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RESUME

Les matieres allochtones peuvent étre transportées dans les écosystemes aquatiques en quantités et a
des fréquences variables a la suite d'événements tels que des inondations ou des changements de
température, entrainant ainsi des modifications de la biogéochimie de la colonne d'eau des lacs. Il est
important de mieux évaluer les réponses des organismes a ces apports afin d'améliorer notre
compréhension des mécanismes de la dynamique des écosystemes dans des conditions
environnementales perturbées, qui ne feront qu'augmenter avec les perturbations liées au changement
climatique. L’'objectif de ma recherche était de comprendre les réponses de I'écosystéeme a différents
types et fréquences d'apports allochtones, en mettant l'accent sur les réponses autotrophes et
mixotrophes (bactérivore) du nanophytoplancton a de tels événements. Jai prédit que les apports
allochtones riches en C : nutriments favoriseraient I'hétérotrophie et la bactérivorie par les mixotrophes,
tandis que les faibles ratios favoriseraient I'autotrophie. Nous avons mené une expérience en mésocosme
dans laquelle nous avons ajouté de la matiére organique sous forme de pulses, soit par le biais de larves
d'insectes, de feuilles d'arbres ou d'une combinaison des deux, dans des mésocosmes en lac. Jai
échantillonné une série de variables réponses afin de saisir le métabolisme de I'écosystéme, la composition
de la communauté et les contributions relatives des activités autotrophes, hétérotrophes et mixotrophes.
Mes résultats indiquent que les pulses d'azote et de phosphore (via des amendements d'insectes) ont
favorisé la prolifération de nanophytoplancton autotrophe et la productivité primaire, tandis que I'ajout
de carbone (via des feuilles) n'a pas favorisé I'hétérotrophie, peut-étre parce que I'eau de source était déja
oligotrophe. De maniére inattendue, I'abondance de bactéries hétérotrophes était la plus élevée dans les
amendements riches en nutriments. En outre, le nanophytoplancton mixotrophe était également moins
présent dans ces amendements, possiblement car il était concurrencé par des efflorescences autotrophes.
Enfin, alors que la phagotrophie chez I'espéce cible Plagioselmis sp. a augmenté dans tous les types de
traitements car la densité des nutriments est plus élevée dans le milieu cellulaire des bactéries, nous avons
également observé un taux de variation plus élevé de la bactérivorie dans les traitements d’insectes, peut-
étre en raison d'un changement qualitatif dans la communauté bactérienne.

Mots clés: Nanophytoplancton, perturbations des matiéres allochtones, productivité primaire,
mixotrophie, cycles des nutriments.
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ABSTRACT

Allochthonous matter may be transported to aquatic ecosystems in varying amounts and frequencies
following events such as flooding or changing temperatures, thereby causing changes in lake water column
biogeochemistry. It is important to better gauge organism responses to these inputs to improve our
mechanistic understanding of ecosystemic dynamics under perturbed environmental conditions, which
will only increase with climate change disruptions. My research objective was to understand ecosystemic
responses to different types and schedules of allochthonous inputs, with a focus on the autotrophic and
mixotrophic (bacterivory) responses of nanophytoplankton to such events. | predicted that allochthonous
inputs high in C : nutrients would favour heterotrophy and bacterivory by mixotrophs, while low ratios
would favour autotrophy. We conducted a mesocosm experiment in which we added organic matter as
pulses, either through insect larvae, tree leaves or a combination of both to in-lake mesocosms. | sampled
a range of response variables to capture ecosystem metabolism, community composition, and the relative
contributions of autotrophic, heterotrophic and mixotrophic activities. Our results indicate that nitrogen
and phosphorus pulses (via insect amendments) favoured autotrophic nanophytoplankton blooms and
primary productivity, while the addition of carbon (via leaves) did not favour heterotrophy, possibly
because the source water was already oligotrophic. Unexpectedly, bacterial abundance was highest in
nutrients rich amendments. Furthermore, mixotrophic nanophytoplankton were least present in these
amendments as well, possibly outcompeted by autotrophic blooms. Last, while phagotrophy in the focal
species Plagioselmis sp. increased in all subsidy types as nutrient density is higher in the cellular
environnement of bacteria, we also observed a higher variation rate of bacterivory in insect subsidies,
possibly because of a qualitative change in the bacteria community.

Keywords : Nanophytoplankton, allochthonous matter perturbations, primary productivity, mixotrophy,
nutrient cycles.
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INTRODUCTION

0.1 Problématique
0.1.1 Perturbations écosystémiques et les changements climatiques pour le phytoplancton

La rapidité et I'amplitude des changements vers des événements climatiques plus fréquents et
plus extrémes qui accompagnent le changement climatique anthropique sont préoccupantes. Elles
amenent des réductions dans la sécurité alimentaire, de I'eau et de la stabilité des écosystemes (GIEC,
2022). Ces facteurs ont un impact sur tous les organismes vivants (y compris I’'hnumain) et les changements
pourraient étre trop rapides pour permettre une adaptation sans perte majeure d'espéces et de services
écosystémiques. Parmi les écosysteémes qui subissent les effets du changement climatique, il estimportant
d'accorder une attention particuliere aux écosystemes d’eau douce. Ces derniers sont essentiels au

maintien de la vie et de la biodiversité.

