (2003)
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Dans un premier temps, 16 a p p r otleetmelogigueé a ®t ® propos®e afin db
vue dbébensembl e du Le Gplogmree «tthermologiqug » est suggéré

dans |l e cadre de cette th se afin de d®crire | 06
al. (1997) et Richter et al. (1996) pour la caractérisation du régime hydrologique. La

pr®mi sse derri re | 6appuecHea tmvodrirhalcadui oune deésun
régime thermique entrainera une réponse écologique ®t a n't donn® ésbadapt at

organismes aquatiques a leur environnement (Poff et al., 1997). Selon cette approche,

le régime thermique est décomposé et décrit en fonction de certains attributs jugés

importants pour les écosystéemes aquatiques. De cette facon, le régime thermique est

décrit selon la magnitude, la fréquence de certains événements, leur durée, leur

occurrence et le taux de variation des conditionsdet e mp ®r at u r le tadleau 2.36 e a u

fournit la définition de chacune d e s ¢ a ta®ipuisrdi régime thérmique. Ainsi, de

récentes études ont caractérisée | e r ®gi me t her mi que dieesesri vi res
métriques décrivant les cing différents attributs cités précédemment (Arismendi et al.,

2013a; Chu et al., 2010). La figure 2.2 illustre des exemples de métriques utilisées pour

caract®riser | e r®gime thermique selon | 6approct

Lébapproche thelmmalvagit @yde mang&re précisenlesrattributs du
régime thermique modifiés par certaines activités anthropiques ce qui peut faciliter
| 6®t abli ssement d 6 o(Dlgea cet i Naisan, d2@10). gunes tbonoen
compréthensi on de | 6ens dumdgimethedriqae mendifiesrpar bnubarsage
est essentielle pour guider les efforts de restauration. Par exemple, Vinson (2001) a
montr® que | 6ajout déune prise dbéeau - haut eur
(Etats-Un i s) a permis de r®tablir | (iteadegés-jowrd) at i on d¢&
aux conditions préalables au barrage. Toutefois, bien que cet attribut du régime
thermique ait été restauré, le taux de réchauffement printanier est demeuré différent par

rapport aux conditions préalables au barrage. Cette différence peut en partie expliquer

| 6®chec gquant au r®tablissement des communaut ®s
rivi re r®gul ®e. Léapproche thermologique per mi
r®gi me thermiqgue des cour s ddégeetsauverk ongtaedf oi s , ce

nombre de métriques afin de capter les différentes propriétés des régimes thermiques,
menant généralement & une certaine redondance parmi ceux-ci. En effet, la
caract®risation du r®gime thermiquaeaérglement | dappr oc
une réduction du nombre de métriques a travers une analyse multivariée (Chu et al.,

2010; Rivers-Moore et al., 2013). Bien que cette approche permette une certaine
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flexibilité dans leur s ®1 ect i on, | 6absence de consensuUs
pertinentes et repr®sentatives compl ique
caractérisation en plus de rendre difficile la comparabilité entre différentes études.

Tableau 2.3 D®f i ni ti on des di ff®rents attributs du r ®gi me
thermologique (inspiré de Chu et al., 2010)

Attributs Définition

Magnitude Température absolue (e.g. moyenne, minimum, maximum) pour une
période fixe.

Fréquence Nombred 6 o ¢ ¢ u rof ka teropérature dépasse une limite établie.

Durée Espace de temps associé a des conditions spécifiques de température.

Occurrence Moment (e.g. date de début ou de fin) associé a des conditions de
température spécifiques.

Taux de variaton £vol ution de | a temp®rature de |

durée des

événements chauds 4
aus fréquence des

. _-= événements chauds

magnitude  f------------mmmmmmmmmmm---oo- P S

du maximum annuel ! S

AL
1
]
|
S |
— 1
= 1
< |
2L 1
e |
o !
E 1
© 1
—_ 1
g . :
|5 / :
> 1
al 1
1 1
1 |
1 1
1 1
1 1

1
jour occurrence des occurrence du jour
1 températures positives maximum annuel 365
Figure 22 Exemple de | 6approche t her molecgmeghermique edt déeritselanqu el | e

la magnitude, la fréquence, la durée, I@ccurrence et le taux de variation des conditions de
temp®rature de | deau

quar

| 6u

t hel

Dans un deuxiéme temps, | 6 appr oche par anabpegneede déerse p®r i odi

comment | a temp®r at cenamesaachellds femponelles/eapticites. Cétte

approche repose sur | 1Bea sérel tgnsperellesdurdesc outils al e
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mathématiques (e.g. décomposition par séries de Fourier ou par ondelettes) sont utilisés

afin doéoextraire et d®crire |l es variations p®ri oc

Les séries de Fourier permettent de décomposer un signal périodique en une somme de
fonctions sinusoidales. Chaque fonction sinusoidale est décrite par trois métriques
décrivant| a magni tude, | 6 ampl i-c (Ardlersorg 1971). bes getiea s e de cC €
de Four i aetdonsuha@apprache parcimonieuse pour caractériser la saisonnalité
de |l a temp®rature de | 6eau. De plus, cette appr

la saisonnalité du régime thermique. Cette méthode de caractérisation sied

particulierement bien ala t emp®r ature de | deau ®tant donn®
temp®rature de | 6eau suit guRn®realeenmepn®r iuondee fdodneca
Les s®ries de Fourier, et de mani res plus g «

sinusoidales, ont été largement utilisées a des fins de modélisation de la température de

| 6eau ( Ca,il998;iEkJabedt al.,alP95; Kothandaraman, 1971; Marceau et al.,

1986). De plus, un petit nombre doOo®truBRlebkdiomtt®r®d al ceane ¢
approche pour la caractérisation du régime thermique. Poirel et al. (2008) ont utilisé les

sériesde Fourier afin de d®crire |l a saisonnalit® d
variation longitudinale du r®gime thermique du
cette approche a également été suggéré dans un conte xt e d 6 ®t udSeeeled 61 mpact .
(1985) a comparé les régimes thermiques de rivieres régul® e s et naturel l es 7 |

séries de Fourier.

Les ondelettes constituent un autre outil mathématique disponible pour caractériser la
structure des séries temporelles (Labat, 2005). Alors que les séries de Fourier
permettent la description des variations périodiques dans un contexte stationnaire, les
ondelettes décomposent la série temporelle dans le domaine du temps et de la
frégquence de maniére simultanée permettant ainsi la prise en compte de tendances ou
de discontinuités (i.e. non stationnarités) dans le signal. On retrouve de nombreuses
ddéappl i caméthode des dndelettea pour caractériser les schémas de variations
temporelles de variables hydrologiques (Kang et Lin, 2007; Labat et al., 2004; Schaefli
et al., 2007). Dans | e contexte de | a temp®rature de |0
utilis® | es ondelettes afin de d®crireesla vari al
échelles temporelles allant d@n a huit jours. lls ont ainsi montré une variabilité réduite a
ces échelles temporelles pour des rivieres régulées, les contrastant ainsi avec le régime

thermique plus variable des rivieres naturelles.
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De maniére générale, la caractérisation selon une approche par analyse des périodicités
permet de mieux comprendre la variabilité a différentes échelles temporelles a travers
un partitionnement explicite de la variance selon une période de variation donnée.
Toutefois, les implications biologiques sont plus difficilement interprétables, plus
particuli rement l orsquodoil pdag®tudiePdsy PRdluemcpes
vue biologique. Par exemple, bien que Steel et Lange (2007) aient noté une réduction
delavariabilt® de | a t e mp ®r des échelles tdneporélles allmni dain a huit

jours, les conséquences pour les écosystémes aquatiques restent a élucider.

2.3.1 Définir des conditions de référence

Plusieurs études ont décrit comment des facteurs a diverses échelles spatiales se
superposent et influencent | e r ®gi me Blaétner mi que
et al., 2012; Brown et Hannah, 2008; Chu et al., 2010). Par exemple, a grande échelle,
le climat influence le régime thermique des rivieres dans le bassin des Grands Lacs,
mais des facteurs locaux tels que la végétation riveraine et la contribution en eau
souterraine ont également une influence importante (Chu et al., 2010). Différents outils
de caractérisation permettent de décrire la variabilité spatiale du régime thermique des

cour s etldpiseen compte de celle-c i sbav re particuli rement i
vient |l e temps de d®finir des conditions de r ®f
Dans | e cadre do®t udrsouvend inmieagotdntiellernemt aléi@ mp a

des conditions de r ®f ®rences afin doé®valuer con
modifié par une activité anthropique. Les conditions de références sont généralement
déf i ni es ° | 6aide dobébun ou des cours dbébeau poss®
doé ®t .Wdeetelle approche e s t particuli rement adapt®e | orsql
disponible sur les seuils physiologiques des espéces aquatiques présentes dans un
cours do6elhuttt gue doé®valuer |l e d®passement de ¢
(tableau 2.1),1 6 ®t ude doéi mpact sbeffectue en ®valuant I
par rapport - des cours dbéeau poss®dant des at
sevils physi ol ogiques néont pas ®t @ribadsRdueégimeé n ®s poul
thermique et la détermination de ces seuils est particulierementd i f f i ci lilmpact or sque |
sur les organismes aquatiques est sublétal. Par exemple, la définition de limites
physiologiques reste a faire pour de nombreux attributs du régime thermique des cours

d 6 e &ewy. variations diurnes, magnitude hivernale, occurrence des températures
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maximales et minimales, etc.) r endant ai nsi di fficile | 6®val uat

| 6®t ude de d®passement de seuils physiologiques.

Les outils de caractérisation peuvent étre utilisés pour définir les conditions de référence
p ar t seul sited duude@ maniére régionale. Par exemple,une ®t ude dbéi mpact

étre effectuée a l@ide d@une approche contrdle-impact selon laquelle un site de
référenceavec peu ou ¢gshjmeldauis np mtérétl potentiellement altéré.

Cete approche repose | argement sur l 6i denti ficati
partageant les attributs physiographiques et hydroclimatiques du site potentiellement

altérée. L6uti |l i sation doéunessteudle sliotien ded arp@fr®rcehrec e a p
|l es ®tudes doéi mpact S U rexempe, Ha®king et el. (20h0¢ onmi g u e . P :
recensé 182 études portant sur le régime thermique des riviéres etplusde65 % dbéentr e

elles avaient utilisé un site unique pour la définition de conditions de référence lors

do®t udes dbébi mpact .

Par ailleurs, Hawkins et al. (2010) n d o n't i d esix Btudes o® lexqooralitions de

référence étaient plutdt établies de maniére régionale, c-a-dire en définissant des

unités homogénes partageant certaines caractéristiques influengcant de maniéere

importante le régime thermique d e s ¢ o u r. §ne dldssfigation peut étre utilisée

pour définir ces unités homogenes. Par exemple, Chu et al. (2010) ont utilisé la

classification hiérarchique afin de proposer une typologie des régimes thermiques des

cours dbébeau du bas.fNelizetdles( Bo0@angdsohtcsl assifi® |
de Colombie-Britannique en six régimes thermiques pour ensuite évaluer comment la
variation r ®si duehatuee dée ce$ Oldasses @aitiliéeuar diffédeates c

pratiques forestieres. La définition de conditions de référence selon une approche

régionalea | 6 a vdedédfirargreintervalle( pl ut 't q wdique) de conditiomsu r

acceptablesd e t e mp ®r at imtégeant diesi ld varakilitd naturelle associée a un

type de régime thermique. De plus,| dappr oc he r ®g ifb@mdasl cenditpesr met de
de r ®f ®rence pour | 6ensemble dbébune r®gion plut?
d 6 ®t wahebe-impact a chacun des sites potentiellement altérés. Or, malgré ces

forces, peu dOot®iutdews dagngp aacdd urmer apprréalisatien r ®gi on al
d 6 ®t ude s (Nelizietralp 2007t Rivers-Moore et al., 2013).
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2.4 Les outils de  modélisation

Divers outils de modélisation ont été développés dans le but de comprendre les facteurs

et processus physi gues qui contrtll]l ent l a temp®ratur e
Johnson, 2004; Sinokrot et Stefan, 1993; St-Hilaire et al., 2003), prédire des conditions

de temp®rature de | 6eau ° des si t b Suillennette ®c hant il
et al.,, 2009; Hi | | et al ., 2013) ou simuler des condi t
fonction de différents scénarios climatiques (Gooseff et al., 2005; Mohseni et al., 2003)

et de di ff ®r ent es Baglolow, ¥9]1; ledeadl. 12®BA)U at i on (

2.4.1 Modélisation statistique

La temp®rature de | 6e auedpmadéles StdtistiquesrtBery&@yai s ®e |
et al., 2007; Caissie et al., 1998; St-Hilaire et al., 2012; Vatland et al.,, 2015) et
déterministes (Caissie et al., 2007; Leach et Moore, 2014; Sinokrot et Stefan, 1993;
Webb et Zhang, 1997). Les modeles statistiques utilisent généralement la forte

corr® ation entre | a temp®rature de | 6air et de
débune rivi re, bi en lepague leddbiapedveneasissiéteerutilisedsl es t el

(Benyahy a et al ., 2008; Neumann et al ., 2003) . L6
réside dans leur simplicité et leur exigence minimale en termes de variables explicatives

(Benyahya et al., 2007). Toutefois, ces modéles sont di fficilement transf®
rivi re " | b6autre et ne sont pas toujours adapt

de gestion par rapport a divers impacts anthropiques (Arismendi et al., 2014). Les
modeles statistiques demeurent tout de méme de puissants outils pour modéliser la
distribution longitudinale de divers impacts thermiques (Beaupré, 2014).

2.4.2 Modélisation déterministe

Les mod | es d®terministes simulent ou pr®di sent
bilan thermique ou les proce s s us dé®change t hermi que entre
environnement sont représentés de maniére mathématique. Les modéles déterministes

requierent une quantité importante de données météorologiques et hydrologiques en

intrants, ce qui constitue leur principal désavantage. Par contre, cette approche a été

privilégiée pour étudier la contribution des différents flux de chaleur au bilan thermique

(Benyahya et al.,, 2012; Leach et Moore, 2010) ainsi que pour évaluer différents
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scénarios de gestion quantal 6 i mpeamique dées barrages (Lowney, 2000; Troxler et
Thackston, 1977), de la coupe forestiére (Bartholow, 2000; Chen et al., 1998) et du rejet

déoeffluents thermiques (Prats, et al., 2012).
Le bilan thermiqgue dobéune rivi reuesrifespomdetflai
areau et " | Gsédintemty (Cadssiecet a.,a2007; Sinokrot et Stefan, 1993).

Quatre flux thermiqgues sont ¢g®n®aualaedationt consi d
solaire de courte | ongueur Hndoeade, dbandea,dilae i 6
chaleur latente (évaporation) et le flux de chaleur sensible. La friction au lit de la riviere
est parfois considérée dans le bilan thermiquel or sque | e cours dbébeau est
et les sédiments sont trés grossiers (Brown et Hannah, 2008; Chikita et al., 2010). Le
flux thermique associé aux précipitations a également été considéré par Hebert et al.
(2011) et Webb et Zhang (1997), mai s sa contri b
thermique d e petits et gr &n dis6 i o d e-sédlirnedi® eaaxaflux
thermiques sont généralement considérés : le flux par advection et le flux par conduction
(Caissie etal.,,2014).Les processus do®c hgénérglemerd une place occuper

i mportante dans | e bilan ther mcegxcesontisowenpet i t s c
considérés comme négligeable s dans | es gr aPRal sxemple,uasdlux d e au
thermiques™ | 8 i nt esédimantseeprésanient seulement 10 % du bilan thermique

a la riviere Little Southwest Miramichi (superficie du bassin versant = 1190 km2) alors
que ceux-ci correspondent a 20 % du bilan thermique au ruisseau Catamaran (superficie
du bassin versant = 27 km?; Hebert et al., 2011).

La modélisation des flux thermiques de surface est généralement effectuée al 6 aded e

données météorologiques mesurées a un site éloigné de la riviére (Caissie et al., 2007;

Sinokrot et Stefan, 1993). Toutefois, les conditions météorologiques de ce site éloigné

ne sont pas toujours représentatives des conditions a la riviere. Par exemple, Benyahya

et al. (2012) ont comparé les conditions météorologiques mesurées a la riviére et a une

station m®t ®orol ogique ®l oign®e et ont ai nsi m C
radiation solaire et la vitesse du vent des deux sites. Diverses études réalisées a partir

de donn®es microclimatiques mesur ®es ° la rivi
des flux thermiques, plus particulierement pour les flux radiatifs (Benyahya et al., 2012;

Hannah et Brown, 2008; Hebert et al., 2011; Johnson; 2004; Webb et Zhang, 1997).

L6®vaporation est grandement influenc®e par | es
etal,2010),mai s peu dO6®tudes ont cherch® 7 aen®!| i or er
en riviére. Différentes approches déterministes (mesure des flux turbulents), empiriques
(transfert de masse) ou semi-empiriques (équation de Penman) ont été développées
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pour estimer | e t aux, 1982 @araqmive; cedappronhes(oBtipaurt s aer
la plupart été développées en milieu lacustre et seulement quelques études sur

| 6®vaporation ont Gtigu® (Bermer, @299; Fudford emSturm, 984; | o
Guenther et al., 2012; Gulliver et Stefan, 1986; Jobson, 1980). Les modéles développés

en milieu lacustre ne sont pas nécessairement applicables en milieu lotiqgue étant donné

les différences de portée effective et de stabilité atmosphérique (Guenther et al., 2012).

De pl us, |l e mouvement de relpdumait @galdmert inflganderdeb s er v ® er
processus dé®vaporation (Benner, 1999) .
Dans |l es mod | es de temp®rature de | 6eau, | 6 ®v a

travers la calibration de modéles de transfert de masse (Hebert et al., 2011; Meier et al.,

2003) ou | 6application oée laitéadatute éChikite ehpli 2010gues t i r (
Hannah et al., 2004; Leach et Moore, 2010; Magnusson et al., 2012) sans qu&@ucune
validation soit effectu®e. Cette atbssparlce de va
mangue de m®t hodes simples pour mesurer | 6®vapo
une estimation ad®quate de ce,carlcelukci dosttuemi que s 6
un des mécanismes de refroidissement prédominantslor s d 6 ®v ®nement s de tem
élevée (Caissie et al., 2007; Mohseni et Stefan, 1999; Prats et al., 2012). Ainsi, une

bonne compr ®hensi on du processus déo®vaporation
mod®Il i ser | augment ation de | a temp®rature de
(Guentheret al . , 2012) et au rmtemiquesdFulford etiSurmmnt s de ¢
1984; Gulliver et Stefan, 1986).

2.4.3 Modélisation déterministe : cas des riviéres régulées

La mod®lisation de |l a temp®rature de | 6eau cons
des rivieres régulées. Par exemple, les outils de modélisation déterministe peuvent étre

utilis®s pour ®valuer | es conditi ondifffranishabi t at
scénarios de gestion du barrage, effectuer des prévisions en temps réel afin de guider

| es op®r ateur s du barrage et ®valuer | 6i mpac
météorologiques (tableau 2.4).

Dans une rivi re r ®gul ®@edépend ales tomdilipn® rindidles r e de |
temp®rature et volume dbébeau rel ©ch®e au barrage
rtl e important ®t ant donn® que |l a capacit® the
constante entre 0°C et 30A C, donc | a g uraquisei pouB rédhauf@nwenr gi e

cour s ddeau augment e propor t i Aimsin k4 butisnden t avec
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modélisation permettent de comparer différents scénarios de gestion relatifs au débit

relaché. Par exemple, Gu et al. (1999) ont déterminé le débit minimum a relacher selon

di ff® rentes conditions m®t ®or ol ogiques afin doé®
critique pour la faune aquatique.

Tableau2.4Exemplesd 6ut il i sation de mod | e d®tler miemps®Rtreatpawer dlea | Pee:
dans des riviéres régulées

Objectif Application Exemples
Caractériser le régime Définir des conditions de référence et Rounds (2010)
thermique historique. ®valuer |1 86i mpact ¢
Modéliser le profil longitudinal. £v al uer | es cotadi { Beaupré (2014)

| 6 ® c Hudarbntoe. Lowney (2000)
£Evaluer | deffetfvaluer | 6eff et d«Gooseffetal (2005)
certaines conditions climatiques. Null et al. (2013 b)
météorologiques sur la Selbig (2015
temp®grqature de Evaluer |1 6effet di 9 ( )
Evaluer | 6effetfvaluer | 6eff et a:¢ Bartholowetal (2005)
différents modes de gestion du changement dans la position de la Boughton et al. (2015)
réservoir et du barrage. prise dbeau. Gu et al. (1999)
Obtimiser |e ol Horne et al. (2014)
pti ' v ut Perry et al. (2011)
. West (2014)
Evaluer | 0eff et d'WrightetaI.(2009)
Effectuer des prévisions en Guider les opérateurs du barrage Huang et al. (2011)
temps réel. afin de respecter certaines Pike et al. (2013)
contraintesdet e mp ®r at ur e
En aval déun r®servoir, la temp®rature de | 6eau
tr s diff®rente de |l a temp®rature doé®quilibre,

bilan thermique net est nul. Dans ce contexte, les outils de modélisation sont souvent

utilis®s pour ®valuer l e profil l ongitudinal d e
régulée (Mohseni et Stefan, 1999). Différents modéles unidimensionnels ont notamment

été utilis ®s afin de pr®dire | e profil |l ongitudi nal
rivieres régulées (Beaupré, 2014; Lowney, 2000).

A partir du barrage, leschangements | ongitudinaux de |l a tem
ensuite principalement gouvernés par lescondi t i ons m®t ®or ol ogi ques, co
cas pour les rivieres naturelles. Par exemple, la radiation solaire constitue souvent le
princiopal gain do6é®nergie pour l es rivi res r®gl
1997; West, 2014). Pour les barrages ayant un effet de réchauffement sur la
temp®rature de | 6eau, |l es pert etsuneccdnposantegi e par
importante du bilant her mi que de Il a rivi re r®gul ®e. Par e
principale perte doé®ner gtheemiqueada fa riieee Albuette §Golombie-
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Britannique, Canada) , soit une rivi re r®gul ®e
de 1 6®pilimnion durant | 6 ®t ®. En effet, | 6 ®v ar
do®nergi e de cette OAV® r(eWesatuu, cP0it4) ,desolit u
généralement plus élevée que pour les rivieres naturelles de la région qui sont
caract®ri s®es par des temp®r ad¢tMooe,s2010;dMoolkebeau pl u
et al., 2005b). Dans la riviere Ebro (Espagne), Prats et al. (2012) a estimé que le flux de

chaleur latente était le flux thermique le plus largement affecté dans une riviere
influenc®e par un barrage et l e rejet doef fl ue
Lébestimation du fl ux orétienrshaquee adepnci Pmpol ORRvEae
mod®l i sation de |l a teadmp®ratvur e ede riPerd ®edars il
les gestionnaires afin que ceux-ci puissent estimer ce flux thermiqgue de maniére

appropri ®e. Ceci p a s ®emeilltweu complieasioro dedce fuza r un
thermique en milieu naturel, en autres a travers le développement de méthodes de

mesure simples.
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CHAPITRE 3: SYNTHESE DES TRAVAUX DE
RECHERCHE

La figure 3.1 préesenteune vue dbébensembl e des etonodélisdticn de car a
développés et de leur application dans le cadre de cette thése. Dans un premier temps,
une approche pour la caractérisation du régime thermigues 8appuyant sur | 6anal

périodicités est proposée et ensuite utilisée pour effectuer une classification des régimes

thermi ques. Dans un deuxi me temps, | 6approche
| 6approche thermol ogigueef Benotueuti es &t upes d
caract®riser | 6ef fet des barrages ulgasrCesl e r ®gi m
®t udes dobéi mpact permettent notamment Ilcas mi se en

deux approches de caractérisation. Dans un troisieme temps, un modéle déterministe de

l a temp®rature de | 6eau edndd@MRI opp@reh dmist i ena
flux de chaleur latente en période chaude (i.e. été), des modéles de transfert de masse

ontétécali br ®s ~ partir de mesures .ditaverskees de | &
développement de ces différents outils de caractérisation et de modélisation, les travaux

de cette thése viennent appuyer et éclairer| a gestion de | a temp®ratur
les rivieres naturelles et régulées.

objectif méthodologie milieu application
approche régime étude d’'impact
thermologique régulé {chapitres 5 et 6)

caractériser

analyse des classification
périodicités régime (chapitre 4)
naturel modeéle au pas de

temps horaire en
période chaude

(chapitre 7)
i déterministe
mesurer et modéliser
évaporation
Figure 3.1 Sch®ma d®cri vant |l e d®vel oppement déoutibesla de caract
temp®rature de | 6eau anidansle cadraide cettesthése appl i cati o
Ce chapitre fait l a synth se de | 6ensemble des
pr®sent®s de mani re d®taill ® sous forme dbart
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(chapitres 4 a 7). Pour chacun des objectifs de recherche, ce chapitre présente une
description succincte du milieu do®tude, de | a
obtenus. Une discussion des résultats de recherche est également présentée et permet

de faire les liens entre les différents objectifs de la thése.

3.1 Objectif 1 : Caractérisation et classification du régime
thermique annuel des riviéres

Le premier objectif de cette thése consiste a proposer une approche pour la
caractérisation et la classification du régime thermique annuel des rivieres. Cette étude
propose un outil mathématique pour la caractérisation du régime thermique des riviéres
qui permet de 1) décrire la saisonnalité; 2) caractériser le régime thermique de maniéere
non redondante et 3) s er vi rCette étude tonsttuetune” une cl
preuvedeconcept permetdapproéd®ealpuempos®e plwur | a ca
classification du régime thermique annuel. La preuve de concept a été réalisée a
| 6®chel | e-Undiess, £dlt des donn®es de temp®ratur e C

collectées a travers le pays et facilement accessibles.

3.1.1 Méthodologie

BN

Le régime thermique a été décrit a 135 sites a travers les Etats-Unis. Ces sites
correspondent a des stations hydrométriques pour lesquelles des données de

t emp ®r at ur étaiedt @galentert acaueillies. Deux critéres ont été utilisés pour

sélectionner ces sites. Premierement, chaque site devait avoir un minimum de cing

années complétes de donn ®e s de t e mp ®r aimeuannge edtecondidéréea u  (
commecompl te soil y a moi ns de esp Deujiememers, de donn
les sites devaient étre minimalement perturbés par des activités anthropiques. La
perturbation ° un site a ®t ® ®val u®e - | 6ai de
calculé par Falcone et al. (2010) a chacune des stations hydrométriques. Pour chacun

des 135 sites, des données caractérisant la topographie, le climat, la géologie, les

propriétés du sol et la couverture du sol ont ensuite été extraites de la base de données

GAGES-Il (Geospatial Attributes of Gages for Evaluating Streamflow - version II)

développée par Falcone et al. (2010). De plus, 118 métriques tirées de Olden et Poff
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(2003) ont été calculées afin de décrire le régime hydrologique a chacun des sites pour

|l a p®riode concomitante aux donn®es de temp®rat L

Deux échelles temporelles, soit la variabilité annuelle et intrajournaliere, ont été
considérées lors de la caractérisation du régime thermique. En premier lieu, le régime
thermi qgue annueaduaét@aoaractéisésielsomd dledapproche
périodicites ™ | 6 a i d e dedrauries. ®alon eette approche, une série temporelle est
décomposée en une somme de fonctions sinusoidales. A chaque site, une série de
Fourier a été ajustée a la série temporelle de température moyenne journaliere pour la
p®ri ode dBealala prémiekehamonique (période de 365 jours) a été utilisée
pour décrire le régime thermique annuel étant donné que celle-ci expliquait 80 a 99 %
de la variance dans la température moyenne journaliére. A partir de la série de Fourier,
trois métriques ont été utilisées pour caractériser le cycle annuel de la température de
| 6 e & magnitude (), 6 a mp 10i) etlagplase((%.) de la premiére harmonique. En
deuxiéme lieu, la variabilité intrajournaliere a été décrite |déea i IdE®c ar t

moyen pendant la période estivale (juillet et aolt). Cette période correspond au moment

par

jour na

de | 6ann®e pedod®antt!| pquehalier est g®n ®r al ement

dbeau permettant ainsi de bien contraste

La classification des régimes thermiques a été effectuée par classification ascendante
hiérarchique avec la distance euclidienne comme indice de dissimilitude et la méthode
de Ward comme al gor i tWar,el968)6La gombre da @asses a &én
d®f i ni didendigramdhe et du ratio entre la variation intraclasse et la variation
interclasse (Milligan et Cooper, 1985). La stabilité de chacune des classes a également
été évaluée par une procédure de rééchantillonnage selon laquelle la classification
ascendante hiérarchique est produite 1000 fois avec un rééchantillonnage des
observations avec remplacement. Le coefficient de Jaccard a été utilisé pour
caractériser la similarité entre la classification initiale et chacune des nouvelles
classifications produites par rééchantillonnage. Celui-ci correspond au ratio entre le

nombre doé® ®ments appartenant ~ | a m° weda

r

o

| es

asse

classification produite par r®®chantillonnage)

classes distinctes. Une classe est généralement considérée comme stable lorsque le
coefficient de Jaccard moyen (i.e. moyenne du coefficient de Jaccard calculé pour
chacun des échantillons créés par rééchantillonnage) est supérieur a 0.75 (Hennig,
2007).
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Un arbre de classification a ensuite été développé af i n de pr®dire | appart
différentes classes de régimes thermiques en fonction des caractéristiques
physiographique, climatique et hydrologique du site. A travers un processus récursif,
| 6ar br e den effdctaesdes divisians ltinaires parmi les variables explicatives

afin doéobtenir un partitionnement similaire

"~y

que produite par la classification ascendante hiérarchique (Breiman et al., 1984). Afin
d 6 @w~un surajustement, le nombre de divisions (i.e. nombre de variables explicatives
utilisées) est déterminé de maniéere a sélectionner le plus petit arbre de classification
dont | 6erreur par validatitygperdies®deedeeuir mbhnhn

| 6arbre compl et (dvisonsndest Ipe@asndinmi ¢ ®J e

Léinstabilit® est un des ©principaux i nconv®nien
coedgdtire qudun changement mi neur ° |l 6ensembl e d
arbre de classification considérablement différent. Afin de pallier cette lacune, un modéle
de foréts aléatoiresa ®t ® uti |l i s® pour ®valuer |l a robustes
produit. La méthode de classification par foréts aléatoires intégre une procédure de
r®®c hantil | onnag arbré delclassifioaidn{Byedhran, 2061). Aidsi, 2000
arbres de classification sont générés - partir déun r®®Ydesatill onna
observations et une sélection aléatoire des variables explicatives. A partir des

obser vati ons non retenues par I e r®®chantill on
explicatives peut °tre ®valu®e en permutant al ¢
donnée (afin doéi miter | 6absence deetenequantiantvar i abl e

| 6augmemt amoy enne d elassifiéation apEés mpermdtation. Ainsi, une
variable est jugée comme importante lorsque la permutation de celle-ci entraine un
accroissement consi d®r able de | 6erreur de <cl ass
aléatoires, il est donc possible de vérifier si les variables explicatives utilisées dans
| 6ar bre de sonteeemuestconume tdésovariables importantes, permettant

ai nsi do®val uer |l a robustesse de | 6arbre de <c¢cl| asc

3.1.2 Résultats

Une classification combinant a la fois la variabilité annuelle et intrajournaliere était
généralement i n st a b l-aedire qeedaedefinition des classesvar i ai t | ar gement
sous-®c hanti |l | on 7 progéurda de eééchaatitiomnage.eUnel chassification

basée seulement sur la variabilité annuelle a donc été proposée. A partir des coefficients
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de la série de Fourier (magnitude &, amplitude © , phase %o), les régimes thermiques

annuel s des cour s ddbeau 0 n:ttrées®@ariable eti temMpéré® s en S i
variable et froid, variable et tempéré, variable et chaud, stable et tempéré, stable et froid