Il est reconnu que le changement climatique et les activités anthropogéniques peuvent avoir des
répercussions importantes sur les écosystemes aquatiques car ils augmentent la fréquence et I'ampleur
des changements brusques dans les événements pulsés de I'écosystéme (Yang et Naeem, 2008). Ces
perturbations peuvent prendre de nombreuses formes, car leurs sources, leurs mécanismes de
fonctionnement, leur physique et leur chimie peuvent varier. Les perturbations de I'écosysteme peuvent
se produire sous une forme de pulses : des événements a court terme qui sont le résultat de forces
physiques (tempétes, inondations), d'apports chimiques tels que les nutriments, ou de la bioturbation
(Brasell et al., 2021). Par exemple, les forces physiques telles que les précipitations et les inondations
peuvent modifier le transport de la matiére organique provenant de diverses sources (Brasell et al., 2021),
notamment I'atmosphere, les retombées, les eaux souterraines, le transport latéral et les cours d'eau
entrants (Groeger et al.,, 1984). Tous ces événements se produisent naturellement et souvent
régulierement au cours de I'histoire d'un écosysteme. Cependant, les changements de fréquence et
d'amplitude de ces impulsions dans le contexte actuel de changement climatique et d'autres changements
anthropogéniques peuvent entrainer des changements importants dans les perturbations des

écosystemes.

Les qualités des ressources dans la dynamique pulses d’intrants peuvent changer, soit de
maniere corrélée (ex : la lumiere diminuera avec I'augmentation du carbone organique dissous, DOC,

colorié), soit de maniere indépendante (Jentsch et al., 2019). Certaines ressources restent similaires apres
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un pulse mais deviennent limitantes lorsque d'autres ressources augmentent ou diminuent (Jentsch et al.,
2019). En outre, les réponses des organismes a certains facteurs de stress peuvent dépendre d'autres
facteurs biotiques ou abiotiques, ce qui peut souvent conduire a des résultats différents et parfois
contradictoires (Gao et al., 2012). Le métabolisme des écosystémes, qui est le bilan net de la respiration
et de la photosyntheése, est influencé par l'interaction entre les autotrophes et les hétérotrophes, le tout
qui sera influencée par la qualité des ressources (Mitrovic et al., 2016). Cependant, la présence de
mixoplancton ajoute une complexité supplémentaire a ces interactions trophiques. Dans les écosystemes
lacustres, le nanophytoplancton mixotrophe peut agir en tant que producteur (autotrophe) ou
consommateur (bactérivore) en fonction des variables environnementales (Costa et al., 2022). Ceci
complexifie a son tour le flux de matiere organique allochtone dans I'écosysteme. La présence de
mixoplancton est tres répandue dans les écosystemes d'eau douce et doit donc étre attentivement prise

en compte lors de I'analyse de la dynamique de |'écosysteme aprés des perturbations.

Pour ces raisons, les effets des perturbations sur les écosystémes et les changements qui suivent
les pulses de matiére organique sont complexes et donc difficiles a comprendre. La matiére transportée
d'un écosystéme « donneur » a un autre écosysteme « receveur » définit ce que les écologistes appellent
les apports allochtones (Sanchez-Pinero et al.,, 2000) ; ils constituent un apport énergétique
supplémentaire a la base des réseaux trophiques soutenant la respiration et I'activité photosynthétique
(Solomon et al., 2015). Dans ce mémoire, j'examinerai comment les apports en pulses de différentes
matiéres organiques allochtones a la base du réseau trophique influencent la mixotrophie des producteurs
primaires. Ceci est dans le but de mieux comprendre les réponses des écosystemes aquatiques a certains

changements potentiels attendus avec les changements climatiques.

0.2 Connaissances actuelles

Le phytoplancton est un organisme a la base des réseaux trophiques aquatiques marins et d'eau
douce et, en tant que producteur primaire, il joue un réle clé dans les cycles du carbone (Pierella et al.,
2020). Cependant, son role dans les réseaux trophique aquatique est complexe et notre compréhension
de leur fonctionnement dans différentes conditions environnementales est limitée. Un aspect
particulierement méconnu de |'écologie du nanophytoplancton est que nombre d'entre eux sont des
mixotrophes capables de changer de stratégie trophique, passant d'un mode principalement autotrophe
a un mode plus hétérotrophe (bactérivore) en fonction des variables biotiques et abiotiques. Ce

changement modifie donc leur réle dans I'écosysteme. En effet, les interactions alimentaires avec les
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bactéries ou les changements dans les niveaux de nutriments peuvent dicter la stratégie trophique utilisée
par le phytoplancton, qui devrait a son tour avoir un impact sur le niveau supérieur du réseau trophique.
Dans le contexte que les changements climatiques sont susceptibles d'influencer la qualité et la quantité
des ressources a la base du réseau alimentaire, il est important de comprendre ces types de réponses

trophiques chez les producteurs primaires.

0.2.1 Mixotrophie

La recherche a démontré que de nombreux taxons de nanophytoplancton sont mixotrophes, plus
gu'on ne le pensait il y a encore une dizaine d'années (Flynn et al., 2013 ; Stoecker et al., 2017 ; Costa et
al., 2022). Pour le nanophytoplancton (phytoplancton ci-apres), la mixotrophie constitutive est définie
comme la capacité a utiliser la photosynthese et le broutage de particules (phagotrophie ; généralement
sur des bactéries) (Costa et al., 2022). De nombreuses espéces atteindront une croissance plus rapide en
utilisant la mixotrophie qu'un mode photoautotrophe ou phagotrophe seul (Mitra et al., 2016) et la
mixotrophie est considérée comme une stratégie généraliste (Chakraborty et al., 2017, Selosse et al., 2017).
Cela semble permettre aux mixotrophes d'habiter un ensemble plus diversifié de niches écologiques et
d'accroitre leur résilience aux changements environnementaux, ce qui leur permet de réussir dans des
environnements trés dynamiques (Ward et al., 2019). La mixotrophie permet aux organismes d'agir a la
fois comme producteurs et consommateurs dans les écosystemes aquatiques (Costa et al., 2022),
généralement dans une mesure écologique significative, car ils faconnent les structures des réseaux
trophiques et le fonctionnement de I'écosysteme (Stoecker et al., 2017). Il est donc peu probable que cette
stratégie d'acquisition d'énergie soit négligeable lorsqu'il s'agit de comprendre les flux de matiere

organique et d'énergie dans les écosystemes.

En raison des diverses facons dont les organismes peuvent étre mixotrophes, de nombreuses
tentatives de catégorisation de la mixotrophie ont été faites par les chercheurs (Jones, 1997 ; Stoecker,
1998 ; Flynn et al., 2013). Compte tenu de |'aspect écologique et du cycle de la matiére organique de cette
these, j'utiliserai la classification fonctionnelle proposée par Mitra et al. (2016) et je ne prendrai pas en
compte que les mixotrophes constitutifs, définis comme ayant la capacité innée de photosynthétiser tout
en étant capable de s'engager dans la phagocytose (Mitra et al., 2016). Ces derniers vont étre référés

comme mixoplancton (Mitra et al., 2024) a travers ce mémoire.
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Enfin, les taux de phagotrophie réalisés par le mixoplancton semblent dépendre des conditions
environnementales auxquelles le mixoplancton est exposé (Flynn et al., 2013). Etant donné que la
mixotrophie représente une stratégie trophique, ce sont les processus ascendants qui semblent dicter le
mode trophique utilisé par le mixoplancton dans les lacs (Chakraborty et al., 2017). Leur capacité a accéder
a différents types de ressources, y compris la lumiére, la matiére organique dissoute et les proies

bactériennes, semble étre les plus critiques (Raven. 1984 ; Flynn et al., 2013 ; Andersen et al., 2015).

0.2.2 Les effets possibles des intrants allochthones

D'aprés une expérience préliminaire menée en 2021 par un doctorant de I'Université de Montréal
(données non publiées, Charlie Sarran), nous savons que l'ajout de feuilles dans les mésocosmes
aquatiques étudiés dans cette thése augmentera la matiére organique dissoute et surtout du carbone
(DOC), I'acidité de I'eau et entrainera une baisse de I'oxygéne dissous (DO). D'autre part, I'ajout de larves
d'insectes a conduit a des augmentations de nutriments (azote total, TN, et phosphore, TP) et a une

augmentation du DO.

0.2.2.1 Laréponse du métabolisme écosystémique aux intrants allochthones

En connaissant les effets des apports allochtones mentionnés précédemment, on peut s'attendre
a certaines réponses de I'écosystéme. Le DOC joue un réle important dans le métabolisme de I'écosysteme,
la décomposition et la dynamique des réseaux alimentaires (Mitrovic et al., 2016). Cependant, le DOC joue
également un autre réle important en influencant la couleur de I'eau. L'afflux du DOC allochtone
augmentera la couleur de l'eau, diminuant la quantité de lumiére disponible pour les producteurs
primaires (Mitrovic et al., 2016). Cela peut conduire a la prédominance de I'hétérotrophie nette, ou la
respiration dépasse la photosynthese (Cole et al.,, 2000). On peut donc s'attendre a une plus grande
guantité de CO; dissous dans la colonne d'eau et a un niveau plus faible de DO (dérivé de la photosynthese).
En ce qui concerne la biomasse des organismes, certains auteurs mentionnent que |'afflux de DOC
allochtone peut favoriser le bactérioplancton par rapport au phytoplancton. En effet, lorsque le DOC est
en exces, l'azote et le phosphore deviennent les facteurs limitants (Pinhassi et al., 2006) car le ratio de
surface plus faible des bactéries leur permet d’absorber plus efficacement les nutriments inorganiques
(Drakare, 2002, Carney et al., 2016, Mitrovic et al., 2016). A cet égard, on peut s'attendre a ce que des
niveaux élevés d'apport de DOC entrainent une diminution de la biomasse du phytoplancton et une

augmentation concomitante de I'abondance des bactéries.
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Lorsqu'il s'agit des ajouts d'azote et de phosphore, ce qui est le plus susceptible de se produire
avec des amendements pour insectes, on peut s'attendre a ce que le métabolisme de I'écosystéme subisse
I'effet inverse de celui attendu avec un taux élevé de DOC. L'azote et le phosphore étant les principaux
facteurs limitant la croissance du phytoplancton, les populations autotrophes de phytoplancton devraient
voir leur biomasse augmenter (Carney et al., 2016). Cela résultera d'une augmentation de la productivité
primaire, ou la photosynthése dépasse la respiration, et les niveaux de CO; dissous diminueront en
conséguence. Cependant, comme le bactérioplancton peut contrdler I'accessibilité de I'azote et réguler
I'état d'oxydation de l'azote, il devrait également déterminer la disponibilité de I'azote pour les niveaux
trophiques supérieurs (Happel et al., 2019). Par conséquent, I'abondance bactérienne peut également
proliférer a mesure que les niveaux d'azote augmentent. De méme, les augmentations de phosphore
devraient favoriser la productivité du phytoplancton et des bactéries, étant donné qu'il s'agit d'un facteur

limitant la croissance pour ces deux groupes (Elser et al., 1995).