(figure 3.2). Le nom des régimes a été attribué en fonction de la magnitude (froid,

tempéré, chaud) et d e | \aréabhg btable)udd eeginfe thermique annuel. Le
rééchantillonnage a démontré que les classes de régime thermique étaient

généralement stables, comme indiqué par le coefficient de Jaccard moyen supérieur a

0,6, " | 6except i otres dagabléd et terapkré posrdaquelle le coefficient de

Jaccard moyen était égal a 0,52.

a)
—~ trés variable et tempéré variable et froid variable et tempéré
© 30} n=12 30 30} n=23
3
[
o 20 20
[}
T
g 10 10
2
®
£ O 0
5 100 200 300 100 200 300
(=]
@ : :
£ variable et chaud stable et froid
@ n=38
y 30
£
g 20
2
3
2 10
£
2
100 200 300
jour
b)
2 T ¥
20 —~ 15 4 232
55 = o 5 3
20 . " E B
ES 15 = 0 - E - = 38 L{221 35
23 1 ; s B T £ _B| §s
3= ! 1 F 7 i i @ N e
2% 10 E T 2 i i g4 % 36 T {200 8¢
5c E = : E 2 é i 5
ac I T g ° L = . N g
E® 5 © | 34 i & 1 197 =
2 + i * S
e = © T ¢ T @ = © 7 o = ® = o - © T
¢ S @ 3 @ © g © @ g @ © g © @ Z @ ©
(=% - [=T— o o - o £ o « o -~ [=T o
E g E © E 3 E $ E © E 3 E ¢ E © E 3
[7] [TRE [0 [ [T [ [7} © = [
> £ - ¥ D2 = &£ L v L o s 2 D ¢ Do
e v @ v L £ o 2 o o Q v @ v L2
o € o 2 2 £ o & o S o £ o o 2 o £
a &8 8 - = =) T 9 - 2 a 8 8 - =
& > 8 g & & 2> & g & & > &8 g &
& g - ° & g - © & g - °
> > > > > >
7] [ 2]
2 e N
Figure 3.2 a) Moyenne journali re de |l a temp®rature de | &
thermiques définis par la classification ascendante hiérarchique et b) les trois métriques décrivant la
magnitude(=|=),|6amp|i=t)atdaepha$e(‘) du cycle annuel de |l a temp®ratur
chacun des régimes thermiques. Dans le diagramme de boite & moustaches, la ligne du milieu
correspond a la médiane, la boite correspond al 6 ®c ar t i nt er cpohasrcoriespendentladas mo u st
val eur mi ni mal e et maxi mal e ° | 0 et led c®ix représenterd les vdleuls f oi s | 6 ®c

sort ant aledéfihi par lestnmustaches.
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Les r®sultats de | a cl assi fi c arerilacaisonmadité e ent | 6i n
amplitude et phase du cycle annuel), et non seulement la magnitude, pour différencier

les régimes thermiques | 6®chell e continentale. En effet,

thermiques (tres variable et tempéré, variable et froid et stable et froid) soient

caractérisés par une magnitude similaire (médiane de la température moyenne annuelle

entre 7,7 et 9,2 °C; figure 3.2 b), ceux-ci étaient significativement différents * édard de

lafplitude et de la phase du cycle annuel (test de Kruskal-Wallis et test de

comparaisons multiples Tukey-Kramer, | = 0,05). A plus forte raison, les métriques

décrivant le cycle annuel (magnitude, amplitude et phase) n 6 ®t ai ent que faibl

corrélées entre elles (R2 entre 0,13 et 0,39), confirmant ainsi la pertinence de considérer

chacune des trois m®triques du cycle annuel de

| 6avant par | 6approche de caract®risation propos

Léarbre de classification produi tgmeteermueee de pr ®«
a partir de quatre variables explicatives : le débit moyen en mai, la moyenne annuelle de

l a temp®r atladreempd®a alt uaier ,d een jlil@taeil ré6 Gnocoaysdtmoyaen n

de | a temp®r(figureBr3elL d@er rl & wrification deccet arbre était de 19 %

et | 6 er r e urion phevaliddtian sreiséd (subdavision en dix groupes) était de 30

%. Trois des quatre variables explicatives ont également été retenues parmi les 20 plus

importantes variables (sur un total de 96 variables explicatives) par le modéle de foréts

aléatoiresv al i dant ai nsi |l a robustesse de | 6arbre de
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débit moyen en mai
<0,04 m*s" km?
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la température de I'air
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Figure 3.3 Arbre de <classification du rl@&ghistogrammbéser mi que an
i ndi que ntde clagsificatiore MvaTe = trés variable et tempéré; VaFr = variable et froid; VaTe =
variable et tempéré; VaCh = variable et chaud; StTe = stable et tempéré; StFr = stable et froid).

La wvariabilit® intraj oudamsdd dlassifi@mtionndes régpnass ®t ® i n
thermiques, mais une descriptonde| 6 ®c art journalier moyen de | a
estivale (juillet et ao(t) est tout de méme présentée ~ | 6®chel I-énis.das £t ats

moyenne est i vtgourealied\ariaitl ent®cOadret 9,6 °C, avec une valeur
moyenne de 3,7 °C aux 135 sites étudiés. De maniére générale, on observe une faible
corr®l ation entr e Iinmajownaliere atlannlellet Awnsi,"le coeBickeath e | | e
de corrélation absolu entre les métriques décrivant le cycle annuel (magnitude,

amplitudeetphase) et dlied Boyan Btait inférieur & ©,2.

3.1.3 Discussion et conclusion

Dans cette étude, le régime thermique a été caractérisé par | 6anal yseetdes p®r i
cette approche a permis de décrire le cycle annuelde t emp®r at Ur ¢ 6dededdeau

seulement trois métriques (magnitude, amplitude et phase). Il convient de noter que

d ff® r ents mod | es stochast i elaasscrigionndu cyddea s ®s s ur
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annuel de | a t e mp Gaissi¢ etrak, 199& Ellabieeat wl., (995;
Kothandaraman, 1971; Marceau et al., 1986). Toutefois,dans cet t e @ibnudd e, | 6ext
cycle annuel sert de base a la comparaison du régime thermique a différents sites plutdt

que de servir a des fins de modélisation. L6 approche de caract®risatior
cette études dav re plus parci moni eus e setpulaquelleduap pr oc he
grand nombre de métriques sont calculées afin de décrire la magnitude, la fréquence, la

durée, lobcurrence et le taux de variationdes condi ti ons de temp®ratur
et al., 2010; Olden et Naiman, 2010; Rivers-Moore et al., 2013). Par exemple, Rivers-

Moore et al. (2013) ont utilisé 39 métriques pour caractériser et classifier le régime

thermique de rivieres en Afrique du Sud alors que Chu et al. (2010) en ont utilisé 14

pour un exercice similaire en Ontario (Canada). Une forte redondance existe

généralement quant a ces différentes métriques; une problématique qui ne se pose pas

avec | 6appr oc hleprégente ¢tude Ereeffad, darcaractérisation du régime
thermique par | dapproche thermologiqgue requiert

de variables a travers une analyse multivariée (Chu et al., 2010; Rivers-Moore et al.,

2013) . L6 appr @rsdtien proppséec danms acette étude permet donc de
minimiser les efforts de caractérisation en évitant le calcul de métriques fortement
redondantes et en ®|liminant | 6 ®t a pAdraveresar ®duct i o
parci moni e, | 6 a psptioropecopoe ®d e daasace®t e ®tude sdav

fastidieuse et moins arbitraire en comparaison

Léappr oche de paramalgse de®péiiodictds itelemue proposée dans cette
®tude sbav re portaspeaetmsowdre diaf fg&rsentosn de | a te
en rivi re. Dans un premier temps, | 6approche |

définition de conditions de référence qui tiennent compte de la variabilité naturelle

observ®e " | 6 ®gamidues dass une ®gionmensée.tPar @xemple, un
intervalle acceptable pourrait °tre do®fini pour
cycle annuel de temp®rasurel dent éeaal e de bvala

pour chacune des classes de régime thermique. Une approche similaire a notamment
été utilisée pour définir des conditions de référence quant au régime hydrologique des
cour s dbébeau ( Mc L a uRpffi étialn 20&0). Dang un, deudétné femps,
| approche de c aréagaemeént portease poor evalsed et caragtéeser la
modification du régime thermique par diverses activités anthropiques. Par exemple,
cette approche pourrait étre utilisée pour comparer les régimes thermiques de rivieres

naturelles et régulées e t s Olied, dégeler ales différences dans le cycle annuel de
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temp®rature de | deau. Déaill eur s, cette approc

deuxi me objectif de th se, soit caract®riser
thermique annuel derivieresdetal | e moyenne dans | 6est du Canada
Il convient de noterquelef ait doéutiliser seulement | a premi r

Fourier pour caractériser le régime thermique peut mener a certaines différences entre
les métriques calculées a partir de la série de Fourier et leur équivalent calculé a partir a
des données observées (figure 3.4). On observe généralement une trés bonne
concordance entre la magnitude de la premiére harmonique et la température moyenne
annuelle observée (figure 3.4a). Pour le régime trés variable et tempéré, on observe une
différence moyenne de 0,1 °C entre la magnitude de la premiére harmonique et la
température moyenne annuelle et une différence supérieure a 1°C est seulement
observée pour trois sites. Cette difféerenc e s béexpl i que par l e fait q

données inférieur a la fréquence fondamentale de 365 jours a été utilisé pour

| 6ajustement de | a s®rie de Fourier ®tcesnt donn®
riviéres. Léamplitude (t eamu&le iattmpdérauremayernngnanhuelle)
®t ai t de mani re g®n®rale | ®g rement suresti md

har moni que qeadratiqué enoyeneeuétait de 1,7 °C (figure 3.4b). La phase
présentait les plus grandes différences entre les métriques calculées a partir de la série
de Fourier et leur équivalent calculé a partir & des données observées (figure 3.4c). En
effet, on observe une erreur quadratique moyenne de 11 jours entre le jour de la
température d e | haxiemale annuelle observée et calculée a partir de la premiére
har moni que. Cette erreur ndest gue fai bl ement
supplémentaires. Par exemple, on observe une erreur quadratique moyenne de 10 jours
| orsqgubéon compare | e jour daleobsaervée etcgic®eat ur e maXx

partir dbébune s®rie de Fourier “ quatre harmoni gt
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régime thermique
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Figure34 Compar ai son entre a) | a magnitude, b) | dremypdetleauuéduevalenticalotl¢ a partrdgs loarges de | a pr emi

observées. L6erreur quadratique moyenne (RMSE) est pr®sent ®e pour (uaanorigueetcalculédsa di f f ®r
a partir de données observées.
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Cette étude identifie certaines variables hydroclimatiques importantes pour la

di ff® rentiation des r ®gi mes t heeadabitqnoyersen | 6 ®c he
mai, la moyenne annuelle de | a t emp @atad mp®@r adteurledadea ,| 6air mo
juillet et | 6 ®c awel ammyen de | a t EespéBultastrejaigeentdes | 6 ai r
conclusions de diverses études et les moyennes annuelle et estivale de la température

d e |conatituent des variables explicatives fréquemment utilisées pour estimer la
tempér at ure de | deau ° des sites non ®chantill onn

2012; Mohseni et al., 1999; Segura et al., 2014). Cette recherche souligne toutefois

| 6i mpordéd @aaleeaneemgei d ®r er | 6amplitude de | a vari
températur e de | 6 aientre [e minimum et |& M@agirmumtannuel) pour prédire le

type de régime thermique d 6 u n e . Deé Pus, cette étude reléeve le débit printanier

comme variable explicative du régime thermique annuel. En effet, les sites ayant un

régime thermique stable et froid correspondaient principalement a de petits bassins en

milieu montagneux. Le régime nival de montagne de ces sites, avec une crue tardive et

un large débit spécifique (i.e. débit moyen en mai © 0,04 m3 s* km?; figure 3.3), peut

mener ~ un dbéapport dbébeau de fonte relativement
ainsi le régime thermique de ces sites. Les r ®sul tats de cette ®tude,

de variables explicatives du r®gi peuvbet msfgae ®a |

particulierement utiles dans le contexte canadien ou la disponibilité des données de

temp®r atur e de | 6eau pour | 6ensembl e du terrio:
r®al i sation dodédune cl assifi cat irectesdeterdpératirea ve (i . e.
de | 6eau) nbdest pas n®cglesvarables explieatives identifeesi b | e . Ali

dans la présente étude pourraient guider une classification déductive des régimes
thermiques (i.e. a partir de variables influencant le régime thermique). Par exemple,
déapr s | 6arbre de <c¢l ass tUhis (figutei3@)n ondp@uwratl opp ® au
sbattendre 7 obtenir un r ®gqgitrae vartalblecet tammpéré e s i mi | a

dans le sud du Québec et au Nouveau-Brunswick étant donné que la moyenne annuelle

de |l a temp®rature de | 6air 99AGsdt gPnedrlad ®eneamtt a
moyen de |l a temp®rature de | 292C (Bval@és partigpdesn ®r al e mer

normales climatiques de 1981-2010 aux stations météorologi ques dO6ENnvironnem
Canada aux villes de Thetford Mines, Rimouski et Miramichi). Le potentiel explicatif
déune tell e cl| aspourfii &ra évalle mu fdr@d a mdsures que des

donn®es de t e mp &roattigponiblesde | eau s
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Cette étude port ai t principal ement sur |l a saisonnal it
riviere bien que la variabilité intrajournaliére ait été également abordée. Une direction
importante pour les travaux futurs consisterait a prendre en compte la variabilité
intrajourn al i re ai nsi gue |l a wvariabilit® -~ dbébautres
interannuelle) pour la caractérisation et la classification des régimes thermiques. La
faible corr®lation entre | a variabilartan®@ annuel |
de considérer cette derniére a part entiere dans la classification des régimes thermiques.
Dans la présente étude, l6acc s | imit® ° des donn®es de temp
échelle horaire a limité la possibilité de décrire la variabilité intrajournaliere de la
température de | 6 e au d détaillée ha dispoeibilité croissante de données de
temp®rature de | 6eau © de fines ®chelles tempor

liés a la caractérisation et la modélisation de la variabilité intrajournaliere.

3.2 Objectif 2 : Car act ®r i ser | 6i mpact de barr:
thermigue annuel des rivi res dans | 6c¢
Cette partie de |l a th se soeffectue dans |l e cadr

Hydr oNet dont tudeods gfiets des barrages sur les @r@cessus biotiques

et abiotiques des rivieres (Smokorowski et al., 2011). Dans le cadre de ce projet, des

paires de rivieres (i.e. une riviere avec barrage et une riviere naturelle de référence) ont

fait | 0 o bdexapprotbdd@saf i n de mi eux ¢ ompbarmgedsuela | 61 mpact
capacité de production des habitats du poisson et les déterminants environnementaux

de celle-ci (débit, température, sédiments, etc). Dans cette optique, cette thése

sb6i nt ®r epacsdes barraged sume régime thermique des riviéres. Ainsi donc, une
trentaine de sites doOo®tudes ont ®t ® s®l ectionn
Canada selon les criteres suivants : accessibilité au site, rivieres de taille moyenne

(superficie du bassin versant généralement entre 200 et 2000 km?), profondeur

per mettant | 6 ®c hant (it lquasi-frandpissabld @ gup)oet @osrdes s

rivieres réguléesetpr ®s ence doéun barrage depuis au moins 1

Le deuxieme objectif de cette théese estd e car act ®r desharraged d® itaitgp a c t
moyenne de | 6est du Canada s urrividres. Cett® gtudene t her mi
met l@ccentsurl 6 ®t ude de | 6i mpact ther(m quemgroiug ladhilw
®t ant d o n p&spegtivedamnuelle est importante afin de bien comprendre les

conséquences de la modification du régime thermique sur le cycle de vie des
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organi smes aqguatiques. Par mi |l es di ff®rent s S i
reguiéesde | 6 est dntétéCibléea dt@&tudiées de maniére détaillée afin de

mi eux comprendre | 6i mpact des barrages tout au
concentrée sur trois sites étant donné les difficultés reliées au déploiement de

thermographes pour la période hivernale ainsi que leur récupération apres la crue
printaniere.Les sites do6®tudes ont ®t ® s Roarmgesdeonn®s af
petite a moyenne taillequisontt r s r ®pandus darigurel2.d)eDeplusdu Canad:
les sites choisis étaient régulés par deux types de barrages dont les impacts thermiques

ont été peu étudiés:un barrage au fil de | deau avec une f
(riviere St-Jean) et deux barrages de stockage associés a des réservoirs de faible

profondeur (profondeur moyenne < 6 m; riviere Fourchue, riviere Dee).

3.2.1 Méthodologie

£t ant donn® que des donn®es de temp®rature de
barrage noéo®t aient pas disponi bl es, |l 6i mpact the
débune appr odnpact: chagud rivieré egulée était comparée a une riviere

naturelle située dans la méme région et partageant certaines caractéristiques
physiographiques ( t abl eau 3. 1) . Pour | a I@troacori derlae ann®e
riviere Fourchue en amont du barrage (i.e. non régulé) a été utilisé comme riviere de

r®f ®rence abehf e ®dudiboncorbrégelé de wette riviere. Etant

donné la présence de barrages de castors et de leur influence sur le régime thermique

des rivieres (Collen et Gibson, 2001), la riviere de référence a été remplacée par la

rivi re du Loup © Il a deuxi me ann®e do®tude.
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Tableau 3.1 Caractéristiques des paires de rivieres régulées et naturelles étudiées

Petit Fourchue Fourchue

riviere St-Jean Saguenay aval amont Du Loup Dee Gulquac
r(’?gulé régulé régulé
type fil de naturel K naturel naturel K naturel
| 6ea stockage stockage
région Bouclier Bouclier
physiographique canadien canadien Appalaches Appalaches Appalaches | Appalaches Appalaches
superficie du 648 712 261 119 515 141 110
bassin versant (km)
couverture du sol
forét 94 92 95 97 92 73 84
agriculture <1% <1% <1% <1% 7% <1% <1%
urbain <1 % <1 % <1 % <1 % <1 % <1 % <1%
distance de la 16 7 14 11
riviére régulée (km)
Pour les trois paresde ri vi res, la temp®rature de

thermographes pour deux années compleétes, soit du 1* juillet 2012 au 1* juillet 2014.
Pour leur déploiement en riviére, les thermographes étaient protégés par un tube de
PVC blanc et ancrés a un bloc de béton ou une tige de métal (figure 3.5). Entre trois et
six thermographes étaient déployés par troncon de riviere et ceux-ci couvraient une
distance allant de 2,5 a 16 km en aval du barrage. Les thermographes étaient déployés
sur une distance longitudinale similaire dans les rivieres naturelles. En plus des données
de temp®raturesdeadohd®eas, dd temp®r atur e
météorologique la plus proche ont également été recueillies afin de décrire le contexte
hydrométéorologique propre © c haqu e a n nL@ distadcé @ntreild goncon de

riviere étudié et la station météorologique variait entre 8 et 55 km.

Figure 3.5 Exempledéi nst all ati on déGUmmiina@®rmdiuaph etlawc ud blocPV C
de béton comme ancrage pour son déploiement en riviere
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Dans | 6®valuation de | 6i mpact des barrages sur
distinctes ont été considérées : l a p®riode dbéeau | ieboban et la p
couvert de glace se développe généralement sur les rivieres naturelles dans la région
do®t.udPeour | a p®riode dobéeau | ibre, |l e r®gi me the
| 6aide de | 6appr oche deaupranieaabjechfr(secsican B8.1),0s0t d®v el op
| 6anal yse des |lgu@enmedidocaine®ds opat i afin desdécrireilsopdal e
cycle annuel :

Yo & OAl %o (3.1)

58
ou Y estlatempér at ure dodest 6eéau, oumrd décet lal mMagniude®de ,

cycle annuel et correspond a la moyenne annuelle de la températured e | 63, & est
 6amplitude d°C) etkestllagphaserdum ayaelannuel et correspond au jour
ddoccurrence (e nmakireum Bnnuelt Ai3n6sbi), dludi mpact du bar
évalué en comparant les métriqgues (magnitude, amplitude et phase) décrivant le cycle

annuel de la température moyenne journaliere de la riviere régulée et de la riviere

naturelle. Aux fins de comparaison, les métriques des rivieres régulées et naturelles

étaient considérées comme significativement différentessiaucun chevauchement nbd

observé quant a leur intervalle de confiance a 95 %.

Pendant | a p®r ioidepdekdicerages al également, été lévalué a des
échelles temporelles plus courtes (i.e. journaliere a hebdomadaire) en étudiant les
résidus, soit| 6 ®c ar t entre |l e cycle annuel et l a tempge
base journaliére. Trois caractéristiques des résidus ont été comparées entre les riviéres

régulées et naturelles, soit leur variance ( me s ur ®e  phype), lelrfp@& sistance

(mesur ®e par | 6 aut o ebleur ®latiant aver Hes résdospdo cyeleé | e )

annuel de |l a temp®rature de | 6air. Pour <cette d
®t ® effectu®e -~ | 6ai de ANCOWA| =00B) yaki ded&®val uart
la relation entre |l es r®sidus du cycle annuel d

significativement différente pour les rivieres régulées et naturelles.

Pour la période hivernale, le régime thermiquea ®t ® c ar a cetd®courle®de”™ | 6ai d
températures classées per met t ant ainsi déesti mer l e pour c
temp®rature donn®e a ®t ® d® pAgpartr @escescaurbeB,daal ®e dur
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magnitude et la variabilité des conditions hivernales de température de | 6 ecatuété

comparées entre les rivieres régulées et naturelles.

3.2.2 Résultats

Pendant | a p®riode doé®tude, | 6®t ® 2012 a ®t ® pal
l 6air moy e nnededBb a alo°e&uu-d&sua detla moyenne a long terme.

L ldver 2012-2013 a également été relativement chaud (la températurede | 6 ai r moyenne
en mars étaitde 29a40°Cau-dessus de | a moyenne ° l ong term

2013-2014 a été froid, particulierement les mois de décembre et mars pendant lesquels

latempér at ur e de | 0 aded,8adPyE@sous B m&enae atlong terme.

Pour | es deux ann®es de | 60®tude, | e barrage au f
sur le régime thermique de la riviere régulée. En effet, aucune différencesigni f i cat i ve noda
été observée entre la riviere régulée et la riviere naturelle quant aux métriques

(magnitude, amplitude et phase) décrivant le cycle annuel (figure 3.6a). L 6-t9pe &tr t

| aut ocorr ®l ati on des r ®s s pourda riGérearégeldetpar ®gal e ment
barrage au fil draturéll® e aFui neatl elm& nt i, vil ar & emp®r at ur
maintenue a 0 °C pendant les deux hivers d 0 ®@&lang theiviere régulée et la riviere

naturelle, si gnal ant ainsi lapéadishiverrale. d i mpact pour

42



cycle annuel observations
régime régulé e

a) barrage au fil de I'eau : riviére St-Jean régime naturel
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c) barrage de stockage : riviére Dee
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Figure3.6 Cycl e annuel de |l a temp®rature moyenne {2@B)etnal i re de
| 6ann®e -2014)(pPW [N\rivieres régulées a) St -Jean (barrage au fil de | 6eau)
(barrage de stockage) et c) Dee ( barrage de stockage) ainsi que leurs riviéres naturelles de

référence. Pour la riviére régulée, le site le plus proche du barrage (< 600 m du barrage) est représenté.

€ |la premi re ann®e do®tude, | es deux barrages ¢
du régime thermique de la riviere en aval (augmentation de 0,9 a 2,0 °C de la métrique

de magnitude; figure 3.6b-c) . De pl us, | 6occurrence du <cycl e
retardée de cing jours pour la riviere Fourchue, une des deux riviéres étudiées avec un

barrage de stockage. € |l a deuxi me ann®e do®t ude
était retardée a la riviere Fourchue (retard de six jours) et les deux autres métriques

décrivant le cycle annuel (magnitude et amplitude) ne présentaient pas de différence

significative avec la riviere de référence. A la riviere Dee, le barrage de stockage a

entrainé la modification des trois métriques décrivant le cycle annuel (magnitude,
amplitude et occurrence) ~ |l a deuxi me ann®e dbo
stockage aient modifié différentes métriquesdu cycl e annuel de | a temp®r
ces modifications se sont traduites de maniere semblable sur le régime thermique

annuel des riviéres régulées. En effet, les deux barrages de stockage ont entrainé un
réchauffementde | 6eau en aval despondarntgelsd dty@ rawul | §a
D6ao%ut ~ octobr e, |l a t emp®rdailda30 Gmpluy denvéee mensue
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dans les riviéres régulées par les barrages de stockages en comparaison aux rivieres de

référence. Au printemps (mai et j ui n) , aucun effet syst®matique
| 6i mpact sur |l es temp®ratures printani res ®tai
déun site ° | b6autre. Ainsi, on ne nees&elaaucun ef

riviere Fourchue a la premiere ann®e do®t Udie deluxris mgu@nn®e do®t
barrage a plutét eu un effetder ef r oi di s s eme n b a2°€ sur l&d moyehmee de 1,
mensuell e de | a temp®r ah win. eur teeplan dés conditioesn ma i et

météorologiques, les printemps de ces deux années étaient également différents : alors

gue | e printemps de | a premi re ann®e do®tude
moyenne de | &8 fCrsous la mgyannena long terme), le printemps de la

deuxi me ann®e do6®tude ®taidt pl ut?tt chaud (tem
1,6 °C au-dessus de la moyenne a long terme). Ai nsi , | 6 ef Suelarividre barr age

Fourchue pourrait varier en fonction des conditions météorologiques printanieres et la

collecte de données supplémentaires permettrait de mieux comprendre ce lien. A la

riviere Dee, le barrage de stockage a plutt eu un effet de réchauffeme nt de | dordr e ¢
09a23AC sur |l a moyenne mensuell e de b ®outemp®rat
| es deux ann®es do®t ude, |l es conditions m®t ®o

temp®r at ur e dellg0 all,d €iau-desdBus ad la moyenne a long terme pour la

période printaniere (mai et juin).

De maniére générale, les résidus présentaient une faible variance et une forte

persistance temporelle aux deux rivieres régulées par des barrages de stockage. On

peut ainsi caractériser le régime thermique de ces rivieres comme étant relativement

stable, cb6 e-&-dire que les fluctuations aux échelles journaliére et hebdomadaire étaient

de moindre amplitude en comparaison aux rivieres naturelles. Par exemple, 16 ® c-tgpe t

des résidus était réduit environ de moitié dans les riviéres régulées par les barrages de

stockage (écart-type entre 1,3 et 1,9 °C) en comparaison aux rivieres naturelles (écart-

type > 2,0 °C). On observe également une plus grande persistance dans les variations
desrésidusdes rivi res r®gul ®es par | esadickeuex barrag
ces syst mes ont tendance ° demeurer edans | e |
comparaison aux rivieres naturelles ou les conditions sont plus variables. Par exemple,

pour wun d®cal age de qu adesrésidys esusupgrieurd adddano c or r ®1 a't
les rivieres régulées par les barrages de stockage alors que celle-ci est inférieure a 0,3

dans les riviéres naturelles. Cette forte persistance dans | a

peut sbexpliquer par | a f otreanep @rnaftluureen cdee dlub era®is e
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ansiaund®coupl age entre | a temp®r amétéordogiqgues | 6eau e

dans les rivieres régulées par les barrages de stockage. En effet, la corrélation entre les

résidus de latemp ®r at ur e de | Oitddible poartles dvieresl réy@éaupar@s a
barrages de stockage (R < 0,3) alors qud e | | eplusgdrta dans les rivieres naturelles
(R>0,5).

Les barrages de stockage ont également un impact marqué sur le régime thermique
hivernal des rivieres (figure 3.6b-c). Dur ant |l es deux ann®es do®t
naturellesn 8 o nt pas ®t ® safefdowutx® epse npkdplan terdpedraiunei de e r

| 6eau est r 8%tDmes les fiviarbslrégulées par les barrages de stockage,

| a t emp®r at uest demerrée | sipérewe a 0AC pendant tout I 6
(température médiane entre 1,0et2,1°C),e mp ° chant ai nsi la formati on
glace sur une distance allant de 1,7 & 2,5 km en aval du barrage. En  pl us de | 6ef f e
réchauffement des barrages de stockage, le régime hivernal des rivieres régulées était
plus variable (écart-type entre 0,3 et 0,5 °C) en comparaison au régime trés stable des
rivieres naturelles (écart-type < 0,1 °C).
Le tableau 3.2 fournitun résumé de | 61 mp ac bhsetvbauxtmi gqiue si tes do®t
pendant | es p®riodes dbéeau | ibre et hivernale.
Tableau 3.2 1 mpact thermique associ ® aux barrages pour I
hivernale
barrage au barrage de stockage barrage de stockage
riviere St -Jean riviere Fourchue riviere Dee
Période aucun effet r®chauf f ement réchauffementau
déeau | 6aut omne printemps, *  été ét

. . | 6aut omne
effet variable au printemps

variabilité réduite (échelle variabilité réduite (échelle
journaliere a hebdomadaire) journaliere & hebdomadaire)

Période aucun effet réchauffement réchauffement
hivernale variabilité accrue variabilité accrue

3.2.3 Discussion et conclusion

Déun point de vud 60m@®ahypdel ageisqupe®r i odi ci t ®s par
foncti on s i nauésée goncludnte commesapproche de caractérisation pour la

r®al i sati on dd&®t vedfefsetd oilnpRatcutd.e du cycl e annuel
permet dobéobtenisrembne wiusaindan "ddeén mpact des barra

p®ri ode ddeau l'i bre. De pl us, cette approche
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compl ®ment aire per meditmamdc td 6 deum lapariebiitd dee la

temp®r at ur & desléhelledte@ampor el |l es plus finess, soit
r®si dus apr s soustraction de Pleh add®tni qeuse dda
penchées sur les impacts de diverses activités anthropiques sur la variabilité de la

temp®r ature de | 0 ernaliere’et hebdosnadaire.Parlexerape, Steel et

Lange (2007) ont recens® plus dobéune vingtaine d
le régime thermique des rivieres dans 50 études et aucune de ces métriques ne décrivait

la variabilité de la température de | 6 e a uéchélle interfjeour nal i re (i . e. do
| 6autre) ou Daeskeltte thesal une approche simple, soit la caractérisation
desrésidusapr s soustract i aduncyctkannlel éstaproposée payrulae

caractérisation de la variabilité de la température a des échelles temporelles

intermédiaires (journaliére a hebdomadaire).