L'apport combiné de nutriments (azote et phosphore) et de DOC par I'ajout de larves d'insectes et
de feuilles sur les réponses de I'écosystéme est plus difficile a prévoir. En effet, deux forces opposées sont
en jeu : l'augmentation de la respiration associée aux apports de COD et lI'augmentation de l'activité
photosynthétique accompagnant les apports de nutriments. Une expérience en mésocosme similaire a
celle que je propose a permis d'éliminer I'effet confusionnel de la turbidité associée aux ajouts de DOC.
Carney et al. (2016) ont constaté que I'abondance des bactéries augmentait avec I'ajout de DOC, d'azote
et de phosphore, comme on pouvait s'y attendre, mais que la biomasse du phytoplancton diminuait,
passant a une communauté dominée par les hétérotrophes. Par ailleurs, les genres phytoplanctoniques
purement autotrophes ont augmenté lorsque seuls de I'azote et du phosphore ont été ajoutés (Carney et
al.,, 2016). En l'absence d'un effet colorant ou assombrissant du DOC, cette étude a montré que le
métabolisme de I'écosystéme évoluait vers une respiration accrue avec des ajouts combinés de DOC et de

nutriments.

0.2.2.2 Laréponse mixotrophe aux intrants allochthones

Mon deuxieme objectif principal est d'examiner les activités trophiques du mixoplancton face a
certains changements associés a différents types d'apports allochtones dans I'écosystéme. Comme
mentionné précédemment, les mixotrophes modifient généralement leur stratégie trophique flexible en
s'appuyant principalement sur I'autotrophie ou I'hétérotrophie en fonction des conditions

environnementales. Les changements dans la fréquence de la phagotrophie chez les mixotrophes suivront

18



rapidement I'accés et la disponibilité des nutriments (Costa et al., 2022). Par exemple, leur flexibilité
trophique est probablement un mécanisme permettant de survivre pendant les périodes d'épuisement

des nutriments ou en I'absence de lumiére qui accompagne les changements saisonniers (Ward, 2019).

Dans le cas de nos apports de DOC associés au traitement des feuilles, en plus des réductions
probables de la lumiere en raison d’'une augmentation de la turbidicté de I'eau, les nutriments diminueront
car les bactéries ont un avantage sur le mixoplancton dans I'absorption des nutriments, comme nous
I'avons mentionné précédemment. Par conséquent, le mixoplancton pourrait augmenter les taux de
broutage des bactéries lorsque les nutriments deviennent rares (Costa et al., 2022). De plus, I'ingestion de
proies bactériennes pourrait étre un moyen d'éliminer les bactéries concurrentes des nutriments
(Thingstad et al., 1996). Dans cette situation, la phagotrophie chez le mixoplancton devrait donc étre
favorisée. Dans un contexte similaire, il a été démontré que le mixoplancton est favorisé dans les lacs
humiques et oligotrophes (Salonen et Jokinen, 1988 ; Jansson et al., 1996 ; Hobbie et al., 1999). D'autre
part, dans les environnements riches en nutriments attendus avec l'ajout de larves d'insectes,
I'autotrophie et la photosynthése devraient étre favorisées par le mixoplancton. Enfin, en cas d'ajout de
feuilles (DOC) et d'insectes (nutriments), la réponse des mixotrophes sera difficile a prévoir, comme ce fut
le cas pour les réponses de I'écosysteme. Si le métabolisme de I'écosysteme passe par une augmentation
de I'hétérotrophie comme mentionné précédemment, cela devrait favoriser le mixoplancton qui

consommeront des bactéries pour obtenir des nutriments.

0.3 Objectifs et hypothéses

Les objectifs et hypothéses suivants formeront la base de ma thése de maitrise :

1) Mon premier objectif est d'examiner plusieurs réponses au niveau de I'écosysteme a différents
types d'apports organiques allochtones. J'examinerai I'impact de I'ajout des larves d'insectes et
des apports de feuilles d'arbres sur la productivité primaire, la respiration net et I'abondance
bactérienne.

2) Mon deuxiéme objectif est d'examiner la réponse du mixoplancton aux différents types d'apports
organiques allochtones par le biais de changements dans leur abondance mais aussi en ce qui

concerne leur fréquence d'utilisation de la phagotrophie.
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3) Mon troisieme objectif est d'examiner si la détection de l'activité du mixoplancton dans la
communauté phytoplanctonique sera liée a des changements écosystémiques de variables

biotiques ou abiotiques.

Les objectifs précédents se basant autour de l'ajout de trois types d'intrants organiques dans les
mésocosmes aquatiques : larves d'insectes seules, feuilles seules, et une combinaison des deux, j'ai émis

les hypotheses suivantes :

Réponses écosystémiques

H1 : Comme l'ajout d'insectes est caractérisé par un afflux de nutriments (TP et TN), je m'attends
a ce que l'abondance bactérienne et la productivité primaire augmentent. En conséquence, les

niveaux net d'oxygéne dissous remplacera le CO2 dissous.

H2 : Comme le traitement par feuilles seulement sera associé a un afflux de carbone organique
dissous (COD) et a une diminution de la transparence de I'eau, je m'attends a ce que I'abondance
bactérienne globale augmente également, mais que la biomasse phytoplanctonique et I'efficacité
photosynthétique des producteurs primaires diminuent. Cela conduirait a une augmentation de

la respiration de I'écosystéme et donc des niveaux de CO2.

H3 : Le traitement combiné (insectes + feuilles) devrait encourager une réponse mixte de
I'écosysteme. On s'attend a ce que la couleur de I'eau, la production bactérienne et les niveaux de
CO2 augmentent suite a I'apport de feuilles et d'insectes. Cependant, en raison de la biomasse
d'insectes qui I'accompagne, je m'attends a ce que l'augmentation des niveaux de nutriments
inverse les réductions de la production primaire et I'augmentation de I'acidité par rapport au

traitement a base de feuilles uniquement.

Réponse de la communauté de mixoplancton :

H.4 : Je m'attends a ce que le traitement a base d'insectes entraine une diminution de
mixoplancton par rapport aux autres traitements, étant donné que l'autotrophie devrait étre
favorisée par une plus grande disponibilité des nutriments, en particulier par une forte réponse

positive de la biomasse des cyanobactéries.
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H.5 : La proportion de mixoplancton dans la communauté phytoplanctonique devrait augmenter
le plus dans le traitement avec feuilles seulement. En outre, la fréquence de la phagotrophie parmi

les mixotrophes sera plus élevée avec |'ajout de feuilles.

H.6 : Lorsque des feuilles et des insectes sont ajoutés ensemble, la proportion de mixotrophes
dans la communauté phytoplanctonique et la fréquence de la phagotrophie parmiles mixotrophes
eux-mémes devraient augmenter par rapport au traitement avec insectes individuels, mais pas

par rapport au traitement avec ajout de feuilles individuelles.
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CHAPITRE 1
ECOSYSTEM METABOLISM RESPONSE TO ALLOCHTHONOUS INPUTS IN LAKE PLANKTON
FOODWEBS

Ecosystem perturbations shape aquatic ecosystem, can take many forms and increase with certain events
such as increased precipirations and changing temperatures. Thus, changes in lake water column
biogeochemistry and the stability of the ecosystem is altered. My research objective was to understand
ecosystemic responses to different types and schedules of allochthonous inputs, with a focus on primary
productivity, respiration and bacterial abundance responses to such events. | predicted that allochthonous
inputs (subsidies) high in C : nutrients would favour heterotrophy, respiration and bacterial abundance,
while low ratios would favour autotrophy, primary productivity, but also an increase in bacterial
abundance nonetheless. We conducted a mesocosm experiment in which we added organic matter as
pulses, either through insect larvae, tree leaves or a combination of both to in-lake mesocosms. | sampled
a range of response variables to capture ecosystem metabolism, community composition, and the relative
contributions of autotrophic, heterotrophic and mixotrophic activities. Results indicated that nitrogen and
phosphorus pulses (via insect subsidies) increased primary production in the form of autotrophic
nanophytoplankton blooms. The addition of carbon (via leaves) did not increase respiration as expected,
possibly because the source water was already oligotrophic and exposed naturally to regular leaf inputs.
Photosynthetic performance was only affected by insect subsidies and only in for the brown spectral group,
for which it declined, and which could be related to the fact that this group is highly mixotrophic. Lastly,
heterotrophic bacterial abundance was unexpectedly highest in nutrient rich insect-associated subsidies,
possibly because of altered bacterial community composition.

Keywords : Nanophytoplankton, allochthonous matter perturbations, primary productivity, nutrient cycles.
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1.1 Introduction

Perturbations and disturbances are key to shaping lake ecosystems through the responses of
organisms within them. Whether it is through natural occurrences or caused by climate change and
anthropogenic stressors, greater understanding of the effects of perturbations on aquatic ecosystems is
needed given that they can strongly influence stability, diversity, composition, and function (Brasell et al.,
2021). Perturbations can take many forms because their sources, mechanisms of operation, physicality,
and chemistry can vary. Ecosystem perturbations can occur in a pulsed form: short-term events that are
the results of physical forces (storms, floods), chemical inputs such as nutrients, or bioturbation (Brasell
et al., 2021). These events all occur naturally, and often regularly, throughout an ecosystem’s history.
However, changes in frequency and amplitude of these pulses in today’s context of climate change and
other anthropogenic shifts can lead to dramatic changes in perturbations to ecosystems. For example,
increased lake production and carbon burial rate have been associated with nutrient transfer and
agriculture intensification (Anderson et al., 2014; Clow et al., 2015). Further, augmented natural physical
forces such as precipitation and associated floods can modify the transport of allochthonous matter from
various sources (Brasell et al., 2021) including the atmosphere, dry fallout, ground water, lateral transport,

and inflowing streams (Groeger et al., 1984).

Shifts in the frequency and intensity of such perturbations come with serious consequences as lakes
are considered hotspots for carbon and nutrient cycling in the landscape (Butman et al., 2015).
Approximately half of the allochthonous carbon in lakes is either emitted as CO; or buried in sediments
(Cole et al., 2007), and one fifth of global denitrification occurs in freshwater ecosystems (Seitzinger et al.,
2006). Amongst the most important ecosystem services are primary production, ecosystem respiration, as
well as microbial function and composition, and while these are influenced by many biotic and abiotic
variables, they are likely to be affected by changes to perturbation regimes. For example, nutrient
perturbations may facilitate large increases in the biomass and types of primary producers and alter overall
food web structure and stability (Carpenter et al., 1999; Scheffer et al., 2011; Holt, 2008). Thus, affected
abiotic and biotic components alter ecosystem structure and affect ecosystem functioning and services

(zhao et al., 2022).