Cette ®tude men®e sur une rivi re de taille mo
barrage au fil de | 6eau, et c ethepniguerengériode di f f ®r e
dédeau | ibre et hivernal e. L 6eadblas faibleccapacidédde mp a c t pe

stockage du barrage (capacité de stockage = 0.3x10° m?). Or, un impact thermique a été
observé en aval de réservoirs ayant une plus petite capacité de stockage (capacité de
stockage < 0.1x10°m3)que | e barr age a yDrifps ét Grdanger,RAR.au ®t udi
Toutefois,| e s ¢ o u influendéd paraces petits réservoirs étaient également de bien

plus petite taille que la riviere régulée parlebarr age au f il de | 6eau dans
exemple, pendant | 0 ®tinrieurla 8.01ldn@bpour leskife®dtudiesg e ®t ai t

par Dripps et Granger (2013) alors que celui-c i ®t ai t 4mb/6 poarvid riviera

régulée par le barrage au fldel 6 eau dans | a pr ®s e nduggeéredtt ude . Ce

donc que la taille du réservoir et la taille de la riviere doivent étre considérées de
mani re conjointe dans | 6®t ude LaratiotieGdtemye,act t her
soit le ratio entre la capacité du réservoir et le ruissellement moyen annuel (Batalla et al.,
2004), pourrait constituer une approche particulierement utile pour décrire cet aspect
des cour s doea uaerad0lb)®De cefdtulaesedaion suivante (section
33) explorel e |l ien entre |l e ratio de retenue et I 6
considérant un plus grand nombre de sites présentant une gamme de valeurs quant au

ratio de retenue.

Cette ®tude a d®c rbarragesl dé stonkagecassocidsea deseaéservoirs

peu profonds (profondeur moyenne <6 m) soit un type de r®gul ati on
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maintenant. Les deux barrages de stockage étudiés avaient sensiblement le méme

impact sur le régime thermique des riviéres, soit une augmentation de la température de

| 6eau pendant | 6®t ®, | 6aut omne et | 6hiver. De m
dans la présente étude (i.e. avec réservoir peu profond) avaient un impact thermique
similaire aux barrages avec piraiusteo mhé@e aeuw h ydpha lvien
effet, | es barrages avec pr pesvent ehtbatner un réchapflerhentmni q u e

de | a temp®rature de | deau ° |l automaa en r ai s
réservoir (Angilletta et al., 2008). De maniére similaire, lesbar rages avec pri se
hypolimnique ont également tendance a augmenter latemp®r at ur e de | 6eau de |
04a4AC pendant | 6hi ver d densen, R0®F Lehn®ul, DOr2s froides
Ward et Stanford, 1979) , soit un ef f e tesmirages Hesstoakage dvecl 6 i mpact
réservoirs peu profonds étudiés dans cette these. La différencei mpor t ant e entre | 0
thermique des barrages associés a des réservoirs peu profonds et associés a des

réservoirs stratifieks avec prise doealdieuhyypypanldiamai qgubes®t ®u 6 0 n

observe un effet de réchauffement pour les barrages avec réservoirs peu profonds, les

barrages avec pri s e ddoeau hypoli mnique unn effetaden e n t g ®r
refroidissement (Lehmkuhl, 1972; Olden et Naiman, 2010; Preece et Jones, 2002). Ainsi,

cette ®tude sugg re | 6i mportance de consi d®rer
des r®servoisdoélmpactdo®t anle donn® | eur i nfl uenc
type doéi mpact thermique observ® pendant | 6®t ®.

En plus de modifier | e cycl e annuel de temp®rature de | 0c¢
étudiés ont également réduit la variabili t ® de | a temp®rature de | 6e¢€
journali re et hebdomadaire pendant la p®riode
variabilité de la temp ®r at ur e de | 6eau peut °tre associ ®e
r ®servoir. Pendant |l 6hi ver, on observe plut?tt [
stockage : la temp®rature de | 6eau dans | es rivi r

stockage était plus variable que dans les riviéres naturelles. Contrairement a la présente
étude, St eel et Lange (2007) néont pas not ® une
| 6i nfluence des barrages sur la variabilit® de
journaliere et hebdomadaire. Dans leur étude, les barrages de stockage avec prise

doeau hy pdahslebassiodeda riviere Willamette (Oregon, Etats-Unis) avaient

tendance © r®duire | a var i aduxéchelle®joudnalicrded t e mp ®r a
saisonnieretout au | ong de | 6ano®esi Cent déd@iangkentde St e
(2007), l es rivi res de | 6est du Canada ®tudi ®es d.
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un rr ®gi me thermique hivernal tr s stable en ra

glace.Les r ®sul tats de cette recherchbarrages@@eg r ent do

augmentation vsr ®ducti on de |l a variabilit®), mpissut var i
®gal ement débune r ®gion 7 |l 6autre. 1 convient
régime thermique | or &udes d 6 i mpact et de ce fait, | 6approc|

des régimes thermiques proposée dans cette thése (section 3.1) permettrait de répondre

a ce besoin.
3.3 Objectif 3 : Caract®riser | 0i mpact des bal
thermique est i v al des rivi res 7 |1 6®chelle

Cette partie de édaementhlanslecadredda prdg@mmewderecherche

collaboratif HydroNet. Alors que la section 3.2 évalue de maniére détaillée | 6 i mpact

thermique de trois barrages taherdhe plutdtalélargirg de | 6a
|l e cadre dbébanalyse afin de mieux comprendre | €
régionale. Pour ce faire, cette étude se concentre sur la période estivale pour laquelle

des donn®es de temp®rature de | 6eau sont dispon
objectifs spécifiques de cette étude sont de 1) identifier les attributs du régime thermique

modifiés de maniére prédominante par les barrages dans lesrivieres de | 6est du Can
et 2) comparer les impacts thermiques associés a différents types de barrages (fil de

| 6eau, st ocdkCcghee retd Gaevaeuc s e lpame). | a demande de

3.3.1 Méthodologie

Par mi l es diff®rents sites do®Nede i diempadct ®s h e

des barrages a ®t® ®tudi ® pour 13 rivi res r ®
(Ontario, Québec, Nouveau-Brunswick, Terre-Neuve-et-Labrador). Ces riviéres régulées

sont de taille moyenne (superficie du bassin versant entre 47 et 4040 km2;, moyenne =

1136 k m] ) et sont situ®es dans | e Srodtypesels pr ovi nc
barrages sont représentés s oi t au f i | de | 6eau (n l&her6) , stoc
déeau selon | a démamrde2)de ép oliobnotarae rgguléeeétait c haqu e
jumelée a une riviere de référence avec un régime naturel. Toutefois, des rivieres de

référence supplémentaires ont été suivies et étudiées au cours du projet étant donné la

difficulté a identifier un seul site de référence représentatif (i.e. situé a proximité, taille de
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bassin versant comparabl e, C 0 n dpour ceotains sites6b ut i | i s a
régulés. Au total, le régime thermique des 13 riviéres régulées a été comparé a celui de

18 riviéres naturelles (superficie du bassin versant entre 110 et 2288 km?; moyenne =

878 km?). Le tableau 3.3 fournit une description des rivieres régulées et naturelles

®t udi ®e s . L e srecaupent érgis €dododess (bduelier boréal, plaines a foréts

mi xt es, mar i t i met lacceuveltute Alti soh estt pringipaement forestiere

dans la plupart des bassins versants étudiés. L6 agr i c ul t toutebis plus deu20 e

% du bassin versant de certaines rivieres régulées (rivieres Coaticook et Etchemin) et

naturelles (rivieres Beaurivage, Bécancour, Eaton, Nicolet, Noire).
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Tableau3.3 Descri pti on d éS3rivierestréguéeskcdl®iivierdsanaturelles) dans | 6est du Canada
superficie du couverture du sol
riviere type 8 latitude longitude  province*  bassin versant écozone (% du bassin versant )*
(km2) agriculture forét urbain

Magpie R - pointe 48,08 -84,73 ON 1640 Bouclier boréal 0 74 1
Mississagi R - pointe 46,91 -83,21 ON 4040 Bouclier boréal 0 78 0
Batchawana N 47,02 -84,50 ON 1228 Bouclier boréal 0 89 0
Goulais N 46,75 -84,08 ON 1637 Bouclier boréal 0 90 0
Aubinadong N 46,93 -83,44 ON 1452 Bouclier boréal 0 88 0
Kiamika R - stockage 46,63 -75,12 QC 702 Bouclier boréal 0 89 0
Ste-Anne R - fil de I&au 46,66 -72,12 QC 1800 Plaines a foréts mixtes 5 89 0
Coaticook R - fil de I@au 45,15 -71,80 QC 362 Maritime de I@Atlantique 54 40 3
St-Frangois R - fil de I@au 45,66 -71,47 QC 2934 Maritime de I@Atlantique 13 77 1
Etchemin R - fil de I&au 46,64 -71,06 QC 1130 Plaines a foréts mixtes 25 69 1
Sud R - fil de I&au 46,94 -70,64 QC 793 Plaines a foréts mixtes 12 83 1
St-Jean R - fil de I&au 48,21 -70,28 QC 648 Bouclier boréal 1 94 0
Fourchue R - stockage 47,67 -69,51 QC 261 Maritime de I@Atlantique 0 95 0
Picanoc N 46,01 -76,13 QC 1277 Bouclier boréal 0 89 0
Noire N 45,59 -72,55 QC 401 Plaines a foréts mixtes 37 56 4
Nicolet N 46,06 -72,31 QC 1550 Plaines a foréts mixtes 48 43 3
Bécancour N 46,20 -72,21 QC 2288 Plaines a foréts mixtes 32 57 2
Eaton N 45,40 -71,60 QC 646 Maritime de I@&Atlantique 21 73 1
Saumons N 45,58 -71,39 QC 769 Maritime de I@&Atlantique 8 82 0
Beaurivage N 46,66 -71,29 QC 708 Plaines a foréts mixtes 39 51 1
Ste-Marguerite N 48,45 -70,50 QC 984 Bouclier boréal 0 92 0
Petit Saguenay N 48,20 -70,06 QC 712 Bouclier boréal 1 92 0
Ouelle N 47,33 -69,92 QC 796 Maritime de I@&Atlantique 1 95 0
Loup N 47,58 -69,67 QC 515 Maritime de I@Atlantique 7 92 0
Dee R - stockage 47,03 -66,98 NB 141 Maritime de I@Atlantique 0 73 0
Serpentine R - stockage 47,16 -66,87 NB 47 Maritime de I@&Atlantique 0 78 0
Wapske N 46,86 -67,30 NB 332 Maritime de I@&Atlantique 0 91 0
Little Tobique N 47,48 -67,00 NB 222 Maritime de I@Atlantique 0 95 0
Gulguac N 46,93 -66,98 NB 110 Maritime de I@Atlantique 0 84 0
West Salmon R - stockage 48,17 -56,23 TNL 266 Bouclier boréal 0 70 0
Twillick N 48,12 -55,58 TNL 180 Bouclier boréal 0 61 0

¥ N = riviére naturelle; R = riviére régulée

* ON = Ontario; QC = Quebec; NB = Nouveau-Brunswick; TNL = Terre-Neuve-et-Labrador
A Source : Ressources Naturelles Canada (2009) Couverture du sol, circa 2000 i vectorielle



Afin de faciliter la comparaison entre les différentes riviéres régulées, le ratio de retenue

a été calculé pour chacun des sites (Batalla et al., 2004). Dans la présente étude, le

ratio de retenue correspond au ratio entre | a
réservoir (m3) et le ruissellement médian annuel (m3). Pour chacune des rivieres

régulées, le ruissellement médian annuel du bassin versant a été calculé a partir des

donn®es de ruissellement uni tair ere&anadace | doAgr
(2013). Les données de ruissellement unitaire annuel ont été produites selon la

méthodologie suivante : le ruissellement unitaire annuel a été calculé a 1184 stations

hydrométriques canadiennes en effectuant le rapport entre le débit médian annuel et la
superficie du bassinetces val eurs ont ensuiteduRpay®par nt er pol @

| 6 appr owisins napuieels (Sibson, 1981).

A chacun des sites sélectionnés, la t emp ®r at ure de | 6eau a ®t ® mi
période estivale (juillet & septembre) entre 2011 et 2013. Certains sites ont été mesurés
un seul At ® (2013 ®tai't |l 6ann®e avec | e plus g
déautres sit esduram lestr@dsém@s (B0dlsalk®1®@) sAu total, des données
ont été recueillies pour 25 site-années pour les rivieres régulées et 30 site-années pour
les rivieres naturelles (e.g. si des données ont été recueillies pour les étés de 2011 a
2013 a un site donné, on compte alors trois site-a n n ®e s ) . € chacun des sit
l es donn®es de temp®rature de | 6eau ont ®t® rec.!
a dix thermographes. Ces thermographes couvraient une distance longitudinale
moyenne de 11 km dans les riviéres régulées et de 13 km dans les riviéres naturelles.
Dans les riviéres régulées, le thermographe le plus en amont était déployé le plus pres

possible du barrage.

Le r®gime thermique des rivi res a ®t ®itcaract ®r
a travers le calcul de 15 métriqgues décrivant la magnitude, la fréquence, la durée,
lccurrence et l e taux de variationpodenel a t empRe
description des métriques; annexe 1 pour les valeurs calculées a chaque site). Les
métriques ont été calculées pour chacun des thermographes déployés et la valeur
m®di ane © | 6®chell e du tron-on Iles di#restusite€tse ®t ® u't
entre eux. Certaines métriques décrivaient le régime thermique sur une base mensuelle
(i . e. temp®rature moyenne en juillet, a o Yt et $
d®crivaient pl ut?*t l es propri ® ®s ther mi gues p

p®ri ode ddéfdie @mme |®FE@de de neuf semaines centrée sur la semaine
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avec la température moyenne hebdomadaire maximale. Cette définition de la période
do®t ® facilite | a comparaison des sites dbéune a

se concentrant sur des périodes équivalentes et de mémes longueurs, indépendamment

de | eur date doéoccurrence. Afin de faciliter | a
|l a temp®rature dts | 9 ieta e desudrigudsiohtet®standardisées

(i.e. division ) par | a moyenne mensuelle de |l a temp®r at
Pour chaque site, des donn®es de temp®rature d
reguli re o% | es mi ni ma et maxi ma journaliers

i nt er p échellescanadiehné selon la méthode ANUSPLIN (Hutchinson et al., 2009).
€ partir de ces donn®es, |l a moyennaétéestinméer nal i r e

en calculant la moyenne du minimum et du maximum journalier.

Une analyse en composantes principal es ( ACP) a ®t ® utilis®e afin
contrastant le régime thermique des riviéres régulées et naturelles. L6 ACP transf or me |
données en composantes principales, soit de nouvelles variables non corrélées qui sont

une combinaison linéai re des variables dbéor i deirédgeme (i . e. m
thermique). La variance expliquée par chaque composante principale (CP) est

maximisée de maniére décroissante et conformément, la premiére CP explique la plus

grande proportion delavariancedes donn®es doéorigine. £tant donn
une combinaison | in®aire des variables doéorigi
associé a chacune des 15 métriques décrivant le régime thermique des rivieres. Pour

chaque CP, la métrique a laquelle est rattachée la plus grande saturation absolue

correspond a la métrique décrivant la plus grande proportion de la variance expliquée

par la CP. Dans un premier temps, les CP permettant de contraster le régime thermique

des rivieres régulées et naturelles ont été identifiées a travers la projection de chaque

site-ann®es (i . e. scores) dand al Ge®s pad & Jmau Idtdiawn a mia
anomalie dans | e r®g-amp®eh@®tmi gud®Uéaoanh®eitersque
riviere régulée se situait en dehors de la région de confiance a 90 % telle que délimitée

a partir des scores des rivieres naturelles. La région de confiance correspond a une

ellipse centrée sur la moyenne des scores d o n't | 6orientation est d®t
covariance des scores et dont les axes sont estimés en supposant une distribution

normale bivariée des scores. Dans un deuxieme temps, les métriques ayant les plus

fortes saturations absolues pour les CP différenciant le régime thermique des rivieres

régulées et naturelles ont été identifiées et examinées de maniére détaillée.
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3.3.2 Résultats

Les deux premiéres composantes principales (CP) décrivaient 39 % et 32 % de la
vari ance des m®t riques de t e mprBédes tlasr P d e | 6ec
subséquentes expliquaient moinsde 9 % de | a variance des m®triques
donc axée sur les deux premieres CP. Les métriques décrivant la magnitude du régime
thermique (Msum et Mwkmax) avaient les plus fortes saturations absolues pour la
premiére CP (figure 3.7a). Les métriques décrivant le taux de variation (Rampl, Rpos,
Rneg, Rrng) et la magnitude du régime thermique en septembre (Mmao9) avaient quant a
elles les plus fortes saturations absolues pour la deuxieme CP (figure 3.7a). Ces
métriques ayant de fortes saturations absolues pour la deuxieme CP étaient
g®n®r al ement fortement corr ® ®es dans | 6espace
par | dangle entre ces m®triques qui ®tait g®NO®r ¢
ou de 180° (corrélation négative).

e naturel

- intervalle de confiance a 90 %
pour les riviéres naturelles

a Rneg b) O regulé - fil de 'eau
04l Mmo9 0.4l . O régule - stockage _
< Rrev Mmo8 P — A régulé - demande de pointe
£ 02 0.2t { o % o e
g Twkmax Dmax>19 o o 000" ™
© Mmo7 o e ¢ (] hd o«
= Msum ®ee et L0
g o Fmax>19 0 » 80 s
® Mwkmax 2 % e P00/
o Fmax>25 iy M
C a2 Dmax>25 02} B A0 °
o Og a
S &
-0.4 Rampl ang -04r¢
Rp?s
06 04 D2 0 02 04 06 06 04 02 0 02 04 06

CP1 (39 % de la variance) CP1 (39 % de |a variance)
Figure 3.7a) Satur at i ons associ ®es aux 15 m®triques d®crivant | e r¢
et b) scores pour chaque site -année pour les deux premiéres composantes principales (CP). Dans le
panneau a), les valeurs en gras correspondent aux métriques ayant la plus grande saturation absolue pour
chacune des composantes principales. Pour chaqgqWwWe m®trique,

magnitude, F = fréquence, D = durée, T = occurrence, R = taux de variation. Pour une description compléte
des métriques, voir le tableau 6.2.

La figure 3.7 b montre les scores pour chaque site-année des rivieres régulées et
naturell es dans | 6 espace a dépastitiord des scorgs rdansni  r e s Ck
16 e s p multiearié était trés similaire pour les rivieres régulées par des barrages au fil
de | 6eau es hasurrelvliesr ei ndi quant ainsi dans I

distinction marquée entre les régimes thermiques de ces rivieres. De maniere générale,
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peu doano ma tléteetées poun la prenie® CP, c dst-a-dire que les scores de la

premiere CP pour les rivieres régulées chevauchaient| 6i nt er val l e de <confi ar
des scores de la premiére CP pour les rivieres naturelles. Par contre, on observe de
nombreuses anomalies pour | duvisiahenarguée emte le€P ai nsi
scores des riviéres naturelles et régulées (barraged e t ype st ockage et avec
selon la demande de pointe) pour cette deuxiéme CP. Pour les barrages de stockage

ai nsi gue pour | es barr ag emnsanda geegoaintel I®mdyennie d 6 eau s
des scores de la deuxiéme CP était significativement inférieure a la moyenne des scores

de la deuxieme CP des riviéres naturelles (ANOVA et test de comparaisons multiples

Tukey-Kramer,| =0,05).

Etant donné le contraste marqué entre les scores des rivieres naturelles et régulées
pour la deuxieme CP, les métriques ayant une saturation élevée (i.e. valeur absolue)
pour cette CP identifiaient des attributs du régime thermique particulierement influencés
par | a pr ®s eage des didgumétriqbea décrivant le taux de variation a
diverses échelles temporelles (i.e. intrajournaliére, interjournaliére, saisonniére) et le
ratio entre | a temp®rature mensuell e moyenne de
septembre (Mmo9) avaient une forte saturation absolue pour la deuxieme CP. En
comparant ces métriques entre les rivieres régulées et naturelles, on observe que les
barrages de stockage et avec | ©c her ddeau sel
tendance a 1) réduire le taux de variation a différentes échelles temporelles
(intrajournaliére, interjournaliére et saisonniére) et 2) augmenter la magnitude du régime

thermique " la fin de | 6® ® (septembre).

En comparant les métriques décrivant le taux de variation de la température de | 6 e a u
entre les rivieres régulées et naturelles (ANOVA et test de comparaisons multiples

Tukey-Kramer ou ANOVA selon la méthode Welch et test de comparaisons multiples

Games-Ho we | | l orsque |l a condition déhomog®n®i t® de
0.05) , on o b sampliude neidiage ppbud | a p®r i ode )daomedi@e ( Ra mp |
absolue des variations interjournali res (Rpos ¢

étaient significativement inférieurs dans les rivieres régulées par des barrages de
stockage et avec | ©cher dbéeau selon |l a demande
on observe également que les rivieres régulées par des barrages de stockage et avec

| ©cher dbéeau selon | a demande de pointe sont ca

de changements de direction au cours de la journée (Rrev). En effet, les rivieres
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naturelles ont généralement deux changements de direction quant a la variation de la
temp®rature de | 6eau au cours de | a journ®e (1 a
del a nuit, augment e ensui t enididetdéaroit erfimmdarislal a f i n d
soirée). Par contre, on observe de petits, mais nhombreux changements de direction

dans | a variation de | a temp®rature de | deau po
de stockage et avec | ©cher doeau selon | a dems
changements de direction > 3,5 en aval des barrtr

selon la demande de pointe).

Quant aux rivi res regul ®e s p a ucunal différentear r age s
significative néa ®t ® observ®e avec |l es rivi re:
taux de variation aux échelles saisonniére (Rampl) et interjournaliére (Rpos, Rneg). Par

contre, on observe une différence significative pour les deux métriques décrivant les
variations 7 | 6®chell e intrajournali re, soit |
moyen de changements de direction au cours de la journée (Rrev). La différence entre

| 6®cart journalier moyemrsddarragesr ass f®d u ld&e sl
rivieres naturelles était probablement due a certaines rivieres de référence situées en

milieu agricole (e.g. Nicolet, Eaton; tableau 3.3) et caractérisées par un trés grand écart

journalier (> 5.4 °C). Outre cette différe nc e guant " |,oo®mokmsarve j our nal
également un plus grand nombre de changements de direction au cours de la journée

dans | es rivi res r egul ®e s par des barrages a
comparaison aux rivieres naturelles caractérisées par deux changements de direction

par jour.

Alors que les métriques décrivant le taux de variation du régime thermique étaient

g®n®r al ement corr ® ®es dans | 6espace multivari ®
du r®gime thermique noéoréléas (Ggare 3.7@)u ©n pEud ainsil e me n
déduirequel 6i nfl uence des barrages sur étditgariahlagni t ude
au cour s dedilld edsRinflueAck vanablelau cour s de | 6®t ®, une
linéaire a été tracée entrelat e mp ®r at ure moyenne de | 6air et de
juillet, aolt et septembre. Cette relation permet de détecter les anomalies dans la

magnitude du régime thermique au cours des différents mo i s d eund ah@nali® est

i denti f i ®evicteobguégadtunei t u®e en dehors de | 6interyv
% de | a relation entre | a temp®raturelede | 6air

tableau 3.4 quantifie les anomalies observées quant a la magnitude du régime
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thermique des rivieres régulées. Une anomalie correspond a la différence entre la

t emp®r at ur dserdée etlladiraite inféreure ous up ®r i eur e (sel on |

confiance a 90 %) de latempératur e de | d6eau pr ®di te en

|l 6air ~ llée. rivi re r®gu

Bi en gubdon observe ~certaines anomal i es

régulées en juillet et en aodt, on observe un effet de réchauffement systématique par les

0i

foncti

quant

barrages de stockage etavecl ©c her dbéeau s el pminte dnaeptdntbma nd e

de

n

on

Déaill eur s, la m®trique d®crivant |l a temp®rat ur e

était caractérisée par une forte saturation absolue pour la deuxiéme CP, soit la CP pour
laguelle un fort contraste entre riviéres régulées et naturelles avait été observé (figure
3.7a) . Léef f et de r®chauffement ®t ai t | e
| ©c her ddeau s el pante etaon absermwea pour eelled-eé une anomalie
moyenne de 1,7 °C pour la température moyenne d e | énesgptembre (tableau 3.4).

Quant aux riviéres régulées par des barrages de stockage, la température moyenne de

pl us

| 6 eem septembre se situait en moyenne 0,6°Cau-dessus de | d6intervall

a 90 % des riviéres naturelles (tableau 3.4).
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Tabl eau

3.
temp®r at ur e
observ®e

4 Q
d

et |

u
e
a

antification
Teau =

Il 6air;
Il i mite

des

anomal i es

dans | a

magni t ud €air d moyan@gnensuelle dehlza r mi qu e

mo y eaunamomalie n 8nuee | d neo nuael ilea ctoer mpe®&rpaotnudr €

dea 1déi f f ®r ence

i nf®rieure/ sup®riteamep®n astel nen d &rieladomalievpasitive®ignidieecuecleobarfagea n ¢ e

9

a un effet de réchauf f e men't sur la temp®rature de | deau et auun effetae efromissenent. L& gaomaliesesontsi gni f i e
présentées de maniére graphique a la figure 6.6.
JUILLET AOUT SEPTEMBRE
riviere année type Tair Teau anomalie Tair Teau anomalie Tair Teau anomalie
¢C) ¢C) ¢C) ) G Q) ¢C) Q) Q)

Magpie 2011 pointe 16,5 18,8 16,4 19,7 0,2 12,2 16,9 1,0
Magpie 2012 pointe 18,0 20,4 16,6 19,9 0,1 11,1 16,4 1,6
Magpie 2013 pointe 15,9 18,0 15,8 18,7 11,4 16,7 1,6
Mississagi 2011 pointe 20,0 20,0 -1,6 18,1 21,3 13,1 18,4 1,6
Mississagi 2012 pointe 19,7 21,5 17,9 20,8 11,9 18,0 24
Mississagi 2013 pointe 18,1 19,8 17,0 19,4 12,3 17,9 1,9
Kiamika 2013 stockage 18,9 18,8 -1,6 17,4 19,7 12,3 17,1 11
Ste-Anne 2012 fil de 203 23,0 19,9 22,2 14,2 16,6

Coaticook 2013 fil de 208 21,9 -0,7 18,2 20,5 13,7 15,6
St-Frangois 2012 fil de 19,3 24,2 0,5 19,7 23,9 13,3 17,8 0,8
St-Francois 2013 fil de 20,3 23,5 17,6 20,8 13,3 16,6

Etchemin 2011 fil de 204 23,1 18,5 20,5 15,3 15,4 -0,5
Etchemin 2012 fil de 202 23,1 19,9 22,7 14,1 17,0

Sud 2013 fil de 206 21,4 -1,0 18,3 19,3 -0,1 13,6 14,9

Fourchue 2011 stockage 18,2 20,4 16,7 20,1 0,1 13,6 16,8

Fourchue 2012 stockage 18,3 21,0 18,2 22,4 0,5 12,7 17,2 0,8
Fourchue 2013 stockage 18,4 20,6 16,2 20,3 1,0 11,7 15,7 0,3
St-Jean 2011 fil de 18,5 19,0 -1,0 17,7 17,3 -1,4 14,1 14,1 -0,7
St-Jean 2012 fil de 18,9 19,7 -0,7 18,6 19,9 13,4 14,8

St-Jean 2013 fil de 18,6 19,9 -0,1 16,9 17,6 12,3 13,1

West Salmon 2012 stockage 16,8 18,5 17,4 20,0 13,6 17,4 0,1
West Salmon 2013 stockage 16,9 18,6 16,0 19,3 0,2 13,3 15,9
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Dans cette ®tude, | 6al t®ration du r®gi me ther mi
|l a deuxi me CP des rivi res cosipéré ®mme ufe’ | 6exce
observation aberrante), était significativement corrélée au ratio de retenue (R =

-0,75;] =0,05; figure3.8).En ef f et , |l es barrages au fil de | 6
faible ratio de retenue (< 1 %) et l eur i mpact
barrages de stockage et avec | ©c her dbeau s el @onte lamiendummande de
impact significatif sur le régime thermique et leur ratio de retenue variait entre 10 et

103 %.

O régulé - fil de 'eau
O régulé - stockage

o3 A régulé - demande de pointe
0.2} o
o
0.1}
o]
0 L

score CP2
(indicateur de 'altération thermique)

e}
01p
o

02} %z} ]

03f &
0.4 - : : :
0.01 0.1 1 10 100

ratio de retenue (%)

Figure 3.8 Relation entre le ratio de retenue et les scores de la deuxieme composante principale
(CP2) pour les rivieres régulées. L 6 ax e d e ssenté selantune gahedle logarithmique. Les barres
dbéer r eursaaxkague pointRirliquent les valeurs minimale et maximale du score aux sites avec plus
déune ann®e de mesures.

3.3.3 Discussion et conclusion

Deux approches de caractérisationont été ut i | i s®es pour ®tudier | 6i my
sur le régime thermique des rivieres, soitl 6 anal yse des p®riodicit®s pa
fonction sinusoidale ( secti on 3. 2) et | 6approche ther mol ogi

par aj ustement doun fitpreave detparcmoniesen nanastérisadt del e

r ®gi me thermigue annuel " | 6 aDedad, cefteeappoehe| e ment t
s6b av r eapprwoche moins fastidieuse et arbitraire po ur l e d®vel oppement
classification des régimes thermiques, car une réduction de dimension ( e . g . - | 6ai de

déune analyse en commd@sfanptaess “pr { tde enpn@léd £)ct u®e
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préalable (section 3.1). De plus, cette approche facilite la visualisation des impacts tout

au | ong dd&8outkfdsaind®epr oche par ajustement doéune
sbav re moguone f baeppbbehequantae chonodesongiriqueset a

l a p®ri oé&.ePadodienxte®rpl e, | 6approche thermol ogique
impacts thermiques de maniére détaillée au cour s doéunéte) almasgen (e. g.

| 6approche par ajustement seumemteapplicable pauriunen si nus o|
année complete. Bien que | 6ef fort de <cal cul pui sse °tre
thermol ogi que, | es m®t riqgues cal cul ®es peuvent
gestion en identifiant les attributs du régime thermique préoccupants. De plus, les

conséquences bhiologiques peuvent varier s e | o n ut dd agimer thebmique modifié.

Par exempl e, un rehaussement de |l a temp®rature
dans la présente étude, peut influencer la durée de la période de croissance (Neuheimer

et Taggart, 2007) et | obcurrence de la gamétogénése (Dabrowski et al., 1996) chez

certaines espéces de poissons. Au contraire, les fluctuations intrajournaliéres (i.e. écart

journalier) peuvent influencer le taux métabolique standard pour des poissons vivants

au-dessus de leur température optimale (Oligny-Hébert et al., 2015). Ainsi, la

modification de chacun des attributs du régime thermique peut avoir des conséquences

di ff® rentes sur |l es ®cosyst mes aquatiques, doéo
qui permet de cerner les attributs du régime thermique problématiques.

Cette ®tude a plkes atibsts dii Gdgiche thérmidué estival les plus

largement influencés par la présencedebar rages dans des rivi res de
Cette information régionale peutgui der | es ®t déthidées (icOpoumpnasitet

en particulier). Par exempl e, cette information
dans | e cadre do®tudes doéi mpact en identifiant

particulierement sensibles a la modification des attributs du régime thermique identifiés.
De plus, la connaissance des attributs du régime thermique communément modifiés par
|l es barrages peut ®g alne approche dg mdddisation (e.g pashoi x dodéu
de temps, précisionrequi se) pour une caract ®r nthanmiquen d®t ai l

spécifique au site.