The objective of this study is to measure the ecosystem metabolism response to different types and
schedules of allochthonous inputs (also known as terrestrial subsidies). Ecosystem metabolism will be

represented through three main types of responses. Primary productivity will be estimated through
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photosynthetic performance, dissolved oxygen concentrations and as total phytoplankton biomass.
Ecosystem respiration will be assessed using dissolved carbon dioxide partial pressures in the water. Lastly,
heterotrophic bacterial abundance will be estimated. We conducted a mesocosm experiment where
pulsed additions of maple (Acer saccarum) leaves, mealworm insect larvae (Tenebrio molitor) or a
combination of both types allowed us to create subsidies covering a range of carbon: nitrogen and
phosphorus (C:N+P) ratio degrees. A pilot experiment in which the same subsidy types were added to lake
water (Sarran et al. 2022, unpublished data), demonstrated that the the the insect larvae subsidies
resulted in increased nutrient (total nitrogen and phosphorus) concentrations in the mesocosms, and the
dried leaves increased total organic carbon concentrations. Thus, the three treatments represented a range

from low C:N+P ratio (Insect) to high C:N+P ratio (Leaf) and an intermediate C:N+P ratio (Insects + Leaf).

Given the input of nutrients with insect amendments (low C:N+P ratio), | predicted that primary
productivity (photosynthetic activity and total phytoplankton biomass) would increase since
phytoplankton require nitrogen and phosphorus for growth and are generally be limited by those in
freshwater ecosystems (Rhee & Gotham, 1981; Arrigo, 2005; Xu et al., 2014, Carney et al., 2016). Because
phosphorus is also a limiting nutrient to bacterial growth (Elser et al., 1995), | expected heterotrophic
bacterial abundance to increase with insect subsidies. Dissolved oxygen (DO) levels should increase with
primary productivity, and | thus expected net DO levels to also be the highest in the Insect treatment,
while respiration, represented by dissolved CO, (pCO,) levels should be the lowest in this subsidy type.
On the other hand, knowing that leaf allochthonous input (high C:N+P ratio) is known to increase dissolved
organic carbon, we expected leaf amendments to have effects opposite to those observed in the Insect
subsidy (low C:N+P ratio): a decrease in primary productivity (reduced phytoplankton biomass, dissolved
oxygen, and photosynthetic performance) and higher net respiration levels. Heterotrophic bacterial
abundance should also increase as they have carbon is a limiting factor for bacterial growth (Eiler et al.,
2003). Lastly, the intermediate subsidy treatment (combined Insect and Leaf treatment) should elicit an
intermediate response between the other two. This study should allow us to better understand the
potential metabolic responses of lake ecosystems to different allochthonous matter perturbation

scenarios.
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1.2 Methods

1.2.1  Study site and mesocosm experiment

The study site consists of a floating experimental mesocosm installation in Lac Triton, Station de
Biologie de Laurentides, Saint-Hippolyte, Québec, Canada. This M.Sc. chapter dovetails a main project led
by a doctoral student, Charlie Sarran (Université de Montréal), with the same co-supervisory team. Sarran
installed, designed, and conducted the subsidy additions for the mesocosm experiment on which this
project is based. His PhD project will address questions about higher aquatic food web (benthic
invertebrate and zooplankton) and related habitat (primarily chlorophyll and nutrient) responses, while
my M.Sc. work focuses on the base of the aquatic food web (heterotrophic bacteria, phytoplankton,
carbon). Together, these theses provide a broad picture of the full trophic network response to the same

allochthonous inputs.

The 40 mesocosms used in these research projects each consisted of polyethylene basins (378 L;
filled volume of filled approximately 320 L) filled with water pumped directly from Triton Lake containing
the natural plankton organisms, nutrients, and other inorganic compounds, enabling the establishment of
the plankton communities. To ensure a uniformity of the biotic communities, setup of the mesocosms
involved repeatedly taking 10 L of mixed water with organisms from each mesocosm, combining it in a
single basin and then redistributing evenly amongst the 40 mesocosms. Lastly, as part of the PhD project,
Hester-Dendy Samplers (EnvcoGlobal, Australia) were installed for macroinvertebrate collection and a
ceramic plate was added on one side of each mesocosm to allow the sampling of the macroinvertebrates
and periphyton communities respectively. Once the mesocosms were installed, pulsed additions
(subsidies) of leaves and insects started on day O (Figure 1), June 29, 2022, and ended at day 51, August
18, 2022. Subsidies consisted of organic matter via dried mealworm insect larvae (Tenebrio molitor;
obtained from a local mealworm farm), dried maple leaves (Acer rubrum and Acer saccharum; obtained at
the Station de biologie des Laurentides in fall 2021), and a combined treatment of insect larvae and maple
leaves. Mealworm larvae and the maple leaves were chosen to represent plant and animal subsidies with

different compositions and because they were easily available in large quantities.

In addition to different organic matter subsidy types, the subsidies were added at varying pulsed
intensities in quantities that were inversely related to frequency of addition (Fig 1). The P1 treatment had
weekly additions of 5 grams/week over 8 weeks. For P2, 10 grams of subsidy were added over the 4 middle

weeks of the experiment. Finally, the least frequent, but most intense subsidies (P3) were added over the
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2 central weeks of the experiment and consisted of 20 grams each time (Fig 1). Because the frequency of
the treatment subsidies was inversely related to the biomass received (intensity), each mesocosm had
received 20 grams by the middle of the experimental period (day 26) and 40 grams at the end of the
experiment (day 51). To simplify the rest of the text, the amount and frequency of biomass received will
be referred as “Intensity of pulse” (PO, P1, P2, P3), and type of allochthonous input (high, equal and low

C:Nutrients ratios) will be referred as subsidy type (Control, Leaf, insect and Insect+Leaf).

Each treatment combination (3 pulse types x 3 organic matter types) consisted of four replicates for
a total of 36 mesocosms receiving organic input. An additional four mesocosms did not receive any organic
matter additions and served as controls for comparison. The physical arrangement of the mesocosms on
the platform in the lake were randomized in two different blocks to remove possible biases from their

position.
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Figure 1 : Timeline of the allochthonous additions to the mesocosms showing the relative subsidy
biomasses added to each type of subsidy treatment (each row represents a different set of
mesocosms with a set frequency of addition). The days marked by a star are the sampling dates
of the environmental variables outlined in this thesis.

1.2.2 Sampling of abiotic and biotic variables

The mesocosms were sampled at two timepoints in the experiment (Fig. 1). All mesocosms had
received the same overall amount of organic matter input at the two specific moments in time: by the
middle of the experimental period (day 25) and by the end (day 51) (Fig. 1). However, these two sampling
periods cannot be considered as equivalent as the seasonality of the organic inputs was opposite (rising in

the first half and declining in the second half; Fig. 1). Because there were so many response variables
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examined, all data of replicas 1 and 3 of each sample was collected on the first day of each sampling
campaign (mid and end of experiment), and replicas 2 and 4 were collected on the second day.

At each of these timepoints, the following variables were measured in situ in all 40 mesocosm. Using the
chlorophyll fluorometer Phyto-PAM Il (Heinz Walz GmbH, Germany), we estimated ETRmax (imol
electrons/(m2 - s)) and Ik (umol quanta/(m2 - s)), which represent the maximal electron transport rate of
photosystem Il and the photon flux at which light-saturation of photosynthesis sets in. ETRmax and Ik

estimate the photosynthetic capacity of phytoplankton cells.

Phytoplankton samples (125mL) were taken from the centre of each mesocosm and preserved in
Lugol's iodine solution. Following sedimentation in 5ml or 10ml sedimentation chambers, each taxa
present was identified and measured using an inverted microscope. Volumetric conversions were then
used to estimate biovolumes (um3/pL) used as a proxy for biomass (Hillebrand et al (1999). Water column
samples (3mL) were also preserved in 10% paraformaldehyde and glutaraldehyde mixture in cryotubes for
heterotrophic bacterial abundance (cells/ pL). These were estimated for two replicates in each treatment
using a Flow Cytometer (Becton, Dickinson and Company, BD Biosciences, USA) for both sampling periods.

Each sample was analyzed to a maximum of 10 000 events.

Dissolved CO, (pCO; in ppm) was measured using an environmental gas monitor (EGM-4; PP
Systems, USA) using the headspace method (Hope et al., 1996). The measured dissolved pCO; partial
pressures were adjusted to consider chemical equilibration of the carbonate system (Koschorreck et al.,
2021). Continuous monitoring of dissolved oxygen (DO in mg/L), temperature and pH was done (6-hour

intervals) with datalogger probes that were submerged throughout the entire experiment.

To address our objectives and hypotheses, the ecosystem response will be described by three main
response variable types: primary productivity (ETRmax and ik, dissolved oxygen and total phytoplankton

biomass), net ecosystem respiration (pCO2 partial pressures) and heterotrophic bacterial abundance.
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1.2.3 Statistical analyses

All data was analyses were done separately for the sampling periods because of the ascending to

descending amounts of allochthonous inputs experimental design.

For ETRmax and ik in the primary productivity measurement type, a one-way ANOVA on rank tests
(Kruskal et Wallis, 1952) and Wilcoxon signed-rank test (Wilcoxon, 1945) were used to compare
phytoplankton photosynthetic potential between the three treatments as data was non-normally
distributed. For each spectral group analyses, one to six outliers that had a high probability of being

measurement error were removed from the datasets for the ETRmax and ik.

Two-way factorial analyses of variance (ANOVA) (Fisher, 1992) were done on all other
environmental variables (dissolved oxygen, phytoplankton biomass, pCO,, and heterotrophic bacterial
abundance, as they fit parametric assumptions after transformations. Phytoplankton biomass was logio
transformed, pCO2 was square root transformed and heterotrophic bacterial abundance was rank
transformed. Post-hoc pairwise t-tests with Bonferroni adjustments were used to compared means for
significant main effects (subsidy type or frequency of subsidy) and for simple effects when a statistically
significant interaction between subsidy type and frequency of treatment of treatment were present. All
statistical analyses were done using the R statistical software (R version 4.0.4 ; R Core Team, 2021) run in

RStudio.
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1.3 Results

The ecosystem metabolic response to allochthonous inputs is represented through several
measured response variables: primary productivity, respiration and heterotrophic bacterial abundances.
For this study, the primary productivity response was estimated using a series of indicators: ETRmax
(maximal electron transport rate of photosystem 1), Ik (photon flux at light saturation of photosynthesis),
dissolved oxygen (DO) and phytoplankton biomass. Respiration was assessed with dissolved CO; (pCO,)
and the heterotrophic bacterial response was determined by changes in bacterial abundance. The

following section will be separated in two parts: mid experimental results and end of experiment results.