De maniére générale, les six métriques (Rampl, Rpos, Rneg, Rrng, Rrev, Mmo9)
permettant de contraster le régime thermique des riviéres régulées et naturelles étaient
fortement corrélées. D6bun point de vue statistique, on ol

qguant ° | i nf or mati on ¢ etane semeée sd@riqup paurrait @re  m®t r i q U
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utilisée pour capter et décrire le schéma de divergence entre les rivieres régulées et
naturelles. Par exemple, la métrique décrivant le 90° centile des changements
interjournaliers négatifs de | a t e mp ®r aeg)wavaiela shteratibnéabsalue la( R n
plus élevée pour la deuxieme CP et pourrait donc a elle seule décrire le schéma de
divergence entre les rivieres régulées et naturelles. Toutefois, pour les gestionnaires, il

est i mportant de consi d®rer | 6ensemble des attr
un barrage étant donné les différente s i mplications ddéun point d e
Léatt®nuation de | 6i mpact tédalementi pgrudédféredtes s barrag
mesures qui vari ent selon | 6attribut du r ®gi me

(2001) a mont a®i o ne diddtiniveauipauii us barrage avec une prise
ddeau hypol i ndarétablirdes fempénateres plus chaudes au printemps et a
| 6 ®pbukefois, cette mesure ne permetpasl a rest auration dbéautres at
thermique (e.g. taux de réchauffement, occurrence des températures maximales) ce qui
peut r ®dui r eduh @ e ft feil ddecgedieRs qudnteau rétablissement des

communautés aquatiques.

Selon | a pr®sente ®tude, l e ratio de retenue i
causé par un barrage. Buendia et al. (2015) ont également observé une relation entre le

ratio de retenue et | 6i mpact thermi que des b a
Espagne. Déapr s | a pag&sagamtt ume capaaitéd de, retehue s barr
équivalant a plus de 10 % du ruissellement médian annuel ont entrainé la modification

du régime thermique des rivieres. Des travaux de recherche supplémentaires

permettraient de mieux définir le seuil du ratio de retenue a partir duquel un impact

thermique est observé. La présente étude suggere que ce seuil se situe entre 1 et 10 %

pour des rivieres de taille moyenne et la pertinence de ce seuil pourrait également étre

test ®e pour de petits ciec odur dassind dversant (super
< 50 km2). Selon les résultats de la présente étude, le ratio de retenue pourrait étre

utilis® pour identifier | es sites mavoeidesun poten

donn®es de temp®rature de Ichhemame medesdntsopayendi 3

dans les rivieres canadiennes. Une telle anal yse pr®l i minaire per met
priorit®s guant au choix des sites de sui vi d
nombreuses rivieresrégul ®es ~ travers | 6est du Canada.
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3.4 Objectif 4 Am®Il 1 or er | 6estimation du f |
al 6®vaporation dans |l es outils de mod®¢@
Le quatrieme objectif de cette these est d 6 a m®I| i or er l es outils de mc
temp®rature de | 6eau ° travers une estimation pl

| 6 ®vapor at ieaifsa spécifigees deodetie étude sont de 1) développer une
m®t hode de mesure directe de | 6®vaporadkei on en r
transfert de masse pour esti mer l e taux déo®vaporation e

microclimatiques et 3) évaluer la contribution du flux de chaleur latent (évaporation) par

rapport aux autresfluxc omposant | e bilan thermique des cour
Afinder ®al i ser ces object i f s, évapoeatioh & aiéxétudiéhdans mi que as
le bassin de la riviere Miramichi au Nouveau-Brunswick. La t emp ®r at ur e de | 6eal

réle important dans cette riviere étant donné que celle-ci accueille la plus grande
population de saumons de | 6 Atl antique dans l e sud de | 6A]
températures élevées d e | énera@nant un stress chez cette espéce. Le choix de ce

site d6®tude r epose @&godcte deeannéesanicmoclirhadquesani t  qu e
riviere y est assidiment effectuée, permettant ainsi une étude détaillée des différents

flux thermiques.

3.4.1 Méthodol ogie

Deux stations météorologiques ont été installées dans le bassin de la riviere Miramichi,

soit une station dans la riviere Little Southwest Miramichi (LSWM; 1190 km2) et une

station dans le ruisseau Catamaran (CatBk; 27 km?2). Ces deux sites ont été étudiés afin

de comparer | e fl ux t her dansqunegivieaess taille m@&enne | 6 ®vapor
et un petit cours dbébeau abrit® par la v®g®t at

conditions microclimatiques (radiation solaire, radiation de longue longue u r ddbonde,

temp®rature de | d6air, humi dit® relative, vitess
environ deux metres au-d essus de | a surface de | b6eau. La t
®gal ement enregi str®e aux deux sidquessontédté ®t ude. L
coll ect®es pendant | 0®t ® 2012, soit du 12 juin &
Dans cette ®tude, il est propos® de mesurer |e
mi ni bacs flottants, soit des conRemeaaemge en pl ast

profondeur rattachés a un cadre de bois pour assurer leur flottaison (figure 3.9). Cette
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méthode de mesure repose sur le principe de bilan de masse. Chaque minibac est

rempl i dbéeau, p es ® vier¢ pour ®@nelheuye®Uneal fais cette lhaure r |

écoulée, le minibac est pesé de nouveau et la différence de masse entre les deux

mesures correspond ° Il a quant iAfilRde dabderacette ®v apor ®e
méthode de mesure, les minibacs flottantsontt o ut défeadployess” | 6i nt ®r i eur d

bac doé®vapor at, isatrmn idsetumenty gpreuvéApour la mesure du taux
do®vapolreast immensur es du taux doé®vaporation effectu

ensuite été comparées.

Figure 3.9 Minibac flottant déployé dans le ruisseau Catamarana | 6 ®t ® 201 2

Les minibacs flottants ont ensuite été utilisés pour effectuer des mesures du taux
dé®vaporation en rivi re. Des mesures =189 ®vapor at
dejouretn=18denuit) etaCatBk (n =19 de jour). Chaogratien mesur e
correspond a la moyenne de trois réplicats (i.e. trois minibacs déployés simultanément).

Les mesures simultan®es du taux doé®vaporation e
®t ® util i s®es pununodelé de transfértidd masse.iCe modéledpermet

dbéesti mer | e taux do ®déiqgit de mession de vapaur dt denlda t i on du

vitesse du vent :

0 & Hod Q (3.2)

olOr epr ®sente | e t(mmuj), deé @somrt lesocoeffitients ae la fonction
de vent spécifiques au site, 6 est la vitesse du vent (m s™), ‘T est la pression de vapeur

satur®e 7 la temp®r@Qeéestel depltésauobfk@emuyapeur de
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de la riviere (kPa). La calibration a donc permis d 6 tamer les coefficients @ et @
spécifiqgues a LSWM et CatBk.

Un mod | e de temp®rature de | deau bas® sur un bi

de temps horaire peaw(Caisdiecsal., @®Y)x cours dbob

[98% ® 0 3.3

Qo0 Q" 8 (3:3)
ot'Ycorrespond = |l a temp®sthaurargeut 6éauwc ¢ AIC$ , doe
est la chaleur sSAHROT MIkyt€’),d eestlltgeaduensi t® de | &

(1000kg m®), 6 est baire transversale d@ cestdertlan ddeau (1
thermique net. Pour le calcul du bilan thermique, les flux thermiques suivants ont été

estmés™ | 6i nt-eauf aca&diaatri on sol aire, radiation de |
de <chal eur |l atente et f Interface @au-sédireats, deg flux sensi bl e

thermiques suivants ont été estimés:conducti on et advection dbdeau s
3.4.2 Résultats

Une forte correspondance a été observée entre les mesures du taux journalier

d 6 ®v a p o r =aa6) effactuéésmpar lesminbacs fl ottants et l e bac d
type A (R2 = 0,96). Ces résultats indiquent que la méthode par minibac flottant permet

de mesurer | e taux d§uste; apédnard ainsicson utdisatiomypouri  r e

mesurer | 6®vaporation en rivi re.

Albai de des mesur es déo®vaporation effectu®es p
conditions microclimatiques mesurées par les stations météorologiques, les coefficients
¢ et o des fonctions de vent (équation 3.2) ont été estimés pendant le jour aux deux
sites d 0 ®figured3el0).(De plus, ces coefficients ont également été estimés pendant
la nuit a LSWM. Les modeles ainsi développés permettent une bonne estimation du taux
d

(@)

®vaporation en rivi re. Par exempl e, | 6erreu
®aoration était de 0,65 mm jr pour les conditions de jour et 0,34 mm jr* pour les

0

onditions de nuit N L SWM. é€ Cat Bk, |l 6erreur
6®vaporat0iEmm@ptéaitti tdree comparati f, |l 6erreur gqua
u

d
Cc
d6
!

adratiqgue moyenne divis®e par | 6®cart ma Xx i ma
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doé®vapor ateibdi peur les condittbns de jours a LSWM, 16,7 % pour les
conditions de nuit & LSWM et 5,1 % a CatBk.

8 1 a) LSWM 5 1 b) CatBk
—_ 7 1
‘TE 4
2 61
£ 41 Wiour = 2,64 + 2,921,,,
£
3 “]
*l :A“
38 214 Yruie = 1,13+ 1,781 4 |
oo s,
0 T T T T T 1 0 T T 1
0 1 2 3 4 5 6 0 0.2 0.4 06
vitesse du vent (m s™) vitesse du vent (m s™)

Figure 3.10 Fonctions de vent calibrées pour a) la riviére Little Southwest Miramichi (LSWM) et b) le
ruisseau Catamaran (CatBk)

Les mod | es doé®vaporation d®vel opp®s ont per mi s
dé®vapor atuixons iatuexs dpee n d &6rmm jit & @IWM eR10nth jr' &

CatBk. De mani re g®n®r al e, l e taux doé®vaporation
déo®vaporation 7 CatBk ce qui sbexplique par | a
mi croclimatiques aux deux sites. La [B@&m geur de

comparativement a 8 m a CatBk. Ainsi, les conditions relativement ouvertes a LSWM ont

fait en sorte qubébon y observait des vents plus
favori sant ai nsi | 6®vaporati on. é | 6i nver se, |
circulation déair et | a d®perdition dohumidit ®, [ i mi
variabilité spatiale, on observe également une variation temporelle dans le taux
do®vaporation. Par exempl e, " L SWM, | e taux doe
nuit (médiane hor aire du t sadexentc ® @6/ e p,08manthit poar la

période allant de 21 h et 9 h), augmentait pendant la journée et atteignait son maximum

en fin-nddadpr(m®di ane horaire 02Bummthaaul?:00)l 6e®Bvapor at i
t a u x apdrétienvsuivait ainsi le cycle journalier des conditions microclimatiques. En

effet, le déficit de pression de vapeur et la vitesse du vent atteignaient leur minimum

pendant | a nuit et | emid. maxi mum en fin dbéapr s
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La temp®rat ur enodde®||ibse®eu "a | &ta® de doéun bil an ther
12 juin au 28 aolt 2012. De maniére générale, on observe une bonne correspondance
entre les variations horaires d e l a temp®r at ur ee ed®muléedlema u obser
performance du modeéle était supérieure a LSWM (erreur quadratique moyenne = 0,2 °C,
R2 = 0,95) en comparaison a CatBk (erreur quadratique moyenne = 0,4 °C, R2 = 0,73). A
CatBk, le modele permettait une bonne estimation des valeurs médianes, mais avait
tendance a surestimer les valeurs élevées du taux de changement horaire de la

temp®rature de | 6eau.

Pendant | 6 ®t ®, |l a radiation solaire a constitu®
les différents flux de chaleur composant le bilan thermique. Le gain de chaleur moyen

associé a la radiation solaire était de 308 W m? & LSWM et de 101 W m? & CatBk

pendant |l 6®t ® 2012. Au contraire, | 6®vaporation
dans l e bilan thermique. En méeyaeumen gerte de 6 ®vapor a
chaleur de 86 W m? a LSWM et de 36 W m™ & CatBKk.

3.4.3 Discussion et conclusion

Cette ®tude a propos® une m®t hode de mesure dire
l es mod | es de temp®rature de | 0 eparation este f | ux t
g®n ®r al ement estim® par c a leimodélast de dransfect Wle p ar | 6 a
masse tirés de la littérature. Cependant, ces modéles empiriqgues ont généralement été

développés pour de grands lacs ou la portée effective du vent (« fetch ») est plus

importante que pour une riviere en milieu forestier dont la forme linéaire limite

généralement celle-ci. Jusqudbé”™ maintenant, seul ement deux @
mesures directes doé®vaporation enl,2012vParre ( Benn
exempl e, Guent her et al . (2012) avaient effectu
petits cours dbéeau forestiers ° | daide dbébun cyl
les changements de niveaudans | e bac débaRpvparpoochitae deppaasse L

des mini b atouefoisplaws rgr ®ci s e. En effet, l Gutilisat
précision de + 0,1g per met déobt eni rr 0,008 @m pour®@e tauxi on de
do®vaporation. Guent her et al . d€ l2ud dylihdre de n t pl ut?
Mariotte a + 0,04 mm aprés avoir corrigé pour le biais dans les mesures. De plus, les

minibacs flottants offrent également la possibilité de mesurer la condensation (i.e. gain

de masse), ce que le cylindre de Mariotte ne permet pas. Bien que les minibacs
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dé®vaporation facilitent | a mesur e directe d e
inconvénients sont associés a cette approche. En effet, le déploiement des minibacs
requi ert beaucoup de temps ®tant daopnise @ | 6 absen
mesure. De plus, les minibacs ne peuvent étre déployés dans des rivieres a forte

turbulence™ cause du risque de renversement-ciou do®cl ¢
Par ailleurs, | es mi ni bacs permettent de mesueaar l e tat
stagnante contrairement "’ | a rivi re o% | 6eau
conditions, Benner (1999) a observ® un plus for
mouvement en comparaison ° de | 6eau stagnant e.

reposeque sur un petit nombre dbéobservations et une

de mi e u X comprendr e comment | ece Im@ucessuse nt de |
do6®vapoRkiandloemment , l e fait doéisoler un petit vol
peutmeneraun r ®c hauffement de | a t echegn® mpdraisone de | 6e.

l a temp®r at ur e d\Bn dé @remndreuen domptd cat effetj on iappligue .
g®n ®r al ement un facteur de correction pour est |
partr de mesur es pri ses a\atog deuype A iastallé duy @vrigep o r
(Dingman, 2002). Cette problématique sdav re probabl ement de moi nd
pour les minibacs étant donné que ceux-c i flottent dans | 6eau plut?tt
au sol bien que la mesur e de | a t e mgawdaast lesrnenibadseflotthnds
permettraitd 6 ®1 uci der cette question.

Dans cette ®tude, |l e flux thermique associ ® ~ |
i mportant m®cani sme de refroiudissem@®nuda.esEmdeaea
| 6®vaporation repr®sentait ° 42 % des pertes de
chal eur ” Cat Bk pendant | 6 ®t ®. Sur une base |
température maximale journaliére et ce flux thermique instantané a atteint -478 W m? a

LSWM et -185 W m™? & CatBk. Une estimation adéquate de ce flux thermique est donc

i mportante pour | a mod®lisation de | a temp®rat ul

la modélisation de la température maximale journaliere, une variable importante pour

| 6esti mation du stress thermique chez |l es esp
dé®vaporation d®vel opp®s peuvent am®l|l i erer Il a
temp®rature de | 6eau. En compar ade $¢adittératire | 6 ut i | i ¢
(McJannet et al.,, 2012; Webb et Zhang, 1997), | Gutilisation du mod | e

masse aLSWMper met doa@®PACor@&er deur quadratiqgue moye

| 6estimati on du changement hbPareonteedel datilkimp &t &
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modele de transfert de masse ne permet pas une amélioration marquée de la
performance a CatBk, ce qui suggereque dbdautres facteurs contri b

davantage ~ |l 6incertitude du mod |l e de temp®rat.

Diver ses activit®s anthropiqgues peuvent affecter |
|l es conditions microclimatiqgues ou en augment ant
la r®colte foresti re peut augmenteentainamt vent i | a
ainsi une évaporation accrue en riviere (Benner, 1999; Guenther et al., 2012). La charge

thermique additionnelle causée par les centrales thermiques et les barrages peut

également affecter | 6 ®vapor ation en rivi resefd,u2i2ord et S
West, 2014). Comme décrit dans cette thése (section 3.2), les barrages de stockage

avec un réservoir peu profond peuvent également entrainer un réchauffement estival

des rivieres. Un e bonne estimati on du flux ontdster mi qgue

nécessaire pour modéliser et gérer les rivieres dont le régime thermique est affecté par

di ver ses activit®s ant hropiques. D®j " , | e mod
pr®sente ®tude a ®t ® utilis® afin deddmomd®l i ser
barrage avec prise dbébeau ®pi i mni que (West, 2
permettraient de mieux ®valuer |l a transf ®rabil:i
(tel que cel ui d®vel opp® dans cette ®tude) ~ doce
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CHAPITRE 4 : CARACTERISATION ET CLASSIFICATION
DU REGIME THERMIQUE ANNUEL DES RIVIERES

Les travaux r®@al i s®s dans ce <chapitre sont pr

scientifique rédigé en anglais :

A classification of stream water temperature regimes in the conterminous USA
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Abstract

Temporal variability in water temperature plays an important role in aquatic ecosystems,
yet the thermal regime of streams has mainly been described in terms of mean or
extreme conditions. In this study, annual and diel variability in stream water temperature
was described at 135 unregulated, gauged streams across the United States. Based on
magnitude, amplitude and timing characteristics of daily water temperature records
ranging from 5 to 33 years, we classified thermal regimes into six distinct types. This
classification underlined the importance of including characteristics of variability
(amplitude and timing) in addition to aspects of magnitude to discriminate thermal
regimes at the continental scale. We used a classification tree to predict thermal regime
membership of the six classes and found that the annual mean and range in the long-
term air temperature average along with spring flows were important variables defining
the thermal regime types at the continental scale. This research provides a framework
for a comprehensive characterization of the thermal regimes of streams that could
provide a basis for future assessment of changes in water temperature caused by

anthropogenic activities such as dams, land use changes and climate change.
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4.1 Introduction

Managing for natural variability has been proposed as the new paradigm for the
management of freshwater ecosystems (Poff, 2009). This holistic approach has been
well embraced for flow management and only recently has this approach gained
momentum in the context of managing stream water temperature. The thermal regime of
streams has predominantly been described in terms of magnitude (mean or extreme
conditions). However, in addition to magnitude, temporal variation in water temperature
plays an important ecological role. For example, the life history of freshwater organisms
is generally tightly coupled with the seasonal signal of water temperature (McCullough,
1999, Ward and Stanford, 1982). Cumulative degree-days, a measure of magnitude and
timing has also been considered in biological models given water-temperature limitations
associated with growth (Neuheimer and Taggart, 2007; Vannote and Sweeney, 1980).
Variability at shorter timescales can also play an important ecological role. For example,
diel variability has been shown to influence the distribution and the timing of life history
processes of aquatic organisms (Steel et al., 2012; Ward and Stanford, 1982; Wehrly et
al., 2003).

Recent characterization efforts have in fact embraced the importance of variability in the
management of stream water temperatures. Borrowing from the natural flow regime
concept (Poff et al., 1997) and calculation of metrics associated with the time series of
hydrologic records (Olden and Poff, 2003), the thermal regime of streams has been
described through a series of metrics describing magnitude, frequency, duration, timing
and rate of change in water temperatures (Arismendi et al., 2013a; Chu et al., 2010;
Olden and Naiman, 2010; Rivers-Moore et al., 2013). This approach provides a
comprehensive characterization of thermal regimes, although it requires numerous
metrics to capture the multivariate properties of water temperature variability and faces
the inherent difficulty of selecting the most appropriate and informative ones. Recent
efforts in the classification of flow regimes have shown the value of using scale-
independent methods based on fundamental characteristics of the flow signal as

opposed to winnowing down a large set of correlated metrics (Archfield et al., 2013).

Environmental drivers at multiple spatial scales interact to bring about a given thermal
regime. Thus, an important challenge in managing water temperatures lies in the

difficulty of reconciling variability arising from processes occurring at the reach,
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catchment and regional scales. Classification can help address this challenge by
providing an organizational framework and offering guidance on when and where
streams are comparable. In the context of water temperature management, classification
offers an appropriate way of considering water temperature variability in the definition of
desirable conditions as well as in the assessment of anthropogenic impacts. For
example, Rivers-Moore et al. (2013) used classification to identify river reaches sharing
similar thermal regimes and defined reference conditions against which the thermal
regime of a stream below a reservoir could be compared. At the landscape scale,
existing spatial classifications such as ecoregions have been found inadequate to
capture spatial variability in stream water temperature (Chu and Jones, 2010;
Makarowski, 2009). Therefore, the question of how to classify streams according to their

thermal regime at large spatial scales is particularly relevant.

The objectives of this research were to 1) characterize the thermal regime of streams,
with an emphasis on water temperature variability; 2) describe patterns of variability in
water temperature and propose a classification of thermal regimes and 3) identify key

drivers that influence the thermal regime of streams at the continental scale.

4.2 Methods

4.2.1 Site selection

The aim of this study was to characterize the thermal regime of minimally impacted
streams and as such, we selected 76 reference sites for which daily water temperature
data were available from the Geospatial Attributes of Gages for Evaluating Streamflow,
version |l (GAGES-II) database developed by Falcone et al. (2010). To expand spatial
coverage, we also selected 59 sites with a hydrological disturbance index below the
median in each of the 18 two-digit Hydrologic Unit Code (HUC) regions. The hydrological
disturbance index provides a qualitative assessment of hydrologic alteration based on
the presence of dams and canals, change in reservoir storage from 1950 to 2009, road
density, proximity to major pollutant discharge site, water withdrawals and landscape
fragmentation (Falcone et al., 2010). We also used site description in USGS annual data
reports to avoid the selection of sites with a strong influence from regulation and
diversion. We selected sites where the annual mean water temperature was stationary in

time, which was assessed with a Mann-Kendall test | = 5 %). At eight sites in the
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GAGES-II reference set, the annual mean water temperature was not stationary but we
included these Areferenceod sites in the
total, 135 sites were selected to characterize the thermal regime of streams in the
conterminous United States. The record period spanned from 1952 to 2012, although 91
sites had a median year greater than 1990. The selection included a wide range of
catchment sizes and drainage area varied from 4 km? to 33,198 km2. We performed the
selection of sites to be representative of the main landscape and climatic regions in the
study area. Still, the selection of minimally impacted sites implied a certain bias. For
example, small mountain basins in remote areas were generally better represented than
large river basins. In addition, regions such as the Great Plains are underrepresented

given ubiquitous alteration (i.e. agriculture).

Daily minimum, mean and maximum water temperature data were extracted from the
USGS National Water Information System (NWIS) database
(http://waterdata.usgs.gov/nwis). Each site was required to have at least five years of
data and each year had to have no more than 30 days of missing data to be included in
the analysis. The data record was not required to be continuous and non-consecutive
years were used as needed to compute the average daily mean and daily range water
temperature at each site. The number of years of data varied between 5 and 33 years
for selected sites. For 56 sites, mean daily water temperature was not available and was
estimated as the average of daily minimum and maximum water temperatures. (A
separate analysis of 30 randomly selected data pairs of daily maximum and minimum
temperatures showed this procedure to return estimated mean values with a mean error

of 0.2 °C compared to observed values.)

4.2.2 Environmental attributes

For each selected site, environmental attributes related to topography (elevation, slope
and aspect), climate (long-term air temperature and precipitation, proportion of
precipitation as snow), geology, soil properties (bulk density, permeability, clay/silt/sand
content) and land cover (develop/forest/cultivated land cover, density of lakes) were
extracted from the GAGES-II database. In this database, long-term air temperature and
precipitation information were compiled from the PRISM dataset at each site (PRISM
group, Oregon State University, see www.prismclimate.org). Given diel variability was

also examined in this study, we compiled metrics describing sub-daily variations (i.e.
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daily range) in air temperature at each site using the PRISM surface air temperature
climatology dataset. In addition, 118 hydrological indices selected from Olden and Poff
(2003) were calculated to describe the magnitude, duration, frequency, timing and rate
of change in flow conditions at each site. Hydrological indices were calculated using flow

time series that were concomitant with water temperature data.

4.2.3 Characterization of the temporal variability in water temperature

The thermal regime of streams was characterized by describing two timescales of

variability: annual and diel.

Annual variability

Annual variability was characterized using a Fourier series. This method has the
advantage of summarizing a large proportion of the variance using a small number of
coefficients rather than calculating a large set of correlated metrics. The Fourier series
decomposes the time series into a sum of sinusoidal components and quantifies the
periodic variation in water temperature. A Fourier series was fit to the average mean
daily water temperature for the open water period:

wOEt" (4.1)

€1 o

where T,, is the mean daily water temperature, t is the Julian date (1 to 365), & is the
mean annual water temperature (°C), & and & are coefficients fit through nonlinear least
square regression and @ are the periods of variation or harmonics (e.g. 365 and 182
days). One to four harmonics are generally sufficient to model annual variation in water
temperature (Caissie et al.,, 1998; Kothandaraman, 1971). In this study, the first
harmonic (& o @ days) explained between 80 and 99 % of the variance in mean daily
water temperature. Only for 12 sites (9 %) did the first harmonic explain less than 90 %
of variance and for 75 % of sites, the first harmonic explained at least 94 % of variance
in mean daily water temperature. As such, only the first harmonic was used to
characterize annual variability. This choice allowed a good balance between the number

of parameters needed to describe annual variability and variance explained.
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We fit the Fourier series for the open water period which was defined according to the
method described by Daigle et al. (2010a). For streams with an ice cover, less than 365
days of data were available to fit the Fourier series and frequencies of variation failed to
be orthogonal given only a fraction of the periods of variation were observed (Bloomfield,
2000). As a result, small differences can occur between the observed mean annual
water temperature and the & coefficient. These differences were generally small (mean
difference = 0.1 °C) and a difference larger than 1 °C was observed only at three sites.

Three parameters were used to describe annual variability in stream water temperatures:
mean annual temperature () as well as the amplitude and phase of the first harmonic

(figure 4.1). The amplitude of the first harmonic was calculated as in Anderson (1971):
o) O (4.2)

The phase of the first harmonic was calculated as in Anderson (1971):
% OAT QIO (4.3)

where 0 is the annual amplitude (°C), %o is the phase in radians (between 0 and ¢*) and
& and o are coefficients derived for the first harmonic (@ o @ ) of the Fourier series
(equation 4.1). The phase provides information on the timing of the annual water
temperature cycle. For example, the occurrence of the maximum annual water
temperature can be expressed as:

oQuU

vo 2% (4.4)

C

where 0 ‘O is the Julian date (between 1 and 365) of the occurrence of maximum

annual water temperature as predicted by the Fourier series.
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A, : amplitude

------------- ap : mean

: phase
e

1 day of the year 365

mean daily water temperature (°C)

Figure 4.1 The three parameters describing the annual thermal regime of streams

In order to propose a typology of annual thermal regimes, we characterized similarity
among streams using hierarchical clustering with the Euclidean distance as a measure
of di ssimilarity and War dés met hod as
standardized scores of the three parameters (0, © and %o) to perform the clustering

analysis. The number of clusters was determined by examining the dendrogram and the

Cal i nski and Har ab a scustes to rwithinicloster osim db equavee e n

differences (Milligan and Cooper, 1985). We also assessed the stability of clusters
through a bootstrap approach with the R package fpc (Hennig, 2007). First, hierarchical
clustering was performed on a resample of selected sites (with replacement to keep size
constant). Second, the similarity between each new cluster set and the original clusters
was assessed with the Jaccard index, which is the ratio between the number of elements
that share the same membership and the total number of distinct elements in both
datasets. We performed the comparison between the original and resampled partition
1000 times and we computed the mean Jaccard coefficient for each cluster. The Jaccard
coefficient ranges from 0 to 1. A stable cluster is generally characterized by a Jaccard
coefficient larger than 0.75 while a value of 0.5 indicates that a cluster could be broken
down into a simpler partition (Hennig, 2007). Given that water temperature time series
could span different periods at each site, we evaluated if the lack of temporal overlap
between sites could have affected the classification. For each cluster, we selected the
site with the 16gearg)astwe diveleddhe time (sédies into periods of
five years. We calculated Fourier coefficients for each five-year period and assessed
uncertainty through the coefficient of variation of the parameters. We also compared the

interquartile range of five-year period coefficients to the interquartile range of clusters to
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evaluate if uncertainty related to temporal coverage could have influenced cluster

assignment.

Diel variability

In contrast to annual variability, diel variability was not described with Fourier series
given the diel cycle is not stationary throughout the year in temperate streams. For
example, diel variability tends to be of lower magnitude in the winter compared to the
summer when diel range generally reaches a maximum. Furthermore, diel variability also
varies through time due to the considerable influence of cloud cover. We characterized
diel variability by quantifying the mean summer daily range, i.e., the months of July and
August which are the hottest months with the greatest expected contrast in diel

variability.

4.2.4 ldentify drivers of thermal variability

The thermal regime of a stream is influenced by climate, hydrology, geology and other
environmental characteristics. To gain a better understanding of their relative influence
at the continental scale, two complementary approaches were used: a classification tree
and a random forest (RF) model.

A classification tree was used to attempt to predict membership to thermal regime
classes using environmental attributes and a subset of the 118 hydrologic indices
calculated. The subset of hydrological indices was selected with the random forest
model. Classification trees are well adapted for high dimensionality datasets with various
data types (continuous and categorical) with nonlinear relationships (Breiman et al.,
1984). The classification tree partitioned data through binary splits in a recursive way in
order to obtain homogenous classes with respect to predefined groups. The R package
rpart was used to produce the classification tree. To avoid over fitting, the tree was
pruned to the node within one standard deviation of the minimum standard error over all

nodes (Breiman et al., 1984).

A RF model was used both to evaluate the robustness of the classification tree and to
identify important explanatory variables for the prediction of thermal variability. RF
combined a large number of classification trees computed with a bootstrap sample of

70 % of observations and a random selection of predictors at each node (Breiman,
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2001). Using the left-out observations, the relative importance of a predictor was
measured by randomly permuting a predictor and computing the difference in prediction
accuracy (number of correctly classified observations) before and after the permutation.
The permutation of an important predictor should result in a large decrease in prediction
accuracy. The number of trees (n = 2000) to grow was determined by comparing models
with different random seeds and a model was considered stable when the relative
variable importance remained relatively constant. The RF model was computed with the
R package party using the conditional permutation importance measure to evaluate
variable importance. This unbiased tree algorithm was chosen to avoid the
overestimation of variable importance for correlated predictors as it has been discussed
by Strobl et al. (2008). Due to the large number of predictors, a two-step approach was
used to compute the classification tree and RF model. First, a RF model was fit using the
complete list of 118 hydrological indices. Five hydrological indices were selected by
evaluating variable importance as calculated by the RF model. Second, the classification
tree and RF model were fit using environmental attributes and the five selected

hydrologic indices.

4.3 Results

4.3.1 Annual thermal regimes

Mean annual water temperature (0 ) of selected sites ranged from 2.6 to 21.6 °C and the
amplitude of the first harmonic ranged from 1.7 to 16.1 °C. The phase of the first
harmonic (%.) ranged from to 3.34 and 4.05 radians, which corresponded to maximum
water temperature occurring on July 13 (Julian date 194) and August 23 (Julian date

235) respectively.

Classification that combined both diel and annual variability were generally unstable. As
a result, a classification based only on annual variability was constructed. Annual
thermal regimes were divided into six groups: highly variable cool, variable cold, variable
cool, variable warm, stable cool and stable cold (figure 4.2). We named the regimes by
considering the magnitude (cold, cool, warm) and amplitude (variable, stable)
characteristics of regimes. To describe magnitude, we followed the naming convention of
fish thermal guilds based on temperature tolerance: the annual maximum water

temperature was generally below 20 °C for cold regimes, between 20 and 28 °C for cool
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regimes and greater than 28 °C for warm regimes (Rahel and Olden, 2008). While the
Calinski and Harabasz index had minimum values for a solution with seven and eight
clusters, inspection of the dendrogram favored a solution with six clusters, which also
exhibited a small Calinski and Harabasz index compared to other partitions. The variable
warm, stable cool and stable cold regimes were generally stable clusters and had a
mean Jaccard coefficient larger than 0.7. The variable cold and variable cool regimes
were less stable as clusters and had Jaccard coefficients of 0.61 and 0.63, respectively.
The highly variable cool regime was the least stable with a mean Jaccard coefficient of
0.52, which indicated that further partitioning should be considered. However, this cluster
was relatively small (n = 12 sites) and a strong physical basis (i.e. presence of ice cover)

supported the presence of this cluster.
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Figure 4.2 a) Mean daily observed water temperatures for each annual thermal regime and b)
modelled characteristics of annual thermal regimes. The central mark is the median, edges of the box
represent interquartile range, whiskers represent extreme values that are not considered outliers and
crosses represent outliers.
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Uncertainty in Fourier coefficients associated with varying temporal coverage was
relatively small. The coefficient of variation in Fourier parameters calculated for each
five-year period of the longest record at each cluster ranged between 0.3 and 5.1 %. The
interquartile range of coefficients for every five-year period was generally 2 to 16 times
larger than the interquartile range of the cluster. These results suggest that temporal
coverage did not likely exert a strong influence on cluster assignment. Only for the phase
of the variable warm regime was the interquartile range of every five-year period
relatively similar to the interquartile range of the cluster (ratio = 30 %). However, the

interquartile range of this cluster was particularly small (figure 4.2b).

Figure 4.2a shows the observed mean daily water temperature at each site according to
the six annual regimes. Figure 4.2b illustrates the magnitude, amplitude and timing
parameters for the six annual regimes. For the discriminating parameters, the means
were overall significantly different between annual thermal regimes (Kruskal-Wallis test,
p < 0.05) and we performed a post-hoc multiple comparison test to further examine

differences between regimes (Tukey-Kramer test,| = 0.05).

The highly variable cool, variable cold and stable cold regimes all had a mean annual
water temperature below 10 °C but differed significantly in terms of their amplitude. The
highly variable cool regime was characterized by a large amplitude (mean = 13.3 °C)
and these streams were subject to the largest within-year fluctuations in water
temperature compared to the other regimes. As such, these streams exhibited rapid
warming in the spring and the observed annual maximum water temperature ranged
between 20.3 and 27.0 °C. Highly variable cool streams also distinguished themselves
from other streams in the northeast United States by formation of an ice cover during
winter. As such, water temperature was generally stable at 0 °C during the winter and
the ice cover typically appeared to extend until early March in these streams. On the
other hand, an ice cover also likely formed on variable cold streams, but only

sporadically from year to year.

Amplitude was the main discriminating parameter between the highly variable cool and
variable cold regimes given the magnitude and timing parameters were not significantly
different between those two regimes. The variable cold regime had a mean amplitude of
9.2 °C and the observed annual maximum water temperature ranged between 15.0 and

23.9 °C. The variable cold regime had a widespread geographical distribution and we
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identified variable cold streams across an important longitude gradient, from the west to

the east coast.

The stable cold regime was characterized by the lowest amplitude (mean = 5.7 °C)
compared to other regimes and the annual maximum water temperature remained below
23 °C in these streams. Maximum water temperatures also occurred late in these
streams, on average in early August (mean phase = 3.72 rad; Julian date 216).

The variable warm regime was characterized by a large magnitude and the mean annual
water temperature ranged between 17.4 and 21.6 °C. The observed annual maximum
water temperature exceeded 28 °C in these streams. The amplitude of variable warm
streams (9.9 °C) was generally similar to variable cold (mean = 9.2 °C) and variable cool
streams (mean = 11.0 °C). The variable warm regime exhibited strong geographical
affiliation and this regime was mainly found in the southeastern United States (figure
4.3).

The variable cool and stable cool regimes were comparable in terms of magnitude with
annual mean temperature averaging 13.5 °C and 12.8 °C respectively. However, the
stable cool regime was characterized by a smaller amplitude (mean = 6.9 °C) compared
to the variable cool regime (mean = 11.0 °C). The stable cool regime had a particularly
widespread geographical distribution, ranging from the west coast to the southeastern
plains (figure 4.3).

annual regime

highly variable cool
variable cold
variable cool
variable warm
stable cool

stable cold

* ® e I p ©

Figure 4.3 Spatial distribution of annual water temperature regimes
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4.3.2 Drivers of annual variability

In addition to the physiography and climate variables, five hydrologic indices were
selected to compute the classification tree: the mean flow in May and June, the mean
minimum flow in May and June and the coefficient of variation in the mean flow in May
(MA16, MA17, ML5, ML6 and MA28 in Olden and Poff, 2003). These indices were
identified as important explanatory variables with the RF model. Indices describing the
mean and minimum flow in May and June were strongly correlated to one another
(R > 0.8) but only weakly correlated with the coefficient of variation in the mean flow in
May (|R| < 0.4). Figure 4.4 shows the classification tree for annual thermal regimes. The
classification tree performed generally well. The misclassification error of the training
dataset was 19 % and the ten-fold cross-validation error was 30 % which provides a
more honest prediction error estimate. We also validated the classification tree using the
RF model. Three of the four environmental attributes used in the classification tree
ranked in the top 20 important variables as identified with the RF model. Only the annual
air temperature range was not identified as an important variable with the RF model.
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Figure 4.4 Classification tree for annual thermal regimes. Hist ograms under each regime indicate the
misclassification error  (HVaCl = highly variable cool; VaCd = variable cold; VaCl = variable cool; Vawm =
variable warm; StCl = stable cool; StCd = stable cold)

With the exception of the stable cold regime, annual thermal regimes were mainly
discriminated on the basis of climate (e.g. long-term air temperature average), as
opposed to more static physiographic basin properties. Streams at lower latitudes where
a warmer climate prevails were characterized with a variable warm water temperature
regime. Mean July air temperatures exceeded 27 °C at these sites which led to the
higher magnitude of the water temperature regime compared to other regimes (figure
4.2b). The highly variable cool and variable cold regimes were both characterized by a
cool climate and the annual mean air temperature was below 9.9 °C. Based on the
within-partition heterogeneity criterion of the CART algorithm used to build the
classification tree, these two regimes should be differentiated by their precipitation
regime: the mean January precipitation was below 3 cm for the highly variable cool

streams and above 3 cm for variable cold streams. However, this criterion led to the
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misclassification of the two northeastern streams and was potentially an artifact of the
underrepresentation of this region in the site selection compared to ice-covered streams
in the dry north central region. To test this idea, we produced a classification tree
between these two regimes only and the annual air temperature range came up as the
best discriminating variable. As such, we used the annual air temperature range in the

classification tree of water temperature regimes (figure 4.4).

The main discriminating characteristic between the variable cool and stable cool regimes
was the amplitude of the annual air temperature cycle. A large proportion of the stable
cool sites classified were located on the west coast characterized by mild temperatures
with an annual air temperature range between 11 and 17 °C. Similarly, stable cool sites
in Georgia and South Carolina were also characterized by a relatively small annual air
temperature range (between 19 and 20°C). The importance of the annual air
temperature range in discriminating water temperature regimes emphasized the need to
not only consider the magnitude of the air temperature regime but also its annual
variability when using air temperature as a predictor of stream water temperature

regimes.

The stable cold regime was the only regime differentiated by a variable not related to air
temperatures. Sites classified with a stable cold regime were characterized by a large
spring runoff compared to streams with other water temperature regimes. Streams
identified as stable cold were primarily small mountain basins with a large catchment
slope (mean = 32 %) and large base flow index (ratio between base flow and total flow;
mean = 32 %). The stable cold regime mainly comprised streams with a consolidated
period of high runoff in the spring (stable high-runoff and snowmelt regimes in
McManamay et al., 2013). Maximum flows tended to occur late for stable cold streams
(mean Julian date of annual maximum flow = 252) and snowmelt likely sustained these
cold streams until mid-summer. As a result, stable cold streams had a large phase
indicating a late warming of the stream. Combined with cool air temperatures associated
with high elevation and a large groundwater contribution, the amplitude of stable cold
streams was generally small compared to streams with a similar mean annual water

temperature (highly variable cool and variable cold).
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4.3.3 Diel thermal regimes

The mean summer daily range varied between 0.4 and 9.6 °C with a mean value of 3.7
°C. Figure 4.5 shows how the mean summer daily range varied across the study area.
The distribution of the mean summer daily range was right skewed and diel thermal
regimes were divided into four groups according to the 25" (2.2 °C), 75" (4.6 °C) and
90™ percentiles (7.0 °C). At the continental scale, our ability to predict diel variability from
environmental attributes was limited. Correlation between the mean summer daily range
and environmental attributes was generally weak (JR| < 0.4). When attempting to
distinguish sites in terms of diel variation, the difficulty lay in finding environmental
attributes that would discriminate between streams with a relatively small (< 2.2 °C) and
moderate (between 2.2 and 4.6 °C) mean daily range at the continental scale.
Interestingly, we found that diel variability in air temperature explained certain broad
patterns in diel variability in water temperature at the continental scale. Sites with a very
large daily range in water temperature (mean summer daily range > 7 °C) were generally
located in the central United States (figure 4.5) and these sites were characterized by
relatively large diel variability in air temperature as well. For example, sites with very
large diel variability (mean daily range > 7.0 °C) had a mean summer daily range in air
temperature of 17.1 °C whereas sites with small or moderate diel variability (mean daily

range < 4.6 °C) had a mean summer daily range in air temperature of 13.9 °C.

small (0.4 -2.2 °C)
A moderate (2.2 - 4.6 °C)
= large (4.6 -7.0 °C)
¢+ verylarge (7.0-9.6 °C)

Figure 4.5 Spatial distribution of diel water temperature regimes
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Figure 4.6 shows the relationship between diel and annual variability. The mean summer
daily range was not significantly different between the annual regimes (Kruskal-Wallis
test, p = 0.13) and the mean summer daily range could vary by as much as 8 °C for
streams sharing a similar annual regime. Correlation between the two timescales of
variability was generally weak. For example, the absolute correlation coefficient between
the mean daily range and parameters describing annual variability (magnitude,

amplitude and phase) ranged between 0.1 and 0.2.
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Figure 4.6 Diel variability in water temperature within each annual thermal regime. The central mark is
the median, edges of the box represent interquartile range, whiskers represent extreme values that are not
considered outliers and crosses represent outliers.

4.4 Discussion

4.4.1 Fourier series : a parsimonious framework to characterize annual
variability

From a methodological perspective, Fourier series are well suited to model annual
variability in water temperature (Caissie et al., 1998; Kothandaraman, 1971). Fourier
series provide a mathematical description of the seasonal water temperature signal
using only three parameters (magnitude, amplitude and timing). These parameters are
mathematically grounded but also describe ecologically relevant dimensions of water
temperature variation. Fourier series offer a net advantage over data-driven methods

(Chu et al.,, 2010; Rivers-Moore et al.,, 2013) where a large number of metrics are
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required to describe annual variability. These metrics generally exhibit a high degree of
redundancy and the selection of representative metrics can be partially subjective as a
result of characteristics of the study area and its scale. For example, metrics of
magnitude and rate of change were identified as good discriminants of thermal regimes
in the Great Lakes region, Canada (Chu et al., 2010), while metrics of magnitude and
annual variability were identified as good discriminant variables in the southern Cape
region of South Africa (Rivers-Moore et al., 2013). In contrast, Fourier series consistently
summarize annual variability using the same three parameters and as such, this
approach offered an effective and parsimonious framework to compare and classify

annual thermal regimes across different regions and spatial scales.

However, the use of additional and specific descriptors is still relevant and can help
provide a better understanding of the interaction between water temperature and
ecosystem processes. For example, specific descriptors of the thermal regime can help
map out the ecological response associated with certain types of thermal alteration
induced by dams (Olden and Naiman, 2010). Furthermore, a better consideration of
water temperature variability should not be made to the detriment of acute temperature
effects and both aspects should be integrated in management goals.

4.4.2 A classification of annual thermal regimes

Classification provides an organizing framework for river research and management by
identifying similarities across space regarding how a given abiotic factor varies in time
(Olden et al., 2012). For example, classifications of flow regimes have been proposed to
better understand patterns of flow variation in streams of the conterminous United States
(McManamay et al., 2013; Poff and Ward, 1989). Likewise, a continental classification of
thermal regimes provides insight as to how to make cross-system comparisons by
improving our understanding of how environmental drivers at different spatial scales
interact. Results of this research underlined the importance of amplitude and timing
parameters to discriminate thermal regimes at the continental scale. For example, we
observed that streams with similar mean annual temperatures could vary significantly
regarding seasonality (e.g. highly variable cool, variable cold and stable cold regimes;
figure 4.2). Variability at annual (Chu et al., 2010; Rivers-Moore et al., 2013) and
seasonal (Wehrly et al., 2003) scales have also been identified as important

discriminants when classifying thermal regimes at the regional scale, further
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emphasizing the importance of considering aspects of variability in addition to mean

conditions in thermal assessments.

At the continental scale, spatial variation in water temperature regimes was largely
explained by climate. The long-term air temperature average, a proxy for climate, was
identified as the strongest discriminating variable between annual water temperature
regimes. This finding is consistent with Hill et al. (2013), who also identified air
temperature to be a strong predictor of mean annual, summer and winter water
temperature across the United States. The relation between air and water temperature
has also been well exploited in statistical models (Benyahya et al., 2007). While mean air
temperature conditions were strongly correlated with the magnitude of water temperature
regimes, this research underlined the importance of considering climate seasonality as a
predictor of spatiotemporal patterns in stream thermal regimes. As such, we identified
the annual air temperature range as a strong discriminating variable between the highly
variable cool and variable cold regimes as well as between the variable cool and stable

cool regimes (figure 4.4).

In addition to air temperature, results also suggest the importance of the flow regime in
explaining some of the spatial variation of water temperature regimes. The magnitude
and timing of peak flows explained some of the spatial variation in stream thermal
regimes across the United States. For example, we identified the mean May flow as an
important variable to differentiate the stable cold regime from regimes that shared similar
air temperature characteristics (highly variable cool and variable cold; figure 4.4). This
relationship stems from the important role snowmelt plays in water temperature
variability (Smith, 1975). For example, MacDonald et al. (2014) found that water
temperatures were strongly linked to the onset of the spring freshet in headwater
streams in western Alberta. As such, changing patterns in the magnitude and timing of
snowmelt in certain regions (Barnett et al., 2005; Stewart, 2009) highlights the potential

sensitivity of snowmelt-driven water temperature regimes to climate change.

The strong influence of climate on annual variability in water temperature can explain the
general spatial coherence of most regimes (figure 4.3). However, the lack of geographic
affiliation for certain regimes (variable cold, stable cool, stable cold), as well as the
presence of a few geographical outliers, could be due to the contribution of local-scale
factors that were not considered in this continental scale analysis. For example, Chu et

al. (2010) note how local and macroscale factors, such as riparian vegetation,
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groundwater contribution and air temperature, interact to produce a given thermal
regime. While results from this research suggest that climate and peak flows are good
predictors of stream thermal regimes at the continental scale, a better understanding of
the relative influence of local factors across different regions is needed to make
statistical prediction of local thermal regime more precise.

4.4.3 Diel variability at the continental scale

This study generally had a limited ability to describe diel regimes given only minimum
and maximum daily values were available at study sites. Data at a finer temporal scale
(e.g. hourly) would have allowed the consideration of other aspects of diel variability (e.g.
timing, rate of change) which could have facilitated the classification of diel regimes. Still,
results suggest that climate influenced patterns of diel variability in water temperature at
the continental scale, although to a lesser extent than what was observed for annual
regimes. Streams with large diel variability in water temperature were generally
associated with large diel variability in air temperature. Our ability to discriminate
between small and moderate diel variability was particularly limited at the continental
scale. Local, unmeasured factors likely had a predominant influence on the mean
summer daily range. For example, riparian vegetation may not have been captured with
sufficient precision in this continental assessment and information on important local
factors (e.g. width-to-depth or entrenchment ratios) was not available. Although an
important aspect of water temperature regimes, only few studies have attempted to
model diel variability (Link et al., 2013). Still, the weak correlation between annual and
diel regimes emphasizes the importance of characterizing both diel and annual variability
in thermal assessments. The classification scheme constructed in this study mainly
focused on annual variability; however, further research should examine how other
timescales of variability (e.g. diel and interannual) can be incorporated in classification

schemes.

4.5 Conclusion

In this research, we proposed a framework for a comprehensive characterization of
stream thermal regimes across the conterminous United States. Such framework can

facilitate cross-system comparison as well as provide a basis for the definition of
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reference conditions. For example, this framework can help managers set expectations
in terms of the natural range of variation in water temperature in a given region.
Moreover, expectations regarding water temperature can be set for the entire open water
period rather than focusing only on the summer. Such information is particularly
important given the life cycle of many species is timed with certain conditions in water
temperature. Thermal alteration in a given stream could be assessed by evaluating if
magnitude, amplitude and timing parameters fall outside the natural range of variation
from reference conditions. Accordingly, this approach provides an efficient framework to
assess and describe the alteration of water temperature by dams, land use changes as
well as climate change. Furthermore, this framework could also be used to gain a better

understanding of the sensitivity of different regimes to different sources of change.

Thermal classification is an important first step towards a better understanding of what
factors influence stream thermal regimes at different geographic scales and for
predicting the ecological response to changes in water temperature. At the continental
scale, the modification of stream thermal regimes is expected to affect species
distribution as well as the dispersal of invasive species (Rahel and Olden, 2008). The
proposed classification can help develop regime-specific generalization about the role of
water temperature in shaping aquatic ecosystems and as such guide management

decisions in the context of a changing environment.
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Abstract

Although small and medium-size dams are prevalent in North America, few studies have
described their year-round impacts on the thermal regime of rivers. The objective of this
study was to quantify the impacts of two types of dams (run-of-river, storage with shallow
reservoirs) on the thermal regime of rivers in eastern Canada. Thermal impacts of dams
were assessed 1) for the open water period by evaluating their influence on the annual
cycle in daily mean water temperature and residual variability and 2) for the ice-covered
winter period by evaluating their influence on water temperature duration curves. Overall,
results showed that the run-of-river dam with limited storage capacity did not have a
significant effect on the thermal regime of the regulated river. At the two rivers regulated
by storage dams with shallow reservoirs (mean depth < 6 m), the annual cycle in daily
mean water temperature was significantly modified which led to warmer water
temperature in the summer and autumn. From August to October, the monthly mean
water temperature at rivers regulated by storage dams was 1.4 to 3.9 °C warmer than at
their respective reference sites. During the open water period, the two storage dams also
reduced water temperature variability at short timescales (daily to weekly) while
increased variability in water temperature was observed in regulated rivers during the
winter. Storage dams had a warming effect during the winter and the winter median
water temperature ranged between 1.0 and 2.1 °C downstream of the two storage dams
whereas water temperature remained stable and close to 0 °C in unregulated rivers. The
biological implications of the altered thermal regimes at rivers regulated by storage dams

are discussed, in particular for salmonids.
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5.1 Introduction

Dams are widespread in North America and in Canada and it is estimated that there are
more than 10 000 dams, with the vast majority of these dams being of small size
(Prowse et al., 2004). For instance, of the 6500 dams inventoried in the province of
Québec in eastern Canada, 95 % have a height under 15 m (CEHQ, 2014). While dams
provide important services such as energy production, flood control and water supply,
they can also impair aquatic and riparian ecosystems by creating a barrier to the
movement of organisms and by modifying instream habitat conditions. For example,
dams, including small ones, can significantly alter the flow regime of rivers (Cortes et al.,
1998; Poff et al., 2007). Using regional flow classes as reference, McLaughlin et al.
(2014) characterized flow regime anomalies in seven rivers regulated by medium-size
dams (height between 12 and 17 m) in eastern Canada. Their study provides a
comprehensive portrait of the extent and type of hydrological alteration associated with
different types of regulation (e.g. storage, run-of-river, peaking). While their study helped
improved our understanding of the impacts of dams on the flow regime of rivers in
eastern Canada, there is still limited information available on the impacts of such dams

on the thermal regime of rivers.

The impact of large hypolimnetic-release dams has been extensively studied and we
generally have a good understanding of their year-round impact. Such dams tend to
reduce annual amplitude through summer cooling and winter warming of water
temperatures (Lehmkuhl, 1972; Olden and Naiman, 2010; Preece and Jones, 2002).
There remains much uncertainty about the extent and type of thermal impacts to be
expected downstream of other types of dams. For example, a number of small dams
(generally height < 10 m) have been associated with increased summer water
temperatures (Dripps and Granger, 2013; Lessard and Hayes, 2003; Singer and
Gangloff, 2011) while others did not affect water temperature regimes (Martinez et al.,
2013; Santucci et al.,, 2005). Few studies have looked at the impacts of dams with
shallow reservoirs although these systems have been associated with either a warming
(Fraley, 1979) and cooling (Crisp, 1977; Webb and Walling, 1993) influence on summer
water temperatures. Overall, a good understanding of thermal impacts associated with
different operational modes (e.g. run-of-river, storage) and reservoir characteristics (e.g.

with or without stratification) is needed to inform dam management.
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Among the studies that have assessed the thermal impacts of small and medium-size
dams, most have focused on the summer period only. A year-round perspective is
however essential to understand the biological response to the modification of habitat
conditions (Olden and Naiman, 2010). In particular, the thermal impacts of small and
medium-size dams during winter have been little studied in northern temperate regions.
However, winter habitat conditions pose a specific challenge to aquatic and riparian
ecosystems in terms of ice cover conditions and frazil ice production which are both

related to river water temperature (Cunjak, 1996).

The objective of this research was to quantify the impact of small and medium-size dams
on the thermal regime of rivers in eastern Canada. The specific objectives were 1) to
compare the thermal impacts of dams with different operational modes (run-of-river vs.
storage) and 2) to provide a year-round perspective of the thermal impacts of dams by

examining the open water period and ice-covered winter period.

5.2 Study area

Thermal impacts of dams were assessed using a control-impact approach, meaning that
potentially impacted river reaches were compared to unregulated river reaches within
similar physiographic and hydrologic regions. Figure 5.1 shows the regulated rivers
assessed in this study and their respective unregulated reference sites in eastern
Canada. The impact of dams was assessed for three rivers regulated by small and
medium-size dams. These rivers were selected because they had different dam
characteristics (operation type, storage capacity, table 5.1) but shared a relatively similar
temperate climate. At the study sites, the annual average air temperature ranged
between 3.7 and 4.1 °C and the annual average total precipitation ranged between 1101
and 1184 mm. Rivers examined in this study corresponded to the selected study sites in
the HydroNet collaborative research network and as such, a detailed analysis of the
impacts of the dams on the flow regime was also available (McLaughlin, 2014;
McLaughlin et al., 2014).
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Figure 5.1 Location of paired regulated and unregulated reference rivers in eastern
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Table 5.1 Characteristics of regulated sites

Canada (d/s =

St-Jean d(l):v(\)/gg]eu;m Dee
Operation type run-of-river storage storage
Location of outlet surface bottom bottom
Dam height 13 m 16 m 7m
Storage capacity 0.3x10° m? 38.9x10°m3 | 55.2x10°ms3
Reservoir area 6 ha 680 ha 1125 ha

The first study site was the St-Jean River (Québec), on which a run-of-river dam was

built for hydropower production. Given its height (under 15 m) and its small storage

capacity (0.3x10° m3), this dam would be classified as a small dam according to the

International Commission on Large Dams (ICOLD, 2011). This dam raises the water

level upstream which increases the river width from about 15 m to 100 m for a distance

of about 580 m upstream of the dam (CEHQ, 2014). Water temperature was monitored

downstream of the confluence of the tailrace and diversion reach. The second study site

was located on the Fourchue River (Québec) which is regulated by a storage dam. The
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dam impounds a large and shallow reservoir (mean depth of 5.7 m) that was built to
raise water levels during periods of low flow (i.e. winter and summer) in the Du Loup
River in which it empties. The dam has five gates and water was generally released
through the bottom outlet during the study period. The third study site was located on the
Dee River (New Brunswick) which is also regulated by a storage dam with a shallow
reservoir (mean depth of 4.9 m). The storage dam on the Dee River was built to create a
headwater reservoir to manage water levels for hydroelectricity production in the
Tobique River in which the Dee River empties. At the dam, water was released through
a bottom outlet. According to ICOLD, the two storage dams in this study (Fourchue and
Dee rivers) correspond to large dams given that their storage capacity exceeds 3x10° m3
(table 5.1). However, these dams have a relatively small storage capacity in comparison
to the more than 500 dams in the region which have a storage capacity exceeding
100x10° m3 (CEHQ, 2014). For this reason, we referred to the two storage dams as

being of medium size.

Pre-dam water temperature data were not available for the three regulated rivers. A
nearby reference site was selected and used to assess the thermal impacts of the dams.
This was done by pairing each regulated river with an unregulated reference river that
shared a similar physiography, geology, climate and land cover (table 5.2). The three
pairs of rivers were located in mainly forested watersheds, although agriculture occupied
7 % of the drainage area of the Du Loup River, which was the reference site for the
regulated Fourchue River. In the second year of the study, the reference site for the
Fourchue River had to be changed due to the presence of beaver dams, which can
modify the thermal regime of rivers (Collen and Gibson, 2001). The upstream reach of
the Fourchue River was abandoned and the Du Loup River was used as a reference site

instead.
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Table 5.2 Characteristics of pairs of regulated and reference rivers

St-Jean Petit Saguenay dgv?/ﬁ;('irheuaem Eg:{égurﬁ Du Loup Dee Gulquac
Type regulated reference regulated reference reference regulated reference
(year 1 and 2) (year 1) (year 2) (year 1 and 2)
Drainage area 648 km? 712 km? 261 km? 119 km? 515 km2 141 km? 110 km?
Geology Canadian shield  Canadian shield | Appalachian Appalachian Appalachian Appalachian Appalachian
Land cover®
forest 94 % 92 % 95 % 97 % 92 % 73 % 84 %
agriculture <1l% <1% <1 % <1% 7% <1l% <1l%
urban <1% <1% <1% <1% <1% <1l% <1l%

A Natural Resources Canada (2009) Land Cover, circa 2000-vector.
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5.3 Methods

Water temperature was monitored continuously at 15-minute intervals with Hobo™ UA-
002 (accuracy of = 0.5 °C) or Pro-v2 (accuracy of + 0.2 °C) water temperature loggers.
Before deployment, the accuracy of loggers was verified by putting them in an ice-filled
bucket and evaluating if loggers were recording 0 °C. Cross-calibration was used to
ensure that all data were comparable between loggers: loggers were set to record
temperature side-by-side in a constant-temperature environment for a few hours and a
bias correction factor was determined for each logger. After cross-calibration, a
maximum difference of 0.6 °C was observed between loggers for records at 15-minute
intervals. In the regulated rivers, water temperature was monitored by deploying
between three and six water temperature loggers longitudinally downstream of the dam.
The length of the monitored reaches varied between 2.5 and 16.0 km. The most
upstream logger was deployed as closest (< 600 m) to the dam as possible. At the
reference sites, the water temperature loggers were deployed to cover a longitudinal
distance similar to that of the regulated reach. Water temperature was monitored for two
years from the summer 2012 to the summer 2014. In the present study, year 1 covers
the period between July 1%, 2012 and July 1%, 2013 while year 2 covers the period
between July 1%, 2013 and July 1%, 2014. In order to compare weather conditions during
the study period to long-term average conditions, data were also gathered at the closest
meteorological stations for each study sites. The distance between the river reach
studied and the meteorological station varied between 8 km (St-Jean River) and 55 km
(Dee River).

Two distinct periods were considered when assessing the impacts of dams on the
thermal regime of rivers: the open water period and the winter period during which an ice
cover typically develops on unregulated medium-size rivers in the study area. These two
periods were analyzed separately given they represent distinct physical and biological
environments (Prowse, 2001). The ice-cover period was defined according to reference
sites. The beginning of the ice-cover period corresponded to the first five consecutive
days where daily maximum water temperature was below 0.2 °C and the end
corresponded to the last five consecutive days where daily maximum water temperature
did not exceed 0.2 °C.
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5.3.1 Open water period

At northern latitudes, river water temperature follows a distinctive annual cycle during the
open water period, which can be effectively described with a cosine function (Caissie et
al., 1998). This annual cycle often represents more than 90 % of the variability in river
water temperature (Caissie et al., 1998). This annual cycle during the open water period
can be described by three parameters which characterize its magnitude (A ), amplitude
(') and timing (N):
4 06 A 12100 (5.1)
oQu

where 4 s the daily water temperature, Ois the day of the year (between 1 and 365), A
is the annual average temperature of the time series (°C), ! is the amplitude of the cycle
(°C) and n is the timing of the cycle which corresponds to the day of the year of the
annual maximum (between 1 and 365). The annual thermal regime of a river can thus be
efficiently summarized using the three parameters (magnitude, amplitude, timing)
describing the annual cycle (Maheu et al., 2015). At each site, a cosine function
(equation 1) was fitted to the time series of daily mean water temperature separately for
year 1 (2012-13) and year 2 (2013-14). The potential modification of the thermal regime
of rivers by dams was assessed by comparing the annual cycle, as described by the
magnitude (A ), amplitude (! ) and timing (n) parameters, at the regulated and reference
sites. Figure 5.2 provides a schematic illustration of how the modification of each
individual parameter translates into changes in the annual water temperature cycle. For
comparative purposes, annual cycle parameters were not considered significantly
different between the regulated and reference sites if their 95 % confidence intervals

overlapped.
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Figure 5.2 Schematic representation of an increase in the a) magnitude; b) amplitude and c) timing
parameters of the annual cycle in river water temperature

While the annual cycle characterizes the main seasonal pattern of variation in river water
temperature, water temperature deviates from this pattern on a daily basis. Deviation
from the annual cycle, also called residuals (i.e. the difference between the observed
daily mean water temperature and the annual cycle) provide an indication of patterns of
variation at a shorter timescale (e.g. daily to weekly). Patterns of variation in residuals
were compared between regulated and reference sites by looking at their variance and
temporal autocorrelation. Furthermore, a relationship has been observed between air
and water temperature residuals (Caissie et al., 1998) and we compared this relationship
between regulated and reference sites with an analysis of covariance (ANCOVA; | =
0.05). Residuals in air temperature at the closest weather station were computed (i.e.
difference between observed air temperature and annual cycle, which was calculated

through the same method used for water temperature).

5.3.2 Winter ice cover period

Winter conditions at regulated and reference sites were described with duration curves
for daily mean water temperature. Duration curves describe the magnitude and duration

of water temperature conditions by showing the percentage of time for which a given

water temperature is equalled or exceeded.
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5.4 Results
5.4.1 Weather context

Figure 5.3 shows air temperature conditions during the study period at the weather
station closest to each study site. In year 1, the summer was particularly warm and at the
three sites, the monthly mean air temperature in August 2012 was 1.5 to 3.1 °C above
the long-term average. The winter of year 1 was also warm and the monthly mean air
temperature in March 2013 was 2.9 to 4.0 °C above the long-term average. In year 2,
winter was particularly cold, especially the months of December and March, which were
1.8 t0 4.9 °C below the long-term average air temperature.

a) St-Jean and Petit Saguenay rivers — 1994-2011

—— average 1994-2011
— 2012-2014

b) Fourchue and Du Loup rivers — 1992-2011

30 —— average 1992-2011
— 2012-2014

-30 L L I 1

daily mean air temperature (°C)

c) Dee and Gulquac rivers — 1969-2011

—— average 1969-2011
— 2012-2014

<+— year1 > year2 ——»p

Figure 5.3 Long -term average and 2012 -2014 mean dail y air temperature at weather stations near a)
St-Jean and Petit Saguenay rivers; b) Fourchue and Du Loup rivers and ¢) Dee and Gulqu ac rivers

101



5.4.2 Impact on the annual cycle during the open water period

Table 5.3 lists the start and end of the ice cover period in unregulated reference rivers.
These starting and ending dates were used to delimit the open water period. In both
years, the beginning of the ice-cover period occurred towards the end of November (20
to 29) at all sites. The ice cover generally extended to the end of April (17 to 24). The
duration of ice cover was generally similar among sites. The ice-cover period lasted
between 143 and 145 days in year 1 while the duration was slightly more variable
among sites in year 2, varying between 142 and 155 days (table 5.3).

Table 5.3 Start, end and duration of ice cover period in reference (unregulated) rivers for year 1
(2012-2013) and year 2 (2013 -2014)

river start end duration (days)
Petit Saguenay  2012/11/27 2013/04/20 145
year 1 Fourchue 2012/11/26 2013/04/19 145
Gulquac 2012/11/29 2013/04/20 143
Petit Saguenay  2013/11/20 2014/04/23 155
year 2 Du Loup 2013/11/27 2014/04/17 142
Gulquac 2013/11/24 2014/04/24 152

The cosine functions provided a good description of the annual cycle in water
temperature during the open water period at all sites. At regulated rivers, the cosine
function explained between 90 and 96 % of the variability in daily mean water
temperature, while it explained between 86 and 93 % of the variability at reference sites.
Figure 5.4 shows the annual cycle in daily mean water temperature for regulated and
reference rivers at the three sites while table 5.4 shows the parameters describing the
magnitude, amplitude and timing of the annual cycle. For regulated rivers, the site
closest to the dam is presented (< 600 m from dam). To take into account spatial
variability in water temperature, the annual cycle of the reference site corresponded to
the average value of all fitted cosine functions within the reference study reach. Overall,
there was little within-reach variation in the annual cycle of the reference site. For
example, the coefficient of variation (CV) for magnitude, amplitude and timing
parameters was generally smaller than 2 % within the reference reaches, with the
exception of the Gulquac River, where a decrease in amplitude was observed from

upstream to downstream (within-reach CV = 4 % in year 1 and 14 % in year 2).
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Table 5.4 Magnitude ( :|= ), amplitude (=) and timing (~ ) parameters describing the annual cycle of daily mean water temperature at regulated and
unregulated rivers for years 1 and 2.  Bold values indicate a significant difference between the regulated and unregulated rivers.

year 1 year 2
@ 0 %o ® 0 %o
(°C) (°C) (day of the year) (°C) (°C) (day of the year)
a) gjicg:f'”"er dam: St-Jean 54 15.6 217 3.7 15.7 214
reference 4.0 16.0 218 3.6 16.6 213
b) storage dam : Fourchue River 6.6 15.2 216 5.4 15.7 217
reference 5.7 15.1 211 5.6 154 210
c) storage dam : Dee River 7.4 13.1 213 5.4 14.4 219
reference 5.4 13.9 213 3.9 12.7 213

104



Run-of-river dam : St-Jean River

In year 1 and year 2, no significant difference was observed between the annual cycle in
daily mean water temperature of the regulated St-Jean River and its reference site
(figure 5.4a). The amplitude of the annual cycle was 0.4 to 0.9 °C greater in the St-Jean
River than at the reference site although this difference was not significant when
considering the 95 % confidence interval of the amplitude parameters.

Storage dams : Fourchue and Dee rivers

In year 1, the two storage dams increased the magnitude of the annual cycle in daily
mean water temperature by 0.9 to 2.0 °C compared to their respective reference sites
(table 5.4). In addition, the timing of the annual cycle was also delayed by five days on
the regulated Fourchue River in year 1. In year 2, different parameters of the annual
cycle were modified in the two rivers regulated by storage dams. At the Fourchue River,
the storage dam only modified the timing of the annual cycle and contrarily to year 1, no
significant effect was observed for the magnitude of the annual cycle (table 5.4). At the
Dee River, the three parameters of the annual cycle (magnitude, amplitude and timing)
were significantly different compared to the reference site in year 2 (table 5.4). For
example, the magnitude of the annual cycle was 1.5 °C greater in the regulated river and
the amplitude of the annual cycle was 1.7 °C greater in the regulated river compared to

the reference river.

Although different parameters of the annual cycle in daily mean water temperature were
modified downstream of the two storage dams, these madifications translated into a
similar seasonal effect on water temperatures in the open water period. Indeed, the two
dams generally increased water temperature in the summer and autumn (figure 5.4b-c).
For the months of August to October, the observed monthly mean water temperature
was 1.4 to 3.9 °C warmer in rivers regulated by storage dams compared to reference
sites. In contrast, no consistent effect was observed on springtime water temperatures
downstream of the two storage dams. At the Fourchue River, no significant difference in
water temperature was observed between the regulated and reference rivers in year 1
(figure 5.4b). In year 2, the storage dam on the Fourchue River rather had a cooling
effect on water temperatures and the observed monthly mean water temperature was

1.5 to 2.0 °C cooler in the regulated river than at the reference site in May and June. At
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the Dee River, the modification of the annual cycle translated into warmer springtime
water temperatures compared to the reference site (figure 5.4c). For instance, in May
and June of year 1, the observed monthly mean water temperature was 0.9 to 2.3 °C
warmer in the regulated Dee River than at the reference site. A smaller difference was
observed in the spring and the monthly mean water temperature in May was 1.6 °C
warmer in the regulated Dee River compared to the reference site.

5.4.2 Impact on residual variation during the open water period

The variance of residuals was generally smaller in the two rivers regulated by storage
dams compared to their reference sites (table 5.5). For example, the standard deviation
of water temperature residuals ranged between 1.3 and 1.9 °C at the two rivers
regulated by storage dams while the standard deviation of residuals at the reference
sites was greater than 2.0 °C (table 5.5). At the run-of-river dam (St-Jean River), the
variance of residuals was generally similar for the regulated river and the reference site
(standard deviation between 1.8 and 2.1 °C).

Table 5.5 Descriptive statistics of residuals (i.e. difference between observed temperature and
annual cycle) at regulated and reference sitesinyear 1 ( 2012-2013) and year 2 (2013 -2014)

i correlation (R) between
standard deviation dailv air and water
of residuals (°C) y .
temperature residuals
year 1 year 2 year 1 year 2
a) ru_n-of-nver dam: St-Jean 18 51 0.60 051
River
reference 1.8 1.9 0.58 0.53
b) storage dam : Fourchue River 1.3 1.4 0.32 0.19
reference 2.3 2.1 0.67 0.56
c) storage dam : Dee River 1.9 1.3 0.50 0.28
reference 2.2 2.4 0.69 0.66

Patterns of temporal autocorrelation in residuals also suggest a more stable and
persistent thermal regime at the two rivers regulated by storage dams (figure 5.5). For
both regulated and reference rivers, autocorrelation declined as the time lag increased
(figure 5.5). However, autocorrelation declined more slowly at the two river regulated by
storage dams. For example, at a time lag of four days, temporal autocorrelation was still
above 0.5 for rivers regulated by storage dams while it was close to 0.3 at reference
sites (figures 5.5b and 5.5¢).
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Figure 5.5 Temporal autocorrelation in residuals fromt  he annual cycle during the open water period
in regulated a) St -Jean River, b) Fourchue River and c) Dee River and their associated unregulated
reference rivers

Table 5.5 shows the Pearson correlation coefficient (R) between air and water
temperature residuals. Correlation between air and water temperature was significant at
all sites and years (p-value < 0.05). The correlation between air and water temperature
residuals was generally weak (R < 0.3) at the two rivers regulated by storage dams while
it was stronger at the reference sites (R > 0.5; table 5.5). At the run-of-river dam, the
linear relationship between air and water temperature residuals was not significantly
different between the regulated river (St-Jean River) and its reference site (ANCOVA, p
= 0.93). However, the relationship between air and water temperature residuals was
significantly different between the rivers regulated by the storage dams and their
reference site (ANCOVA, p < 0.05).

5.4.3 Impact on winter conditions

Run-of-river dam : St-Jean River

During the winter, river water temperature showed little variation and remained close to 0
°C at both the St-Jean River and the reference site (figure 5.4a). Freeze-up and ice
break-up likely occurred around the same dates and as such, water temperature
duration cures were similarly flat at the regulated and reference sites for both years
(figure 5.6a).
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Storage dams : Fourchue and Dee rivers

During the winter, daily mean water temperatures were warmer in the regulated rivers
than at the reference sites (figure 5.6b-c). During both years of the study, daily mean
water temperature remained close to 0 °C throughout the entire winter at the reference
sites. In contrast, the winter median water temperature ranged between 1.0 and 2.1 °C
downstream of the two storage dams (i.e. site at < 600 m from dam; figure 5.6b-c). Close
to the dam, daily mean water temperature at the two regulated rivers ranged between
1.2 and 3.6 °C during the winter of year 1. In year 2, winter water temperatures were
cooler than in year 1 and daily mean water temperature ranged between 0.2 and 2.4 °C
at the two regulated rivers. At the regulated Fourchue River, water temperature
remained above 0 °C for at least 2.5 km downstream of the dam and likely suppressed
the ice cover over this distance. On the regulated Dee River, water temperature
remained above 0 °C for at least the first 1.7 km downstream of the dam in year 1 and
for at least 300 m downstream of the dam in year 2. It is likely that the ice cover was
suppressed for a greater distance than 300 m in year 2 at the Dee River but data were
not available at 1.7 km downstream of the dam for that year. In addition to the warming
influence of dams, the winter regime of the two regulated river was also much more
variable (standard deviation between 0.3 and 0.5 °C) compared to the stable regime

observed at reference sites (standard deviation < 0.1 °C).
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Figure 5.6 Daily mean water temperature duration curves for the winter period of year 1 and year 2 in
regulated a) St -Jean River, b) Fourchue River and c) Dee River and their associated unregulated
reference rivers

5.5 Discussion

5.5.1 Run-of-river dam

Although the run-of-river dam on the St-Jean River led to an increased river width
upstream of the dam, the thermal regime of the regulated river was overall not

significantly different from the thermal regime of the reference site. Other studies have
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shown that impoundments with a reservoir area as small as 1.7 ha can have a significant
warming effect on water temperatures (Dripps and Granger, 2013). In the case of the St-
Jean River, the increase in net incoming solar radiation as a result of the small
impoundment (storage capacity = 0.3 x 10° m3; table 5.1) upstream of the dam was
probably insufficient to significantly heat the regulated river. The ratio between the
reservoir area (in ha) and the summer base flow (in m3/s) was approximately 1.5 for the
St-Jean River (reservoir area = 6 ha and summer baseflow = 4 m3/s). In contrast, this
ratio was greater than 200 in the study of Dripps and Granger (2013) (reservoir area =
1.7 ha and summer baseflow = 0.008 m3/s). These results suggest that the size of the
impoundment should be considered in comparison to the size of the river when
assessing thermal impacts by dams. The impounded runoff index (ratio of reservoir
capacity to mean annual runoff; Batalla et al., 2004) is a useful approach to describe this
aspect of regulated systems. For example, Buendia et al. (2015) showed that the degree
of thermal alteration by dams in the Ebro basin (Spain) was related to the impounded

runoff index.

5.5.2 Storage dams : impact on the open water ann ual cycle

During the open water period, the storage dams modified different parameters of the
annual cycle in daily mean water temperature (table 5.4). Still, the impact of the storage
dams was overall similar during the open water period and these two dams had a
warming effect on water temperatures in the summer and autumn. Moreover, the
warming effect of dams was consistent during the two years of the study which
comprised a particularly warm (year 1) and a close-to-normal (year 2) summer in terms
of air temperature (figure 5.3). Storage dams have generally been associated with a
summer cooling effect, especially at large dams, given that water is typically released
from the hypolimnion of stratified reservoirs. This study rather highlighted the warming
effect of two storage dams during the summer, which was likely due to the absence of
stratification as a result of the relatively shallow depth of the reservoirs (average depth
< 6 m). Accordingly, results suggest the importance of considering morphometric
characteristics of reservoirs (e.g. depth) when attempting to predict the impact of dams
on river water temperature given the presence of absence of summer stratification can
lead to substantial differences in the type of impact (warming vs. cooling) observed.

However, morphometric characteristics are not the only aspect of reservoirs that can
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influence thermal impacts. For example, reservoirs can also alter the thermal regime of
rivers through the modification of groundwater flow below dams (Webb and Walling,
1988). Accordingly, this indirect effect should also be considered when assessing the
thermal impacts of dams.

Warmer summer water temperatures downstream of the two storage dams likely
reduced habitat availability for salmonids which require coldwater habitat. For example,
brook trout (Salvelinus fontinalis), which can be found in the Fourchue River watershed
(Beaupré, 2014), has an upper incipient lethal temperature of 24.9 °C. The mean
summer water temperature should also not exceed 19 °C to ensure reproductive
success of this species (Hokanson et al., 1973). Accordingly, the maximum of the annual
water temperature cycle was 21.8 °C in the regulated section of the Fourchue River in
year 1 while it was 20.8 °C at the reference site (figure 5.4b). The presence of the dam
increased water temperature in the river and likely exacerbated physiologically stressful
conditions for brook trout, which can lead to heat shock protein production (Lund et al.,
2003) and reduced survival rates (Xu et al., 2010). Thus, access to thermal refugia (e.g.
cooler tributaries or areas with high groundwater seepage) appears to be an essential
habitat component for brook trout to persist in this warm regulated system. Warm water
temperatures in the summer and autumn have also been associated with sub-lethal
effects on brook trout, such as reduced growth and reproductive success (Robinson et
al., 2010; Warren et al., 2012). In autumn, cool water temperatures appear to be an
important cue for migration to overwintering sites (Huusko et al., 2007) and warm
autumn temperatures in regulated rivers could potentially lead to delays in spawning
(Pankhurst and Porter, 2003).

In the spring, the impact of the two storage dams did not exhibit a consistent pattern.
The storage dams were either associated with no significant effect (Fourchue River in
year 1), a cooling effect (Fourchue River in year 2) or a warming effect (Dee River year 1
and 2) during springtime. Given this study was limited to two years and two sites with
storage dams, data were insufficient to assess interannual and spatial differences in the
springtime impact of storage dams. Sitill, these results contrasts with the impact generally
observed downstream of hypolimnetic-release dams which generally delay the spring
rise in water temperature (Olden and Naiman, 2010). The varying impacts of storage
dams in the spring warrant further investigation into drivers of springtime water

temperatures in regulated rivers. Such information would be particularly relevant given
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that a modification of thermal conditions in the spring can have important bioenergetics

implications for fish (Drake and Taylor, 1996).

5.5.3 Storage dams : impact on variability

During the open water period, the two storage dams reduced water temperature
variability at daily to weekly timescales which led to a more stable water temperature
regime. For example, we observed reduced residual variance (table 5.5) and more
persistent temporal autocorrelation (figure 5.5) in water temperature at the two rivers
regulated by storage dams. Overall, this reduction in water temperature variability can be
linked back to the thermal inertia of the reservoir. Indeed, water temperature
downstream of the two storage dams was less responsive to ambient meteorological
conditions as demonstrated by the weak correlation between air and water temperature
residuals (table 5.5). Findings from this study are consistent with the study by Steel and
Lange (2007) who also observed a reduction in water temperature variability at short
temporal scales (1 to 8 days) downstream of hypolimnetic-release dams in the
Willamette basin, Oregon. While reduced variability was observed during the open water
period (table 5.5 and figure 5.5), we rather observed increased water temperature
variability at rivers regulated by storage dams in the winter (figure 5.6). This seasonal
pattern was not described by Steel and Lange (2007), likely because unregulated rivers
in the study region (Oregon) did not develop an ice cover and the ensuing stable winter
regime as it is the case in northern temperate regions. Overall, dams modified water
temperature variability in rivers although the type of impact (e.g. increased vs. reduced
variability) may vary seasonally and regionally. While different studies have described
the impact of dams on water temperature variability (Arismendi et al., 2015; Steel and
Lange, 2007), uncertainty remains regarding its ecological role. Still, recent research
points to the sensitivity of ectothermic organisms to thermal variability which warrants
better consideration of this aspect in thermal assessments (Niehaus et al., 2012;
Vasseur et al., 2014).

5.5.4 Storage dams : impact on the winter regime

During the two winters, the two storage dams caused a significant increase in water

temperature, although the warming influence of the dam was more important in the mild
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winter of year 1 than in the cold winter of year 2 (figures 5.3 and 5.6). The increase in
winter water temperature downstream of the two storage dams led to the suppression of
the ice cover for distances ranging between 0.3 and 2.5 km. Similarly, the warming
influence of a shallow unstratified reservoir also removed the river ice cover for a
distance of 5 km in the United Kingdom (Webb and Walling, 1993). While morphometric
characteristics of reservoirs influenced the presence of summer stratification and as
such, the type of impact (warming vs. cooling) of storage dams during the summer, this
study rather points to similar impacts, regardless of the reservoir depth, during the
winter. Indeed, hypolimnetic-release dams generally have a warming influence during
the winter and as a result, the river ice cover downstream of these dams has been
eliminated for distances ranging between 4 and 32 km (Lehmkuhl, 1972; Rader and
Ward, 1988).

Warm water temperatures during the winter can influence egg development and the
timing of emergence for fall-spawning fish species. For example, Webb and Walling
(1993) predicted an earlier emergence by up to 57 days for brown trout in a regulated
river where the annual minimum water temperature was generally above 2 °C in
comparison to brown trout residing in an unregulated river where the annual minimum
water temperature was generally close to 0 °C. The absence of an ice cover in rivers
regulated by storage dams also warrants attention given the influence of ice on
hydrological and ecological processes. For example, Findstad et al. (2004) found that
the absence of an ice cover negatively influenced the energy budget of Atlantic salmon
compared to ice-covered conditions under the same temperature regime. Moreover, the
absence of ice cover in river reaches tends to create favorable conditions for frazil ice
production which can have deleterious effects to fish habitat (Simpkins et al., 2000). In
fact, the problem of frazil ice production has been particularly studied in regulated rivers
where the transition between open water and ice cover areas can facilitate frazil ice

production throughout the winter (Simpkins et al., 2000; Stickler et al., 2007).

5.5.5 Flow vs. thermal regimes in regulated rivers

The present study complements another study which evaluated the impacts of the same
dams on the flow regime of rivers (McLaughlin, 2014). In the present study, the two
storage dams significantly modified the thermal regime of rivers downstream. However,

the storage dam on the Fourchue River was found to only have a minimal impact on the
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riverdéds flow regi me ( McL aug hMcliamghlire et al.a(2014)
assessed flow regime modification of regulated rivers in eastern Canada by evaluating
their deviation from regional natural flow classes. They found that indices describing the
magnitude, frequency, duration, timing and rate of change of the flow regime of the
Fourchue River were generally within the range of natural variability of unregulated rivers
in the region, although they did note unusually high flows in March and unusually low
flows in November (McLaughlin, 2014). In contrast, the present study found that the
storage dam on the Fourchue River had a warming influence on river water temperature
in the summer, autumn and winter. Thus, these findings point to the fact that although
the flow regime of a river is only minimally altered, its thermal regime can be significantly

affected by the presence of a storage reservoir.

5.6 Conclusion

Very few studies had assessed the year-round thermal impacts of small to medium-size
dams in northern temperate regions such as eastern Canada. By examining the impact
of dams on the annual water temperature cycle, this study proposed a simple method to
characterize and visualize the thermal regime of rivers, which facilitates cross-
comparison between sites. During the open water period, the annual cycle in daily mean
water temperature was significantly modified at rivers regulated by storage dams. In
particular, this study highlighted the warming effect of storages dams impounding
shallow reservoirs on water temperature in the summer, autumn and winter. While large
hypolimnetic-release dams have been proposed as a strategy to mitigate the influence of
climate change (Null et al., 2013a), dams impounding shallow reservoirs warrants
attention given they could potentially exacerbate the effect of a warming climate on river
water temperatures (Gooseff et al., 2005). This study highlights the important influence
of dams on the winter thermal regime of rivers in eastern Canada. Various studies have
stressed the limited knowledge regarding fish habitat during the winter (Cunjak, 1996;
Prowse, 2001). Findings from this study highlight the importance of better understanding
the biological implications associated with different thermal conditions in the winter to
inform management of regulated rivers. For example, the warming influence of dams
during the winter could lead to a potential tradeoff between the amelioration of low water
temperatures and its deleterious effects on ice conditions (ice cover development and

frazil production).
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Abstract

Various studies have helped gain a better understanding of the thermal impacts of dams
on a site-specific basis, but very few studies have compared the thermal impacts of
varying types of dams within the same region. In this study, we conducted a regional-
scale assessment of the impacts of dams on the thermal regime of medium-sized rivers
in eastern Canada. The objectives of this study were to identify features of the thermal
regime of rivers that are predominantly impacted by dams and to compare the impacts
associated with different types of regulation (run-of-river, storage, peaking). Water
temperature was monitored at 13 regulated rivers and 18 unregulated rivers in eastern
Canada. The thermal regime of regulated and unregulated rivers was characterized
using 15 metrics that described the magnitude, frequency, duration, timing and rate of
change of water temperature. Results indicate that storage and peaking dams
impounding at least 10 % of the median annual runoff generally 1) reduced the
magnitude of water temperature variation at seasonal, daily and subdaily timescales and
2) increased the monthly mean water temperature in September. Run-of-river dams
impounding less than 1 % of the median annual runoff did not generally modify the
thermal regime of rivers, with the exception of subdaily water temperature variation
which exhibited a greater number of changes in direction compared to unregulated
rivers. This regional assessment offers important insight into the generalized alteration
pattern of dams and this information could be used to guide biological monitoring efforts

in regulated rivers.
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6.1 Introduction

River water temperature is an important ecological variable and changes in water
temperature can affect fish distribution, growth and mortality as well as community
dynamics (Caissie, 2006a; Poole and Berman, 2001). Given its influence on
biogeochemical processes, river water temperature also has important implications in
terms of water quality (Ducharne, 2008). Various anthropogenic activities such as
urbanization, the removal of riparian vegetation and effluent discharge from power plants
can impact river water temperature (Moore et al., 2005a; Prats et al., 2012; Somers et
al., 2013). A large proportion of river basins in North America are heavily impacted by
river regulation (Grill et al., 2015) and given their widespread distribution, dams can also
be an important source of thermal alteration for rivers. For example, with an estimated
10 000 dams across Canada (Prowse et al., 2004), river regulation could represent a
prominent source of thermal alteration for aquatic ecosystems. Renewed interest in dam
development at the global scale, with expected projects concentrated in Southeast Asia,
South America and Africa (Zarfl et al., 2015) also reinforces the importance of
understanding the thermal impacts of dams. Moreover, thermal alteration by dams has
been identified as the predominant pathway of influence on fish assemblages in the
Upper Tennessee River basin, United States (McManamay et al., 2015) thus highlighting
the importance of understanding the thermal impacts of dams.

Few studies have looked at the impacts of dams beyond their influence on the annual or
seasonal magnitude of the thermal regime of rivers. In general, large hypolimnetic-
release dams have a cooling effect on water temperature in the summer while small
dams with surface release typically have a warming effect (Lessard and Hayes, 2003;
Preece and Jones, 2002). However, dams can modify other features of the thermal
regime such as the frequency, duration, timing and rate of change in water temperatures
(Olden and Naiman, 2010; Rivers-Moore et al., 2013). Inspired from the natural flow
regime characterization concept (Poff et al., 1997), different studies have argued for a
comprehensive approach to thermal assessments given each feature of the thermal
regime has distinct ecological implications (Arismendi et al., 2013; Olden and Naiman,
2010). For example, mitigation efforts focusing on a single feature (e.g. magnitude) may
yield minimal results if other impacted features are not concurrently addressed (Vinson,
2001).
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Thermal impacts of dams are highly dependent of dam characteristics such as the type
of operations, storage capacity of the reservoir and depth of the water intake. When
comparing various impact studies, it is difficult to decipher the influence of site-specific
characteristics versus regional climate and hydrological influences. Indeed, very few
studies have looked at the thermal impact of varying types of dams within the same
region (Angilletta et al., 2008; Buendia et al., 2015; McManamay et al., 2015). In
Canada, the absence of a national monitoring network for water temperature can in part
explain the difficulty of conducting regional-scale assessments. Yet, regional
assessments can offer important insight by assessing if a generalized pattern of
alteration emerges according to certain types of dams or dam characteristics (Graf,
2005). The ability to describe a generalized pattern of alteration associated with river
regulation in a given region would offer an important tool to managers. For example, this
information could be used to make preliminary assessments of thermal alteration in
unmonitored basins, set broad expectations of thermal impacts prior to dam
development and estimate thermal alteration at the landscape scale (McManamay,
2014). Moreover, knowledge of a generalized pattern of thermal alteration in regulated
rivers could help guide biological monitoring efforts by targeting species and biological
processes sensitive to thermal features generally modified by dams.

The objective of this study was to conduct a regional-scale assessment of the impacts of
dams on the thermal regime of medium-size rivers in eastern Canada. The specific
objectives were 1) to identify features of the thermal regime of rivers predominantly
impacted by dams and 2) to compare the impacts associated with different types of

regulation (run-of-river, storage, peaking).
6.2 Study area

This study was a component of HydroNet, a collaborative research network that studied
the impacts of dams across Canada (Smokorowski et al., 2011). The network
concentrated its research efforts on medium-size regulated rivers. Different criteria such
as accessibility and ease of biological sampling were considered during selection of
study sites. Regulated rivers were originally paired with unregulated reference rivers that
shared similar climatic and physiographic attributes. Additional unregulated reference
sites were monitored over the course of the project given the difficulty of identifying a

single representative reference site for certain regulated rivers. In this study, thermal
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impacts were assessed for 13 regulated rivers which captured three types of regulation
(run-of-river, storage, peaking) found on medium-sized rivers in eastern Canada (figure
6.1). Run-of-river facilities had a small storage capacity which represented less than 1 %
of the median annual runoff at the site. At these study sites, the intake and outflow were
generally located at close proximity. Storage facilities impounded large reservoirs that
retained more than 10 % of the median annual runoff. Peaking facilities also impounded
large reservoirs but at these facilities, water was released according to market demand
for electricity which led to important variations in released flows throughout the day.
Table 6.1 details the characteristics of the 13 regulated rivers assessed. These rivers
were located across four provinces (Ontario, Quebec, New Brunswick, Newfoundland-
and-Labrador) and the drainage area above each dam varied between 47 and 4040 km?2
(mean = 1136 km?). In addition, 18 unregulated reference rivers in close proximity and
which shared similar climatic and physiographic attributes to regulated rivers were also
monitored for comparison purposes (figure 6.1). The drainage area of unregulated rivers
ranged between 110 and 2288 km2 (mean = 878 km?).
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Figure 6.1 Location of study sites in eastern Canada
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Table 6.1 Characteristics of regulated rivers

. impounded
. . type of drainage dam years )

river provin dam name : . . runoff index
regulation area (km2)  height (m) monitored (%)
Magpie ON Steephill Falls peaking 1640 35 2011-2013 15
Mississagi ON Aubrey Falls peaking 4040 37 2011-2013 12
Kiamika QcC Kiamika storage 702 16 2013 101
Ste-Anne QC Saint-Alban run-of-river 1800 26 2012 0.7
Coaticook QC Penman* run-of-river 362 9 2013 <0.1
St-Francois QC Weedon run-of-river 2934 19 2012-2013 <0.1
Etchemin QC Jean Guérin run-of-river 1130 18 2011-2012 <0.1
Sud QC Saint-Raphaél run-of-river 793 23 2013 0.5
Fourchue QC Morin storage 261 16 2011-2013 25
St-Jean QC Anse-Saint-Jean  run-of-river 648 13 2011-2013 <0.1
Dee NB Dee storage 141 7 2012-2013 62
Serpentine NB Serpentine storage a7 8 2013 103
West Salmon NL West Salmon storage 266 21 2012-2013 10

A ON\Dntario; QC = Québec; NB = New Brunswick; NL = Newfoundland-and-Labrador
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6.3 Methods

6.3.1 Impounded runoff index

To compare among regulated rivers, the impounded runoff index was calculated as the
reservoir maximum storage capacity (m3) divided by the median annual runoff (m3) (i.e.,
a slight modification from Batalla et al., 2004 who used the mean annual runoff). The
maximum storage capacity was extracted from provincial or national dam inventories
(CDA, 2003; CEHQ, 2014). The median annual runoff for each regulated basin was
estimated from the drainage area of the basin and the unit area median runoff
(Agriculture and Agri-Food Canada, 2013). Using 1184 hydrometric stations, unit area
median runoff was calculated by Agriculture and Agri-Food Canada (2013) as the
median annual flow divided by the drainage area of the basin and these values were
then interpolated across Canada.

6.3.2 Water temperature regime

Water temperature was monitored in rivers over one to three summers (2011 to 2013;
table 6.1). Overall, water temperature data were collected for 25 site-years for regulated
rivers and 30 site-years for unregulated rivers (for example, if a river was monitored for
the summers of 2011 to 2013, this corresponds to three site-years). At each study site,
water temperature was monitored by deploying two to ten thermal loggers (precision +
0.5 °C) along a river reach. In regulated rivers, thermal loggers were deployed
longitudinally downstream of the dam, with the most upstream logger deployed as close
to the dam as possible (within 0.1 to 1.5 km of the dam, with the exception of two sites
where loggers were at 8.2 km and 9.7 km from the dam for logistical reasons). Thermal
loggers covered a distance ranging between 4 and 25 km (mean = 11 km) downstream
of studied dams. Similarly, thermal loggers in unregulated rivers covered a longitudinal

distance ranging between 3 and 45 km (mean = 13 km).

The thermal regime of rivers was characterized through 15 metrics describing the
magnitude, frequency, duration, timing and rate of change in water temperatures (table
6.2). For each site-year, we calculated metrics for all thermal loggers deployed and the

reach-scale median value was used to compare regulated and unregulated rivers. We

121



selected metrics according to their biological relevance and the type of thermal
alterations expected in regulated rivers. Given that the analysis relied on a principal
component analysis (PCA, details of this analysis provided below), we also limited the
number of metrics to ensure that the number of observations (i.e. site-years) was greater
than the number of variables (i.e. metrics) (Jolliffe, 2002). Frequency and duration
metrics described events where daily maximum water temperature exceeded 19 °C and
25 °C (Fmax>19, Fmax>25, Dmax>19, Dmax>25; table 6.2). These thresholds were
selected in accordance with a guild of thermal preferences for fish (Coker et al. 2001).
Accordingly, coldwater fishes generally have a physiological optimum water temperature
below 19 °C; coolwater fishes have a physiological optimum between 19 and 25 °C and
warmwater fishes have a physiological optimum greater than 25 °C. The rate of change
metrics described water temperature variations at seasonal (Rampl), daily (i.e. day-to-

day; Rpos and Rneg) and subdaily (Rrng and Rrev) timescales (table 6.2).
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Table 6.2 Metrics used to describe the thermal regime of rivers

Regime feature Metric Description Units
Mmo7 Monthly average in daily mean water temperature in July °C
Mmo8 Monthly average in daily mean water temperature in August °C
Magnitude Mmo9 Monthly average in daily mean water temperature in September °C
Msum Average daily mean water temperature for the summer period °C
Mwkmax Maximum weekly average in daily mean water temperature °C
Fmax>19 Number of days where daily maximum water temperature was d
F above 19 °C ays
requenc . .
q y Fmax>25 Number of days where daily maximum water temperature was d
above 25 °C ays
Dmax>19 Maximum number of consecutive days where daily maximum
o days
. water temperature was above 19°C
Duration . . . .
Dmax>25 Maximum number of consecutive days where daily maximum d
water temperature was above 25°C ays
Timin Twkmax Timing of the maximum weekly average in daily mean water week number
9 temperature (1-52)
Rampl Amplitude of summer period (maximum daily mean water oc
temperature - minimum daily mean water over the summer)
Rpos 90 th percentile of positive changes in daily mean water oc
temperature (i.e. day-to-day changes)
Rate of change  Rneg 90 th percentile of absolute negative changes in daily mean water oc
temperature (i.e. day-to-day changes)
Rrng Mean daily range (daily maximum i daily minimum) in water oC
temperature
Rrev Average number of reversals per day reversals
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The study area spanned three ecozones (Boreal shield, Mixedwood plain and Atlantic
maritime), each with a distinct hydroclimatic regime that can influence water
temperatures. In addition, this study was conducted over three summers and as such,
weather variations can lead to interannual differences in water temperatures. The
objective of this study was not to describe hydroclimatically-driven variability in the
thermal regime of rivers but rather to capture differences between the thermal regime of
regulated and unregulated rivers. To facilitate the comparison among regions and
among years, metrics describing the summer magnitude (Msum), frequency (Fmax>19,
Fmax>25), duration (Dmax>19, Dmax>25) and rate of change (Rampl, Rpos, Rneg,
Rrng, Rrev) of thermal conditions were calculated over a nine-week period centered on
the week with the warmest average water temperature at unregulated rivers. The
definition of this period was based on the fact that synchrony was generally observed in
the occurrence of maximum weekly average water temperatures in unregulated rivers in
a given region and year. Table 6.3 illustrates this synchrony and identifies the week
number (between 1 and 52) on which the maximum weekly average water temperature
occurred according to the region and year. For example, all unregulated rivers in Quebec
and New Brunswick (n = 7) shared a similar pattern in 2012 and the weekly average
water temperature peaked simultaneously on week 31 (table 6.3). In contrast, the weekly
average water temperature peaked four weeks earlier (week = 27) in unregulated rivers
in Ontario in 2012 (n = 2; table 6.3). Hence, the calculated metrics described properties
of the thermal regime during a relatively similar period (i.e. independently of its timing)
from one region to another as well as among years.

Table 6.3 Occurrence (week number between 1 and 52) of maximum weekly mean water temperature

at unregulated rivers during the summers of 2011 to 2013. For non-leap years, week 28 starts on July 9
(day of year = 190) and week 32 starts on August 6 (day of year = 218).

province o1 e | 12 e | eos g
Ontario 29 2 27 2 29 3
Québec 28 2 31 6 29 9
New Brunswick 31 1 29 3
nd-Labrador 32 1 28 1

Apart from describing thermal characteristics over the entire summer period, the
magnitude of thermal conditions was also described on a monthly basis (Mmo7, Mmo8,
Mmo9; table 6.2). To facilitate the comparison of these metrics at the regional scale as

well as for different years, air temperature conditions at each study site were taken into
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consideration. Monthly water temperature metrics were standardized by the monthly
mean air temperature. A similar approach was taken for the timing of the summer
maximum weekly average water temperature (Twkmax; table 6.2) and we calculated the
ratio between the timing of maximum weekly average water temperature and the timing

of maximum weekly average air temperature.

This study compared the reach-level median value of water temperature metrics in
regulated and unregulated river and as such, it is somewhat sensitive to the longitudinal
distance monitored in rivers. The longitudinal distance monitored varied between sites
for different reasons such as accessibility, changes in the land use and merging of rivers
with a larger waterbody. Longitudinal variations in water temperature can be particularly
important in regulated rivers where the temperature of water released at the dam is not
at equilibrium with ambient conditions (Ellis and Jones, 2013). On the contrary, it would
be expected that longitudinal variation in unregulated rivers would be much less. For
these reasons, we calculated reach-level variation for each of the 15 water temperature
metrics. Reach-level variation was calculated by looking at the difference in the metric
value between the most downstream and upstream sites divided by the distance
separating them. The mean reach-level variation of metrics was compared between the
different river types (unregulated, run-of-river, storage, peaking) using an ANOVA and
Tukey-Kramer post hoc test ( = 0.05). When homogeneity of variance was not met
(assessed with =Lelv.eOn5e)d s Wed scthQdds) andl IB@méAHowell
post hoc test ( = 0.05) were used instead. For the Twkmax metric describing the
occurrence of the maximum weekly average water temperature, reach-level variance
was equal to zero for unregulated and run-of-river systems and differences between

different river types could not be assessed with a statistical test.

6.3.3 Air temperature at study sites

At each study site, air temperature data were extracted from a spatial grid product where
daily minimum and maximum air temperature were interpolated across Canada using the
ANUSPLIN method (Hutchinson et al., 2009). Air temperature was extracted at the most
upstream location where water temperature was monitored (i.e. close to the dam in
regulated rivers). Daily mean air temperature was estimated as the average of the daily
minimum and maximum temperature. The error associated with the use of the

interpolated spatial grid was assessed by comparing monthly mean air temperatures
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calculated from observations at selected weather stations operated by Environment
Canada and monthly mean air temperatures calculated from the spatial grid data at the
location of the weather stations (figure 6.2). The error was estimated using 19 weather
stations that are located close to the study sites. The summer months (July to
September) for the three years of the study (2011 to 2013) were considered when
assessing the error (which corresponded to the same period for which water temperature
data were collected). The root mean square error (RMSE) between the observed and
spatially-interpolated monthly mean air temperature at the 19 weather stations was 0.4
°C. The monthly mean air temperature was generally overestimated with the spatial grid
data (mean error = 0.3 AC). The |l argest

in the spatial grid data occurred in northern Ontario (near Magpie and Mississagi rivers),

eastern (near Kiamika River) and southern Québec (near St-Frangois River).
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Figure 6.2 Relationship between the monthly mean air temperature computed from observations and
spatially -interpolated data (ANUSPLIN) at 19 we ather stations across the study area

6.3.4 Multivariate analysis

The thermal regimes of regulated and unregulated rivers were compared by conducting
a principal component analysis (PCA) of the 15 metrics describing the thermal regime at
the 55 site-years (25 site-years for regulated rivers and 30 site-years for unregulated

rivers). The PCA transforms the original dataset into new variables that are uncorrelated
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linear combinations of the original variables. These new variables are called principal
components (PC) and the explained variance is maximized along each PC in a
decreasing order. A coefficient (i.e. loading) is associated to each of the 15 metrics. For
a given PC, a metric with a large absolute loading indicates that this metric captures an
important proportion of the variance explained by the PC. To identify the PC that best
differentiated regulated and unregulated rivers, we looked at the projection of each site-
year (i.e. scores) in the PC space. A varimax rotation, which maximizes the sum of
variances of the squared loadings, was also performed (Kaiser, 1958). This rotation
facilitates interpretation by associating each PC with one or a few metrics. The
multivariate analysis was used to identify anomalies in the thermal regime of regulated
rivers. An anomaly was detected when the score of a given regulated river fell outside
the 90 % confidence region of scores of unregulated rivers. Assuming a bivariate normal
distribution, the major and minor axes of the confidence ellipse were defined according
to the mean and standard deviation of scores and the angle of the ellipse was defined

according to the covariance of scores.

6.4 Results

6.4.1 Assess longitudinal variation in water temperature metrics

Table 6.4 shows the mean variation in water temperature metrics over a 10-km reach
according to river type (unregulated, run-of-river, storage, peaking). A positive value
indicates a downstream increasing trend in the metric value and a negative value
indicates a downstream decreasing trend in the metric value. Longitudinal variation in
magnitude metrics (Mmo7, Mmo8, Mmo9, Msum, Mwkmax) was generally small and the
absolute downstream variation rarely exceeded 0.5 °C. The largest longitudinal variation
was observed for frequency, duration and rate of change metrics although significant
differences between river types were only observed for three metrics: the maximum
number of consecutive days where daily maximum water temperature exceeded 19 °C
(Dmax>19), the mean daily range (Rrng) and the average number of reversals per day
(Rrev). For these three metrics, the mean longitudinal variation downstream of storage
dams was significantly larger than the mean longitudinal variation in unregulated rivers.
For example, the mean daily range (Rrng) increased on average by 5.48 °C over a 10-

km reach downstream of storage dams while longitudinal variation was minimal (< 0.1
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°C) over the same distance in unregulated rivers (table 6.4). Such result most likely
means that the mean daily range was small just downstream of the storage dams and
increased thereafter. For peaking systems, only the mean reach-level variation in the
average number of reversals per day (Rrev) was significantly different from unregulated
rivers and the number of reversals generally decreased downstream of peaking dams
(table 6.4). For most water temperature metrics, reach-level variation was not
significantly different between regulated and unregulated rivers and as such, median
values of water temperature metrics provided an adequate basis to compare rivers.

Table 6.4 Mean rea ch-level variation for the 15 metrics describing the thermal regime of rivers. An
asterisk (*) indicates a metric for which there is a significant difference among different river types (ANOVA

or Wel chds =0060DBo0N, values indicate a significant difference with the reach-level variation of
unregulated rivers (Tukey-Kramer or Games-Howell post hoc test,| = 0.05).

metric units unregulated run -of -river storage peaking
Mmo7 °C/10 km -0.18 0.18 0.62 0.44
Mmo8 °C/10 km -0.13 0.14 -0.59 0.01
Mmo9 °C/10 km -0.13 0.06 -0.51 -0.52
Msum °C/10 km -0.14 0.16 0.11 0.45
Mwkmax °C/10 km -0.11 0.75 -0.01 0.30
Fmax>19 days/10 km -0.16 2.19 42.40 8.95
Fmax>25 days/10 km -5.02 7.28 3.26 1.62
Dmax>19* days/10 km -0.22 8.44 14.05 8.68
Dmax>25 days/10 km -0.63 0.19 2.03 0.43
Twkmax week/10 km 0.00 0.00 -0.47 -0.14
Rampl °C/10 km -0.07 0.15 0.59 -0.18
Rpos °C/10 km 0.03 0.09 0.56 0.19
Rneg °C/10 km 0.01 -0.24 -0.68 -0.22
Rrng* °C/10 km 0.02 2.37 5.48 0.84
Rrev* reversals/10 km 0.07 -0.90 -5.79 -3.17

6.4.2 ldentify features of the thermal regime modified by dams

The two first PCs explained respectively 39 % and 32 % of the variance in water
temperature metrics. Subsequent PCs explained less than 9 % of the variance in
metrics. Mean scores of the first and second PCs were significantly different between
regulated and unregulated rivers while no significant difference was observed for the
third PC (ANOVA, | = 0.05). Given the focus of our analysis was to identify differences
in the thermal regime of regulated and unregulated rivers, this analysis focused only on
the first two PCs.
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Figure 6.3a shows the loadings associated with each of the 15 metrics describing the
thermal regime of regulated and unregulated site-years in the first two PC dimensional
space. Metrics describing water temperature magnitude (Msum, Mwkmax) had the
largest absolute loadings on the first PC (figure 6.3a). Metrics describing the rate of
change (Rampl, Rpos, Rneg, Rrng) and late-summer magnitude (Mmo9) of water
temperature had the largest absolute loadings on the second PC and these metrics were
strongly correlated in the two dimensional PC space. Accordingly, the angle between
these metrics was generally close to 0 ° (positively correlated) or 180 ° (negatively

correlated) (figure 6.3a).
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Figure 6.3 a) Loadings assoc iated with the 15 metrics ( see table 6.2 for a description of metrics) and
b) scores of each site -year on the first two varimax -rotated principal components (PC). In panel a),
bold values correspond to metrics with the largest absolute coefficient for each principal component.

Figure 6.3b shows the scores of each site-year for regulated and unregulated rivers in
the first two PC space. The first PC (PC1) largely described the variance in the thermal
regimes of unregulated rivers. Indeed, the ratio between the variance of PC1 scores of
unregulated rivers and PC1 scores for all sites was equal to 90 %. Only for storage dams
was the mean PC1 score of regulated rivers significantly different from the mean PC1
score of unregulated rivers (Tukey-Kramer post-hoc test,| = 0.05). Nonetheless, most
storage and peaking systems were within the 90 % confidence interval for PC1 scores of
unregulated rivers and as such, this PC was not generally associated with anomalies in
the thermal regime of regulated rivers (figure 6.3b). However, one site-year (Serpentine
River in 2013) was out of the range of PC1 scores for unregulated rivers which suggest a

distinct anomaly in the thermal regime of this regulated river compared to other storage
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systems. The second PC (PC2) was a strong discriminant of the thermal regimes of
regulated and unregulated rivers (figure 6.3b). The mean PC2 score of rivers regulated
by storage and peaking dams was significantly smaller than the mean PC2 score of
unregulated rivers (Tukey-Kramer post-hoc test, | = 0.05). In contrast to PC1, we
detected anomalies in PC2 scores for most storage or peaking systems (i.e. PC2 scores
at these sites were outside the 90 % confidence interval of unregulated rivers). No
significant difference was found between the thermal regime of run-of-river and
unregulated systems as they plotted within the same multivariate space (figure 6.3b).
Given the contrast between PC2 scores of regulated and unregulated rivers, metrics with
large absolute PC2 loadings identified features of the thermal regime of rivers
predominantly impacted by dams. A detailed description of these features is provided in

the two next sections.

6.4.3 Compare the rate of change in regulated and unregulated rivers

Figure 6.4 shows the different rate of change metrics for unregulated, run-of-river,
storage and peaking systems. Mean values of rate of change metrics were compared
between different river types using an ANOVA and a Tukey-Kramer post hoc test (| =
0.05) . When homogeneity of wvar i dncOd5)ana a

Games-Howell post hoc test (= 0.05) were used instead.
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0.05)

At seasonal (Rampl) and daily (Rpos, Rneg) timescales, no significant difference was
detected between the rate of change of water temperature in unregulated and run-of-
river systems (figure 6.4a-c). However, a significant difference was observed between
unregulated and run-of-river systems for metrics describing subdaily variations in water
temperature, namely for the mean daily range (Rrng; figure 6.4d) and the average
number of reversals per day (Rrev; figure 6.4e). The mean daily range was significantly
smaller in run-of-river systems compared to unregulated rivers (median = 2.6 °C for run-
of-river and median = 3.7 °C for unregulated rivers; figure 6.4d). However, this difference
could be due to a few unregulated rivers which were characterized by a particularly large
mean daily range (> 5 °C). Among these unregulated rivers are the Nicolet and Eaton
rivers, for which riparian vegetation had been removed along certain sections of the river

as a result of agricultural activity. Removal of riparian vegetation can increase the daily
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maximum water temperature (Moore et al., 2005a) which could explain a mean daily
range greater than 5.4 °C in these rivers. The Ouelle River (unregulated) also had a
mean daily range exceeding 5 °C, and this river is known to experience large subdaily
variations as it is a large and shallow river (Oligny-Hébert et al., 2015).

For all five rate of change metrics (Rampl, Rpos, Rneg, Rrng, Rrev; table 6.2), storage
and peaking systems were significantly different from unregulated rivers (figure 6.4a-e).
Compared to unregulated rivers, the magnitude of water temperature variations was
smaller at the seasonal (Rampl) and daily timescales (Rpos and Rneg) in rivers
regulated by storage and peaking dams (figure 6.4a-c). For example, the median
amplitude of the summer period (Rampl) was 9.0 °C for unregulated rivers while it was
respectively 7.3 °C and 5.8 °C for storage and peaking systems. The reduced seasonal
amplitude at these regulated rivers could be the product of a relatively stable thermal
regime (i.e. reduced variations in water temperature throughout the summer due to the
dam) or could be due to the delayed occurrence of the maximum water temperature in
these rivers (i.e. maximum water temperature occurring outside the nine-week summer
period). Absolute daily variations (i.e. day-to-day) were also significantly smaller in rivers
regulated by storage and peaking dams (Rpos and Rneg, figure 6.4b-c). The absolute
median of the 90th percentile of changes in daily mean water temperature was greater
than 1.5 °C in unregulated rivers while it was generally below 1 °C for storage and
peaking systems. The relatively stable regime of storage and peaking systems on a day-
to-day basis could be associated with the thermal inertia of reservoirs which can

moderate daily changes in river water temperature.

At the subdaily timescale, the magnitude of variations was also considerably reduced in
storage and peaking systems compared to unregulated rivers (Rrng; figure 6.4d). The
mean daily range (Rrng) varied between 2.1 °C and 6.4 °C (median = 3.7 °C) in
unregulated rivers. In comparison, the median of the mean daily range was 1.3 °C for
storage systems. The mean daily range at peaking systems (median = 2.3 °C) was also
significantly lower than at unregulated rivers. Peaking systems are often characterized
by abrupt changes in water temperature during the day as a result of sudden
hypolimnetic releases (Zolezzi et al., 2011). In the present study, the two peaking
systems experienced abrupt water temperature variations during the day and on
average, the maximum change in water temperature between two consecutive hours

represented between 26 and 41 % of the mean daily range during the summer.
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Nevertheless, reservoirs associated with peaking systems moderated the overall
magnitude of subdaily variation which explains the reduced mean daily range for these

regulated rivers.

Not only was the magnitude of subdaily variations reduced downstream of storage and
peaking dams, the general pattern of subdaily variation was also modified. The average
number of reversals per day (Rrev; table 6.2), which represents the number of changes
of direction in a day, was significantly larger in regulated rivers, including run-of-river
systems, compared to unregulated rivers (figure 6.4e). To illustrate subdaily patterns of
variation at regulated and unregulated rivers, we compared water temperature variations
during four days of the summer 2012 at four selected sites, namely the Ste-Marguerite
(unregulated), Etchemin (run-of-river), Dee (storage) and Mississagi (peaking) rivers
(figure 6.5). The daily water temperature cycle in the unregulated river was characterized
by two changes of direction during the day: water temperature decreased from midnight
to early morning, increased in the afternoon and then started to decline again in the
evening (figure 6.5a). Indeed, water temperature varied in a steady consistent way
throughout the day in unregulated rivers. In contrast, subdaily water temperature
variations in regulated rivers were more erratic downstream of the dam which led to
reversals throughout the day (e.g. run-of-river dam; figure 6.5 b). At the storage dam,
there were small but numerous changes of direction in water temperature throughout the
day (figure 6.5c). Peaking systems generally experienced the largest number of
reversals per day (median = 4.7; figure 6.4e). Indeed, we observed abrupt and frequent
changes in water temperature at the Mississagi River and at least four reversals

generally occurred throughout the day for this peaking system (figure 6.5d).

133



hourly mean water temperature (°C)

16

28

26

24

22

20

22

20

18

24

23

22

21

203

a) unregulated river

b) regulated -

run-of-river

J\,J

c¢) regulated - storage

\J/\

A
TN

d) regulated - peaking

regulated storage system (Dee River, NB

204

205

day of the year

134

206

207

Figure 6.5 Examples of subdaily variations in water temperature in July 2012 at a) an unregulated
river (Ste-Marguerite River, QC) , b) a regulated run -of-river system (Etchemin River, QC ), ¢) a
) and d) a regulated peaking system (Mississagi River, ON

6.4.4 Compare the monthly magnitude of regulated and unregulated rivers

The magnitude of the thermal regime in September (Mmo9) was identified as a thermal
regime feature particularly impacted by dams (figure 6.3a). Contrarily to the various rate
of change metrics which were strongly correlated in the two dimensional PC space,

metrics describing the monthly magnitude of water temperature were not strongly



correlated (figure 6.3a). This finding suggests that the influence of regulation on the
magnitude of the thermal regime varied over the summer period. To illustrate these
changing patterns in the thermal influence of dams, figure 6.6 shows the monthly mean
water temperatures of regulated and unregulated rivers in relation to air temperature in

July, August and September.
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Compared to the other unregulated rivers, the three unregulated rivers (corresponding to
four site-years) in the province of New Brunswick (NB; see figure 6.1 for location)
generally had lower water temperatures compared to other sites when taking air
temperature into account (figure 6.6). For example, monthly mean water temperatures
were warmer than monthly mean air temperatures at unregulated rivers (monthly mean
ratio between water and air temperature > 1.12), with the exception of NB sites where
monthly mean water temperatures were often cooler than monthly mean air
temperatures (monthly mean ratio between water and air temperature ranged between
0.96 in August and 1.03 in September). A Student t-test ( = 0.05) indicated the mean
ratio between monthly mean water and air temperature was significantly smaller at NB
sites compared to other unregulated rivers. The difference between NB sites and other
unregulated rivers could be due to the fact that the drainage area of NB sites was
generally small (between 110 and 332 km?) in comparison to other unregulated rivers
(mean = 1009 km?2). Consequently, NB sites were not included in the regression analysis
(i.e. definition of confidence intervals) between the monthly mean air and water
temperature, although they are plotted as grey symbols in figure 6.6. The two regulated
rivers in NB, which also have a small drainage area (between 47 and 110 km?), were

also differentiated in figure 6.6 to allow the distinction with other regulated rivers.

For unregulated rivers, correlation between monthly mean air and water temperature
was strongest in July (R = 0.88) and August (R = 0.91) while moderate correlation was
observed in September (R = 0.75). In July and August, no general pattern was observed
in the air-water temperature relationship of regulated rivers. Among storage and peaking
systems, we only observed anomalies (i.e. metric falling outside the 90 % confidence
interval of unregulated rivers) in the July air-water temperature relationship for two site-
years (Kiamika River in 2013, Mississagi River in 2011; figure 6.6a). At these two site-
years, the mean July water temperature was 1.6 °C below the confidence interval of the
air-water temperature relationship of unregulated rivers, thus suggesting a cooling
influence of the dam. The cooling influence of the dam on the Mississagi River was only
observed in 2011, as no anomaly was detected in the July magnitude of the thermal
regime in 2012 and 2013. Among storage and peaking systems, anomalies in the
magnitude of the thermal regime in August were detected for the Fourchue River (2011,
2012, 2013), the Magpie River (2011, 2012) and the West Salmon River (2013) (figure
6.6b). For these site-years, the dam had a small warming influence on water

temperature and the mean water temperature in August was on average 0.3 °C above
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the 90 % confidence interval of the air-water temperature relationship of unregulated

rivers.

While most anomalies in the mean July and August water temperatures were detected
for storage and peaking systems, we also observed anomalies for a run-of-river system
(St-Jean River) and an unregulated river (Ste-Marguerite River) which were both located
in the Boreal shield. These two rivers (representing 5 site-years) were systematically
characterized by a mean July water temperature between 0.1 and 1.0 °C below the 90 %
confidence interval of the air-water temperature relationship (figure 6.6a). Similar cold
anomalies in the mean water temperature were also detected for these two rivers in
August (figure 6.6b). Results suggest that these rivers are characterized by a slower
warming of water temperatures in the early summer although additional sites in the
region would be needed to clearly identify regional differences in the thermal regime of

unregulated rivers.

In contrast to July and August, large anomalies were detected for most storage and
peaking systems in September (figure 6.6¢) thus denoting the systematic warming
influence of these dams on water temperatures in the late summer. For example, the
mean September water temperature was on average 1.7 °C above the confidence
interval for peaking systems. Compared to peaking systems, the warm anomalies were
generally smaller at storage systems. Nevertheless, the mean September water
temperature for storage systems was on average 0.6 °C above the 90 % confidence

interval of unregulated rivers.

6.4.5 Compare thermal impacts associated with different types of regulation

Figure 6.7 shows the relationship between the impounded runoff index (log scale) and
PC2 scores of regulated rivers which can be interpreted as an indicator of thermal
alteration by dams. For regulated rivers monitored for more than one year, minimum and
maximum values of PC2 scores were plotted to illustrate interannual variations in the
thermal alteration of regulated rivers. Excluding the Serpentine River site (which could
be considered as an outlier given the z-score of its PC2 score is greater than 2.5; PC2
score = 0.14 and impounded runoff index = 103 % in figure 6.7), PC2 scores for
regulated rivers were strongly correlated to the logarithm of the impounded runoff index
(R = -0.75, p-value < 0.05). Run-of-river systems with minimal storage capacity had an

impounded runoff index between 0 and 1 % (table 6.1) and these dams had a minimal
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impact on the thermal regime of rivers. In contrast, the thermal regime of rivers regulated
by storage and peaking dams was significantly altered and these systems had an
impounded runoff index that ranged between 10 and 103 % (table 6.1).
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Figure 6.7 Relationship b etween the impounded runoff index and scores on the second principal
component (PC2) for regulated rivers.  The x-axis is represented on a log scale. PC2 scores are used to
describe thermal alteration at regulated rivers. Error bars indicate minimum and maximum values for PC2
scores at sites monitored for more than one year.

6.5 Discussion

6.5.1 Thermal regime features predominantly modified by dams

We used a multivariate analysis (PCA) to identify thermal regime features for which
important differences were observed between regulated and unregulated rivers. Two
categories of metrics differentiated the thermal regime of regulated and unregulated
rivers in eastern Canada: 1) the rate of change in water temperature and 2) the
magnitude of water temperature in September. These contrasting features between the
thermal regime of regulated and unregulated rivers were specific to the study region and
to the regulation schemes studied. Nevertheless, thermal impacts identified in this study
generally agreed with results from other studies. For example, a reduction in thermal

variability has also been observed in regulated rivers at subdaily (Casado et al., 2013),
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daily (Steel and Lange, 2007) and seasonal (Ward and Stanford, 1979) timescales. The
warming influence of reservoirs in September has also been observed at certain
regulated rivers (Lehmkuhl, 1972; Webb and Walling, 1993), although it should be noted
that hypolimnetic-release dams can also have a cooling influence on water temperature
in the late summer (Olden and Naiman, 2010). The present study can help guide
biological monitoring efforts by targeting species and biological processes sensitive to
thermal features predominantly modified by dams. Moreover, by providing a preliminary
assessment of thermal impacts of dams, the present study can provide insight for the
selection and application of predictive modeling approaches to evaluate impacts more
precisely on a site-by-site basis. For instance, the time step and precision required by

water temperature models can be established from an initial analysis of metrics.

The present study described a regional template of thermal alteration associated with
storage and peaking dams. For example, results show that there is a generalized
increase in the late-summer (September) magnitude of water temperature at rivers
regulated by storage and peaking dams. Indeed, anomalies in the magnitude of the
thermal regime in September were observed for all site-years for peaking systems and
most (four out of six) site-years for storage systems (figure 6.6¢). Although the present
study highlighted the impacts of dams on the late-summer magnitude and rate of change
of water temperature, additional features of the thermal regime may also be modified by
dams on a site-specific basis. In July and August, we detected anomalies in the
magnitude of the thermal regime of certain regulated rivers, although these anomalies
appear to be specific to each site and year rather than exhibiting a consistent pattern at
the regional scale (figure 6.6a-b). Interannual variations have been observed in the
extent of thermal impacts by dams (Preece and Jones, 2002; Webb and Walling, 1993)
and thermal alteration could be more sensitive to hydrometeorological factors in the early
summer (July and August) than later in the season (September). Additionally, local
factors (e.g. inflow from tributaries, groundwater contribution) could also have an
important mediating influence towards the thermal impacts of dams in the early summer.
Although this study provides a preliminary assessment of features of concern in the

thermal regime of regulated rivers in eastern Canada, site-specific studies are still

needed to understand the i mpacts of a dam on

Overall, metrics that differentiated the thermal regime of regulated and unregulated

rivers were generally strongly correlated, as the projection of these metrics in the first
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two PC space showed (figure 6.3a). The selection of a representative and non-
redundant set of metrics has been a recurrent topic in studies characterizing the flow
regime of rivers (Daigle et al.,, 2011; Olden and Poff, 2003). From a statistical
perspective, one metric, such as Rneg which had the largest absolute loading on PC2,
would be sufficient to describe the dominant pattern of variance between regulated and
unregulated rivers. Indeed, the Rneg metric that described the negative changes in daily
mean water temperatures captured 85 % of the total variance explained by PC2. The
selection of this unique metric would minimize information redundancy associated with a
large set of water temperature metrics. From an ecohydrological perspective, it could
however be argued that each metric should be considered, even if strongly correlated to
one another, given their varying biological implications. For example, the increased
magnitude of water temperature in September (Mmo9) could translate into a longer
growth period in regulated rivers (Neuheimer and Taggart, 2007) as well as it could
influence the timing of gametogenesis (Dabrowski et al., 1996). In contrast, the mean
daily range (Rrng) could influence the metabolic rate of fishes living above their optimal
water temperature (Oligny-Hébert et al., 2015). Mitigation would certainly be approached
differently according to the thermal regime feature of concern in regulated rivers.

6.5.2 Thermal alteration associated with different types of regulation

Run-of-river dams had little impact on the thermal regime of rivers and PCA scores
associated with these regulated rivers were generally within the natural range of
variability observed in unregulated rivers (figure 6.3b). However, two features of the
thermal regime of run-of-river systems were significantly different from unregulated rivers
(Rrng and Rrev), although as argued above, differences in the mean daily range (Rrng)
for some sites may be linked to certain unregulated rivers characterized by large
subdaily variations rather than being attributed to the presence of dams. As for the
average number of reversals per day (Rrev), unregulated rivers displayed a relatively
consistent subdaily pattern with on average two reversals per day, while a greater
number of reversals was generally observed downstream of run-of-river dams (figure
6.4e). Run-of-river dams often raise the water level upstream of the dam to make sure
the intake structure remains submerged which can lead to an enlargement of the river
upstream of the dam (Csiki and Rhoads, 201 0) . The modi ficati on of

residence time associated with this enlargement could explain differences in subdaily
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patterns of variation in water temperature between unregulated and run-of-river systems.
Moreover, run-of-river dams can sometimes increase the flashiness of subdaily flow
variations, such as was the case in the Connecticut River basin, United States
(Zimmerman et al., 2010). This modification of the flow regime could also influence
subdaily water temperature variations (e.g. number of reversals per day; Rrev).

In general, storage and peaking systems were found to 1) reduce the magnitude of
water temperature variation at seasonal, daily and subdaily timescales and 2) increase
the monthly mean water temperature in September. However, one storage system
(Serpentine River in 2013) diverged from this general pattern and the PC2 score for this
site-year overlapped with PC2 scores of unregulated rivers (figure 6.3b). Indeed, metrics
describing the thermal rate of change in this regulated river were within the interquartile
range of unregulated rivers (figure 6.4). The only important anomaly observed for the
thermal regime of this regulated river was related to the magnitude of its thermal regime
in July (Mmo7, figure 6.5a). During this month, particularly cool water temperatures were
observed at the Serpentine River. These results highlight the fact that not all storage and
peaking systems will generate the same impacts across the study area. In particular, the
Serpentine River site corresponded to the smallest drainage basin among regulated
rivers (47 km?; table 6.1) which could in part explain the different pattern of thermal
alteration at this site. According to the serial discontinuity concept (Ellis and Jones, 2014;
Ward and Stanford 1983), stream order influences the extent of thermal alteration by
dams. Rapid thermal recovery was generally observed downstream of the dam at the
Serpentine River which could explain why median conditions were generally similar to
water temperature conditions in unregulated rivers. For example, within 12 km
downstream of the dam, rate of change metrics (Rpos, Rneg, Rrng and Rrev) had
generally recovered to values close to the median value of unregulated rivers and this
effect could in part be associated with the inflow of important tributaries (drainage area >
20 km?) along the study reach. In the case of increased temperatures downstream of
dams, a rapid recovery can also be attributed, in some cases, to important groundwater

fluxes which can help bring back water temperature to equilibrium downstream.

6.5.3 Assessing the potential for thermal alteration in regulated rivers

We observed a significant correlation (R = -0.75) between PC2 scores and the logarithm

of the impounded runoff index which suggests that this index may be used to assess the
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potential for thermal alteration by dams in the region. Findings from this study suggest a
threshold in the impounded runoff index over which dams significantly modify the thermal
regime of rivers. In the present study, thermal alteration was observed for dams
impounding more than 10 % of the median annual runoff while dams impounding less
than 1 % of the median annual runoff had a minimal impact on the thermal regime of
rivers. Buendia et al. (2015) also found that the degree of thermal alteration was related
to the impounded runoff index in the Ebro basin, Spain. In their study, dams impounding
less than 5 % of the mean annual runoff had a minimal influence on the relationship
between air and water temperature while thermal alteration was observed downstream
of dams impounding more than 20 % of the mean annual runoff. It should be noted that
their study used the mean annual runoff to calculate the impounded runoff index while
the present study used the median annual runoff. In New Brunswick, the median annual
flow corresponds to approximately half of the mean annual flow (Caissie, 2006b) which
would influence the calculation of the impounded runoff index. Accordingly,
methodological differences should be carefully considered when comparing studies

making use of the impounded runoff index.

While this study suggests that the threshold in the impounded runoff index over which
significant thermal alteration occurs lies between 1 and 10 % for medium-size rivers in
eastern Canada, further research could help refine this estimation as well as it could
investigate the relevance of this threshold for smaller streams (drainage area < 50 km?2).
Such information could be used to define monitoring priorities by identifying regulated
rivers that are not monitored but where thermal alteration by dams is likely occurring.
Other indicators have been proposed to assess the potential for thermal impacts (e.g.
intake depth, frequency of release, summer discharge; Preece, 2004; Ryan et al., 2001);
however, these indicators specifically targeted coldwater pollution by hypolimnetic-
release dams. In contrast, in this study, the impounded runoff index was related to the
alteration of other features of the thermal regime such as the rate of change and the

late-summer magnitude.

6.5.4 Limitations

Air temperature was not measured at each study site and for this reason, a spatially
interpolated grid was used to assess air temperature at each site. Comparison between

observed and interpolated values of monthly mean air temperature indicated a small
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positive bias (mean error = 0.3 °C). Similar to the present study, Price et al. (2000) found
that spatial interpolation of climatological data generally performed well over eastern
Canada (Quebec and Ontario) given the relatively smooth topographic and climatic
gradients over this region. Nevertheless, we compared the use of the air temperature
spatial grid data with the use of air temperature data measured at the closest weather
station for the detection of anomalies in the monthly magnitude of the thermal regime of
regulated rivers (figure 6.6). On a site-by-site basis, these two approaches yielded
slightly different results, particularly in the month of August. However, the general pattern
observed (i.e. important warming effect by storage and peaking dams in September;
figure 6.6¢c) was consistent between the two approaches. While interpolated grids of
daily weather are a useful tool for the development of spatially explicit water temperature
studies and models, errors associated with these spatial datasets need to be carefully
considered (Daly, 2006).

Unregulated rivers used as reference sites in this study were selected to reflect
physiographic and hydroclimatic conditions of regulated rivers. Accordingly, these
reference sites were not disturbance-free. For example, agricultural and urban areas
were found in some catchments and the absence of riparian vegetation was sometimes
observed along river reaches. Such disturbances can significantly modify the thermal
regime of rivers (Moore et al., 2005a; Somers et al., 2013). However, catchments of
regulated rivers generally presented similar disturbances (in addition to the disturbance
of the dam itself). Reference conditions were defined to assess the thermal impacts of
dams and these conditions were not necessarily suited to study the impact of other

disturbances.

In regional assessments, classification is generally undertaken to identify which rivers
are comparable in terms of their thermal regime (Chu et al., 2010; Rivers-Moore et al.,
2013). In the present study, the small sample size of unregulated rivers with water
temperature data precluded this step. With additional water temperature data in
unregulated rivers, a regional typology of thermal regimes could be proposed which
would allow a more precise definition of reference conditions and consequently, a more
precise assessment of thermal impacts. For example, we highlighted two rivers located
in the Boreal Shield (St-Jean and Ste-Marguerite rivers) which were characterized by
cool water temperatures in the early summer relative to air temperatures (figure 6.6a-b).

Additional sites would help assess if rivers in this region are indeed characterized by a
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distinct thermal regime. The definition of a regional typology would have also been
relevant to the assessment of thermal impacts in peaking systems given these sites
were concentrated in northern Ontario and, unlike run-of-river and storage systems, did

not span across the entire study area (figure 6.1).

This study compared median water temperature conditions in regulated and unregulated
rivers. However, spatial variations in the water temperature of regulated rivers can lead
to important longitudinal and lateral gradients in river productivity that should be
considered when managing regulated rivers (Bond et al., 2015). While median
conditions in the regulated river may be within the range of values observed in
unregulated rivers, this may not be the case at close proximity of the dam. In particular,
the most important longitudinal variation was observed downstream of storage dams
(table 6.4) and such pattern could lead to a loss of suitable thermal habitat at proximity of

the dam which could have important consequences, particularly for migratory species.

6.6 Conclusion

This study described a regional template of thermal alteration in medium-size rivers of
eastern Canada regulated by dams impounding at least 10 % of the median annual
runoff. We identified two features of concern in the thermal regime of these regulated
rivers: the rate of change in water temperature and the magnitude of the thermal regime
in September. Run-of-river dams impounding less than 1 % of the median annual runoff
only had a minimal influence on the thermal regime of rivers. Findings suggest the
impounded runoff index provides a valuable tool for desktop assessments of thermal
impacts in ungauged basins. This index could help draw a picture of thermal alteration
by dams at the landscape scale. With an increasing number of dam removals in North
Ameri ca ( O06 C1b)y agooderderstahding of current thermal impacts at the

landscape scale provides essential context to guide and prioritize dam removal efforts.

By identifying thermal features of concern in regulated rivers, this study highlighted
potential mechanisms underlying changes in ecological communities of regulated rivers.
Further research can help gain a better understanding of the ecological response
associated with the modification of individual thermal features. For example, recent
efforts have assessed the ecological implications of water temperature variability at

different timescales (Niehaus et al., 2012; Steel et al., 2012) and this research highlights
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the importance of such studies given the alteration of this feature in the thermal regime

of regulated rivers.
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Abstract

River water temperature is a very important variable in ecological studies, especially for
the management of fisheries and aquatic resources. Temperature can impact on fish
distribution, growth, mortality and community dynamics. River evaporation has been
identified as an important heat loss and a key process in the thermal regime of rivers.
However, its quantification remains a challenge, mainly due to the difficulty of making
direct measurements. The objectives of this study were to characterize the evaporative
heat flux at different scales (brook vs. river) and to improve the estimation of the
evaporative heat flux in a stream temperature model at the hourly timescale. Using a
mass-balance approach with floating minipans, we measured river evaporation at an
hourly timescale in a medium-sized river (Little Southwest Miramichi) and a small brook
(Catamaran Brook) in New Brunswick, Canada. With these direct measurements of
evaporation, we developed mass transfer equations to estimate hourly evaporation rates
from microclimate conditions measured 2 m above the stream. During the summer 2012,
river evaporation was more important for the medium-sized river with a mean daily
evaporation rate of 3.0 mm day™ in the Little Southwest Miramichi River compared to 1.0
mm day™ in Catamaran Brook. Evaporation was the main heat loss mechanism in the
two studied streams and was responsible for 42 % of heat losses in the Little Southwest

Miramichi River and 34 % of heat losses in Catamaran Brook during the summer.
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7.1 Introduction

River water temperature is a very important variable in ecological studies and changes in
temperature can significantly impact fish distribution, growth, mortality, production,
habitat use and community dynamics (Caissie, 2006a). It is therefore important to
understand the thermal regime of rivers for an effective management of fisheries and
aquatic resources. Stream temperature has been modelled using statistical (Benyahya et
al., 2007; St-Hilaire et al., 2012) and deterministic models (Caissie et al., 2007; Sinokrot
and Stefan, 1993; Webb and Zhang, 1997). Deterministic models are efficient tools to
understand the dynamics and contribution of the different components of heat budgets.
This modelling approach has been used to better understand the impacts of dams
(Lowney, 2000; Troxler and Thackston, 1977), deforestation (Bartholow, 2000; Chen et
al., 1998), water withdrawals (Bartholow, 1991; Meier et al., 2003), wastewater effluents
(Xin and Kinouchi, 2013) and climate change (Tung et al., 2006; Wu et al., 2012) on

water temperature in streams.

In the heat budget of rivers, the evaporative heat flux is an important cooling process
during the summer (Caissie et al., 2007). Numerous equations can be used to estimate
evaporation (Rosenberry et al., 2007) and selecting the appropriate equation remains a
difficult task in stream temperature modelling. Among the available evaporation
equations, a strong bias exists towards those established on large lakes (e.g. Harbeck et
al., 1958; Marciano and Harbeck, 1954). Jobson (1980) found that lake evaporation
formulas underestimated evaporation rates in an open channel, especially at low wind
speeds. Benyahya et al. (2010) compared estimates of river evaporation rates from four
different lake evaporation equations and their results showed large differences among
approaches. Such differences are difficult to reconcile without actual river evaporation

measurements.

Mass transfer equations have been developed to estimate evaporation rates in a few
open channels. Many of these equations were calibrated using an energy-budget
approach (Fulford and Sturm, 1984; Jobson, 1980) while only two were developed using
direct evaporation measurements (Benner, 1999; Guenther et al., 2012). For example,
Guenther et al. (2012) measured evaporation rates in a small headwater stream in
British Columbia using an evaporimeter. However, their measurements were only

performed during daytime under stable atmospheric conditions. Benner (1999)
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developed a mass transfer equation from direct evaporation measurements on the John
Day River in northeastern Oregon and found that stream incision, topography, alignment
and wind direction could restrict air movement, and thus influence the evaporative

cooling of the river.

In water temperature models, river evaporation has generally been estimated by
calibrating mass transfer equations (Hebert et al., 2011; Meier et al., 2003) or by
applying equations from the literature without site-specific validation (Chikita et al., 2010;
Hannah et al., 2004; Leach and Moore, 2010; Magnusson et al., 2012). Mass transfer
eguations have been calibrated by considering the evaporative heat flux as the residual
term in the energy budget. However, this approach can lead to a bias in the estimation of
mass transfer coefficients as the residual term may also include biases in the modelling
of other heat fluxes. Furthermore, only two studies have validated river evaporation
estimates against direct measurements due to challenges associated with river
evaporation measurements (Benner, 1999; Guenther et al., 2012). The suitability of site-
specific evaporation equations to rivers in different physical and climatic settings has not
been thoroughly evaluated. Therefore, the objective of the present research is to study
the river evaporation process and its corresponding heat flux for two different streams.
The specific objectives of this research are 1) to calibrate mass transfer equations using
direct measurements of river evaporation 2) to compare the evaporative heat flux at
different scales (brook vs. river) and 3) to model stream water temperature at an hourly

time step.

7.2 Study site

This study was conducted at two sites located within the Miramichi River basin in New
Brunswick, Canada (figure 7.1). The region is characterized by a humid climate with a
mean annual precipitation averaging 1130 mm and evapotranspiration estimated at 416
mm (Caissie and El-Jabi, 1995). January is the coldest month of the year with a mean
monthly air temperature of -11.8 °C and July is the warmest month with a mean monthly
air temperature of 18.8 °C. Vegetation is composed of conifers (65 %) and deciduous
trees (35 %) (Cunjak et al., 1990).
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A

LSWM
microclimate site

Figure 7.1 Map of Little Southwest Miramichi River (LSWM) and Catamaran Brook (CatBk)
microclimate site s within the Miramichi River system

The first site was located in the Little Southwest Miramichi River (LSWM), above the
confluence of Catamaran Brook. The site was located upstream an island in the middle
of the channel to capture meteorological conditions above the river. The river is oriented
on a northwest-southeast axis (100°) at the study site and is approximately 80 m in width
and 0.55 m in depth during mean flow conditions. The drainage area at the study site is
1190 km? and summer mean daily flow in 2012 (days 164 to 241) was 18.0 m3 s™.
Canopy closure above the river is less than 20 %. The second site was located in
Catamaran Brook (CatBk), 8 km upstream of the confluence with the LSWM. The stream
is oriented on a southwest-northeast axis (75°) at the study site and is 8 m in width and
0.21 m in depth during mean flow conditions. The drainage area at the study site is
27 km2 and summer mean daily flow in 2012 (days 164 to 241) was 0.4 m? s™*. Canopy
closure is more important at the CatBk ranging between 55 % and 70 %.

7.3 Materials and M ethods
7.3.1 Above -stream microclimate conditions

Microclimate conditions were recorded mid-stream, directly above the water surface at
LSWM and CatBk. Solar radiation, longwave radiation, air temperature, relative humidity,

wind speed and direction were recorded approximately 2 m above the water surface.
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Solar radiation was measured with a Kipp & Zonen SP-Lite2 silicon pyranometer (+ 5 %
under open-sky conditions). Longwave radiation was measured with a Kipp & Zonen
CGR3 pyrgeometer (+ 1 %). Air temperature and relative humidity were measured with a
Vaisala relative humidity sensor and temperature sensor and a RM Young anemometer
05103 recorded wind speed (0 to 100 m s™; + 0.3 m s™) and direction (+ 3 °). The
threshold sensitivity of the anemometer was typically 0.5 m s* and the maximum
threshold sensitivity was 1 m s™. Water temperature was recorded mid-stream with a
107B water temperature sensor (Campbell Scientific Corp.; £ 0.4 °C). Precipitation was
recorded only at the LSWM site with a TE525 tipping bucket rain gage (x 1 %). All
sensors recorded measurements every minute and stored hourly means (hourly total for
rainfall) in a data logger. Microclimate conditions were recorded during the summer
period from June 12 to August 28, 2012 (days 164 to 241).

7.3.2 Calibration of the minipans

As pointed out by Guenther et al. (2012), monitoring river evaporation can be
challenging, especially in small streams, because of the lack of fetch which generally
prevents the use of complex methods such as the eddy-correlation approach. Given this
challenge, simple and direct measurement approaches are sometimes required. In the
present study, we used floating minipans to measure river evaporation. Hourly
evaporation rates were measured by assessing mass losses in a water-filled floating
minipan. The minipans consist of a 22 x 22 cm and 6 cm-deep plastic pan inserted into a
wooden frame for flotation. The square wood frame was 33 cm wide and 2 cm high and
was painted white to minimize solar radiation absorption. Before using the minipans in
the field, they were calibrated and tested against an automated Class A pan (see
Caissie, 2011 for more details). The calibration between a Class A evaporation pan and
the minipans was carried out between August 23 and October 19, 2011. Days with
precipitation were excluded from the analysis. Daily evaporation was measured for both
pans (figure 7.2a). Results showed that the daily evaporation measurements from the
minipan agreed well with evaporation measurements for the Class A pan (R? = 0.96;
figure 7.2b). On two occasions (September 6 and 30), evaporation was underestimated
by the minipan when very strong winds were observed. During such high winds, it is

possible that water would have splashed into the minipan (Chu et al., 2012).
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Figure 7.2 Calibration of the floating minipan with the Class A evaporation pan where a) shows the
experimental set up and b) shows daily evaporation measurements by the minipan and class A pan
(n = 26 days)

7.3.3 Measuring river evaporation at the micro  climate station

Once calibrated, the minipans were installed in the field and three replicates (i.e. three
minipans) were performed for each evaporation measurement. Each minipan was
deployed in the main channel near the microclimate station recording above-stream
conditions (figure 7.3). At CatBk, minipans were deployed across the reach to capture
river evaporation near the microclimate station. At LSWM, minipans were all deployed in
the middle of the river, in the vicinity of the microclimate station. Minipans were filled with
1600 g of stream water in order to approximately match the stream level within the
minipan. Minipans were weighted every hour using a Symmetry EC 11-4000 scale (x 0.1
g) and the hourly difference corresponded to the quantity of evaporated water. Hourly
evaporation rates were measured at LSWM and CatBk during the summers of 2011 and
2012. Daytime measurements were performed between 12:00 and 17:00 and nighttime
measurements between 21:00 and 5:00. Nighttime measurements were only performed

at LSWM due to logistical difficulties to carry out such measurements at CatBk.
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Figure 7.3 Measurements of river evaporation using the floating minipans at the microclimate station
(Catamaran Brook)

7.3.4 River temperature model

Stream temperature was modelled using a heat budget approach (Caissie et al., 2007).
Assuming vertically well mixed waters and a wetted perimeter equivalent to the stream
width, the rate of change in water temperature can be described using the general
equation of thermal energy (Hebert et al., 2011):

ay w

- —0 7.1
’QO w” O ( )

where T, is the water temperature (°C), W is the stream width (m), c,, is the specific heat
of water (4.9x10° MJ kg™ °C™?), } ., is the water density (1000 kg m?®), A is the cross-

sectional area (m?) and Hyw (W m™) is the net heat flux into or out of the stream.

The net heat flux (Hwta) COrresponds to the sum of heat fluxes at the air-water and water-

streambed interfaces:
O O O O 0O O ° O 0O (7.2)

where the heat flux at the air-water interface is the sum of the net shortwave radiation Hg

(W m), the net longwave radiation H, (W m™), the evaporative heat flux He (W m™?) and
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the sensible heat flux H, (W m™). The heat flux at the water-streambed interface is the
sum of the heat flux by conduction H, (W m™) and the heat flux by groundwater flow H,
(W m™). The evaporative heat flux (He) is a heat loss and therefore has a negative value
in equation 7.2.

Net shortwave radiation (Hs)

The energy transfer from solar radiation to the stream is equal to the incoming shortwave

radiation minus reflected solar radiation:
O 1m0 (7.3)

where H; is the incoming solar radiation (W m?) measured with a pyranometer. The
water surface albedo was estimated as 3 % of incoming solar radiation (Benyahya et al.,
2012).

Net longwave radiation (H))

The longwave radiation is expressed as the sum of the incoming longwave radiation,
which consists of radiation emitted by the atmosphere and the forest cover, and the
outgoing longwave radiation, which consists of radiation emitted by the water and
incoming longwave radiation reflected at the water surface. About 3 % of longwave
radiation is reflected for a water surface between 0 °C and 30 °C (Anderson, 1954). The
net longwave radiation is calculated using the Stefan-Boltzmann law (Singh and Singh,
2001):

O Moy O - p O Y ¢xo Y ¢xo (7.4)

where 0 is the Stefan-Boltzmann constant (5.67x10% W m™? K*), F is the forest cover
factor (0-1), O is the atmospheric emissivity and T, is the air temperature (°C). This
forest cover factor corresponds to the fraction of the sky hidden by vegetation (0 = totally
open to the sky and 1 totally shaded). As such, the sky view factor (Moore et al., 2013)
corresponds to p "O. For the LSWM, incoming longwave radiation was obtained from
direct measurements using the Kipp & Zonen CGR3 pyrgeometer. In the case of CatBk,
the atmospheric emissivity U was estimated using the empirical relationship defined by
Morin and Couillard (1990) and longwave radiation data collected at the LSWM. The
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forest cover factor was calculated by minimizing the mean squared error between
measured and predicted (p 0z70 ) daily mean shortwave radiation at CatBk for
days 164 to 202 (50 % of the study period). The calibrated forest cover factor (F = 0.66)
was validated using an independent data set (days 203 to 241) and similar RMSE values
were computed using the calibration data set (13 W m™) and the independent data set
(17 W m?).

Evaporative heat flux (He)
The evaporative heat flux is a function of the evaporation rate and is calculated as:
0 0w (7.5)

where E is the evaporation rate (mm hr*) and L is the latent heat of water vaporization
(2.45 MJ kg™).

A mass transfer equation was used to estimate the evaporation rate from microclimate
conditions. Mass transfer equations are a widely used approach for estimating the
evaporative heat flux in stream temperature models (e.g., Caissie et al., 2007; Sinokrot
and Stefan, 1993). The evaporation rate is assumed proportional to the vapor pressure
deficit and wind speed (Harbeck et al., 1958):

ord Q (7.6)

where ¢ is the wind function (mm day™ kPa™), ‘d is the saturation vapor pressure at the
surface water temperature (kPa) and e, is the vapor pressure of the above air (kPa). It
should be noted that although the water temperature model is computed at an hourly
time step, the evaporation rate in equation 7.6 is expressed in mm per day to facilitate

comparison with values from the literature.

The wind function ¢ is typically represented by a linear function (Harbeck et al., 1958;

Jobson, 1980; Sinokrot and Stefan, 1993) and therefore equation 7.6 becomes:
0O &  d Q (7.7)
where a and b are site-specific coefficients and u is the wind speed (m s™). In the

present study, a and b were estimated using evaporation measurements from the
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floating minipans and wind speed measurements at 2 m above the stream. A wind
function was calibrated for both LSWM and CatBk.

Sensible heat flux (H.)

The sensible heat flux is the energy transferred by conduction and convection as a result
of the temperature difference between the stream and the atmosphere. The sensible
heat flux is estimated using the Bowen ratio (Bowen, 1926):

(7.8)

where 9 is the psychrometric constant (0.066 kPa °C™ for an atmospheric pressure of
101.3 kPa and a latent heat of vaporization of 2.45 MJ kg™).

When substituting equations 7.5 and 7.7 in equation 7.8, the sensible heat flux is

described as:

0 1B HOTY Y (7.9)

Heat flux by conduction at the streambed (Hy)

The streambed heat fluxes by conduction (Hp) and by advection (Hy) were estimated with

an advective-diffusion model (Caissie and Satish, 2001):

o ey i
bor Y o Y (7.10)

Ta a 0

—n
—n

o)
where k., is the effective thermal conductivity of the saturated sediment matrix
(2.2 W m™* °C* at CatBk and LSWM), T, is the streambed temperature at different
depths (°C), z is the depth within the streambed (m), v, is the vertical seepage velocity
(negative for upwelling water) (0.0025 m hr* at CatBk and 0.0020 m hr* at LSWM), ¢, is
the specific heat capacity of the saturated sediment matrix (1130 J kg™ °C?) and } ,, is
the density of the saturated sediment matrix (2300 kg m™®). Details on the values used

for kKm, Vs, Cm, } m are found in Hebert et al. (2011).
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The advection-diffusion model was used to predict temperature profiles in the streambed
from which we estimated the heat flux by conduction using a heat budget approach
(Hondzo and Stefan, 1994):

0 @7 TT_o "Yaro Q& (7.11)

Heat flux by groundwater flow (Hg)

The advective heat flux is a function of the groundwater flow and the temperature

difference between the surface and groundwater (Sridhar et al., 2004):
O ©” 0 Y Y (7.12)

where Qq is the groundwater flow (m* s™) and T, is the groundwater temperature at a
depth close to the water-streambed interface (°C). Q4 was estimated from the vertical
seepage velocity (v,) for a 1 m2-surface area. Ty was estimated at a depth of 0.1 m using
the advection-diffusion model (equation 7.10).

The performance of the stream temperature model was evaluated using two criteria.
First, the root-mean-square error (RMSE) was calculated between the observed and
predicted hourly rate of change in temperature (dT,). Second, the coefficient of
determination (R2) was calculated to describe how much of the observed variability in
water temperature was explained by the model (i.e. water temperature calculated based
on the total heat flux). Equations for the RMSE and R2 are described in Hebert et al.
(2011).

7.4 Results

7.4.1 Wind functions

Wind functions for both LSWM and CatBk are shown in figure 7.4. Table 7.1 provides the
coefficients of the wind functions as well as the 95 %-confidence intervals associated
with these coefficients. The RMSE between observed and predicted evaporation rates
was 0.65 mm day™ during daytime at LSWM, 0.34 mm day™ during nighttime at LSWM
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and 0.15 mm day’ at CatBk. Two distinct clusters were detected for the LSWM as a
result of smaller evaporation rates at night and different microclimate conditions between
day and night (e.g. lower wind speeds at night; figure 7.5a). In LSWM, the slopes of the
daytime and nighttime wind functions were not significantly different (ANCOVA test, F =
2.65 p > 0.05). However, the slopes of daytime wind functions were significantly different
between LSWM and CatBk (ANCOVA test, F = 9.98, p < 0.05).

8 1a) LSWM 5 1 b) CatBk

* Yaay = 264+ 2.92uy,,

El(e *-e,) (mm kPa' day™)
B

o 1 2 3 4 5 6 0 02 04 06
windspeed (m s-) windspeed (m s)

Figure 7.4 Day - and nighttime wind functions for a) Little Southwest Miramichi River (LSWM) and b)
Catamaran Brook (CatBk)

Table 7.1 Coefficients (slope and intercept) of wind functions for Little Southwest Miramichi River
(LSWM) and Catamaran Brook (CatBk) and their corresponding confidence intervals

a (intercept) confidence b (sIoPe) confidence
stream T interval : 1 interval R2
(mm day™ kPa™) (95%) (mm day™ kPa™) (95%)
LSWM - day 3.09 249171 3.68 0.84 0.667 1.01 0.86
LSWM - night 1.13 0.607 1.66 1.78 0.6871 2.89 0.42
CatBk - day 2.64 2.191 3.08 2.92 1.81171 4.06 0.64

During the evaporation measurements at LSWM, the wind speed ranged between 0.2
and 5.3 m s™ and these conditions were very similar to those experienced during the
whole summer of 2012 (0.0 to 6.1 m s™). Similar results were also observed in CatBk
with wind speed ranging between 0.1 and 0.6 m s during the evaporation
measurements (0.0 and 0.7 m s for the summer). For all wind functions (i.e. LSWM
day, LSWM night and CatBk day), both the slope and the intercept were significantly
different than zero (p < 0.05).
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To investigate the influence of fetch on the daytime wind function at LSWM, wind
directions were classified into two groups: easterly winds (10 to 30°; n = 6) which had a
fetch of approximately 10 m and westerly winds (144 to 200°; n = 13) which had a fetch
ranging from 90 to 115 m. At LSWM, fetch did not have a significant influence on the
slope of the wind function (ANCOVA test, F = 0.62 p > 0.05).

7.4.2 Diel and daily river evaporation

Microclimate conditions were very different among sites on a diel cycle. Figure 7.5
shows the hourly median summer value for each measured meteorological variable,
within a 24-hour period. For instance, low wind speeds (< 0.5 m s™) were generally
observed at night in LSWM, whereas CatBk showed close to zero values (figure 7.5a).
Daytime wind speed values at LSWM reached a maximum of 1.6 m s around 15:00;
however, wind speeds at CatBk remained generally low throughout the day
(< 0.25 m s; figure 7.5a). Diel variability was also observed for the vapour pressure
deficit (G 'Q) and a similar pattern was observed in both LSWM and CatBk (figure
7.5b). The vapour pressure deficit in LSWM was on average higher by 0.6 kPa than at
CatBk. Figure 7.5c shows the hourly median of the virtual temperature difference

between the water surface and air. Virtual temperature is calculated as:

Y OCX®

T ¢ X® (7.13)

where —is the virtual temperature (°C), e is the vapour pressure (kPa) and P is the
atmospheric pressure (kPa). The virtual temperature difference between the water
surface and the overlying air can be used as a stability index of atmospheric conditions
(Guenther et al., 2012): negative values indicate stable conditions and positive values
indicate unstable conditions. During the night, the overlying atmosphere was generally
unstable between 20:00 and 9:00 at LSWM and between 23:00 and 8:00 at CatBk
(figure 7.5¢). In LSWM, the virtual temperature difference was greatest during the night
reaching 4.7 °C compared to -3.1 °C during the day. CatBk showed contrasting results,
i.e. a greater daytime difference, reaching -5.7 °C and lower differences during the night,

reaching 2.1 °C.

Figure 7.5d shows the modeled hourly evaporation rate associated with median

microclimate conditions (figure 7.5a and 7.5b) calculated using the mass transfer
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equations developed with the minipans. At LSWM, evaporation followed the diel cycles
observed for wind speed and vapor pressure deficit. At night, the evaporation rate was
low as a result of light winds and a small vapor pressure deficit. Evaporation was fairly
constant throughout the night between 21:00 and 9:00, ranging from 0.06 to
0.08 mm hr™. Around 10:00, evaporation started to increase coinciding with the virtual
temperature difference becoming negative (i.e. [ air > [ water; Stable conditions). As wind
speed and the vapor pressure deficit increased in the afternoon, evaporation followed
the same trend and reached a maximum towards the end of the afternoon (0.23 mm hr™
at 17:00; figure 7.5a).
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Figure 7.5 Measured microclimate conditions (a T wind speed, b 1 vapor pressure deficit and ¢ T

virtual temperature difference between the water surface and air) and d) modelled evaporation rate
for the Littl e Southwest Miramichi River (LSWM) and Catamaran Brook (CatBk) during the summer
2012. Hourly median values for days 164 to 241 are shown.
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Daytime evaporation at CatBk followed a similar pattern than that observed at LSWM
(figure 7.5d). In the morning, evaporation increased up to a maximum towards the end of
the day (0.7 mm hr* at 16:00). Daytime evaporation was higher in LSWM than in CatBk.
Microclimate conditions at CatBk (light winds and small vapor pressure deficit) were less
conducive for evaporation. The largest difference between LSWM and CatBk occurred in
the morning (between 10:00 and 11:00) and evaporation was 10 to 12 times larger at
LSWM than at CatBk. Throughout the rest of the day, a smaller difference was observed
between LSWM and CatBk and the hourly median evaporation rates were 3 to 6 times
larger at LSWM than CatBKk.

Figure 7.6 shows the mean daily evaporation modelled for the summer 2012. Daily
evaporation followed a similar pattern at LSWM and CatBk, although the daily
evaporation rate at LSWM was on average 4 times larger than at CatBk. Evaporation
reached a minimum (0.1 mm day™ at LSWM and 0.0 mm day™ at CatBk) on day 180,
when 11 mm of precipitation were measured. Daily evaporation reached a maximum of
2.8 mm day™ on day 166 at CatBk while a maximum of 6.8 mm day™ was estimated at
LSWM on day 219. Overall, evaporation averaged 3.0 mm day™” at LSWM and 1.0 mm
day™ at CatBk during the summer 2012.

Figure 7.6 Modelled mean daily evaporation rate for the Little Sou thwest Miramichi River (LSWM) and
Catamaran Brook (CatBk) during the summer 2012 (days 164 to 241)

7.4.3 Stream temperature modelling

Water temperature was modelled at an hourly timescale for the summer period from
June 12 (day 164) to August 28 (day 241), 2012. The evaporative heat flux was
modelled in LSWM using the daytime (10:00 to 20:00) and nighttime (21:00 to 9:00) wind
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