1.3.1  Primary productivity response to allochthonous inputs — Mid experiment

1.3.1.1 ETRmax and Ik

Owing to a lack of normality, both ETRmax and Ik were analysed using a non-parametric Kruskal-Wallis
test for each spectral group (Blue, Green, Brown and Total) assessed by the Phyto-PAM II. There were no
significant differences between subsidy types, nor in the effect of treatment intensity in ETRmax Or Ik in any

spectral group (Table 1).
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Table 1 : Significance testing results (p-values and x2 of Kruskal-Wallis tests) for ETRmax (maximal electron
transport rate of photosystem Il) and Ik (photon flux at light saturation of photosynthesis) by (a)
subsidy type (Insect, Leaf, Insect+Leaf and Control) and (b) treatment intensity (P1, P2 and P3) for
each spectral group (blue; Cyanobacteria, green; Chlorophytes and, brown; Chrysophytes and

Diatoms) at the mid-experiment timepoint

Mid-experiment

Spectral group ETRmax Ik

(a) Subsidytype | p-value G p-value X2

effect

Blue 0.203 4.600 0.193 4.720
Green 0.244 4.160 0.917 0.509
Brown 0.290 3.750 0.574 1.990
Total 0.575 1.990 0.790 1.050

(b) Intensity p-value X2 p-value X2
Blue 0.128 5.690 0.177 4.920
Green 0.504 4.120 0.371 3.140
Brown 0.433 2.740 0.501 2.360
Total 0.397 2.970 0.760 1.170

1.3.1.2 Dissolved oxygen (DO)

At the mid-point of the experiment, a factorial 2-way ANOVA for DO responses demonstrated no

significant interaction (F(4,30) = 1.43; p = 0.247), no effect of subsidy type (F(2,30) = 1.51; p = 0.236), but

a significant effect of subsidy addition intensity (F(3,30) = 7.41; p < 0.001)(Fig. 2). A post hoc pairwise t-

test with Bonferroni adjustment demonstrated that the P1 intensity had significantly higher DO over P2 (p

< 0.001) and P3 (p = 0.001). Similarly, PO (Control) was also significantly greater than P2 (p = 0.009) and P3

(p =0.015) (Fig. 2).
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Figure 2 : Box plots of median dissolved oxygen (DO) levels (mg/L) at mid-experiment for each intensity
of subsidy (PO being the Control), averaged across all subsidy types (Control, Insect, Insect+Leaf
and Leaf). Pairwise t-test with Bonferroni adjustment post-hoc test results comparing means;
boxes with no common letter being significantly different. Lines within the boxes show
treatment median values and diamonds indicate means.

1.3.1.3 Phytoplankton biomass

At the mid-point of the experiment, a 2-way factorial ANOVA revealed a significant effect of
subsidy type (F(2,26) = 11,34; p = 0.00028)(Fig. 3) and a significant effect of intensity (F(3,26) = 6.399; p =
0.0021)(Fig. 4), but no interaction on logio phytoplankton biomass (F(4,26) = 0.208; p = 0.931).

For the subsidy type effect, post-hoc pairwise t-test with Bonferroni adjustment demonstrated
significantly greater logio-transformed phytoplankton biomass in the two insect addition treatments
(Insect and Insect+Leaf; both psg < 0.001) over the Leaf subsidies treatment or Control (Fig. 3, unlogged
values). Log biomass was significantly lower in the Leaf subsidy than in the Insect+Leaf subsidy (pqq =

0.003), but still higher than in the Control (pgq= 0.049) (Fig. 3).
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Figure 3 : Box plots of mid-experimental phytoplankton biomass (unlogged values) median values by
subsidy type treatment. Post-hoc pairwise t-test with Bonferroni adjustments results comparing
means are indicated; boxes with no common letter being significantly different. Lines within the
boxes show treatment median values and diamonds indicate means.

For the effect of subsidy intensity, post-hoc pairwise t-test with Bonferroni adjustment
demonstrated that all subsidy intensities increased phytoplankton biomass above the Control (P1 pgg =

0.022, P2 pagj = 0.008, and P3 pag= 0.026) (Fig. 4).
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Figure 4: Box plots of mid-experimental phytoplankton biomass (unlogged) median values by intensity of
subsidy addition (PO being Control). Post-hoc pairwise t-test with Bonferroni adjustments results
comparing means are indicated; boxes with no common letter being significantly different. Lines
within the boxes show treatment median values and diamonds indicate means.

1.3.1.4 Net respiration (pCO,) responses

For the mid-point of the experiment, the 2-way factorial ANOVA for pCO, (community respiration)
responses showed only an effect of subsidy type (F(4,30) = 20.336; p < 0.001) (Fig. 5); no significant
interaction (F(3,30) = 0.920; p = 0.443) and no effect of intensity of treatment (F(4,30) = 1.25; p = 0.310).
A post hoc Pairwise t-test with Bonferroni adjustment demonstrated that the Leaf subsidy had significantly
higher pCO; levels than the Insect (pag< 0.001) and the Insect+Leaf (p.qj< 0.001) subsidy treatments (Fig.
5).
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Figure 5: Box plots of mid-experimental pCO; (squared) median values by subsidy type. Post-hoc pairwise
t-test with Bonferroni adjustments results comparing means are indicated; boxes with no
common letter being significantly different. Lines within the boxes show treatment median
values, diamonds indicate means, and the red line indicates the atmospheric pCO, levels at
equilibrium as of May 2022 (421ppm) (NOAA, 2022).

1.3.1.5 Heterotrophic bacterial abundance responses

At the mid-point of the experiment, following a rank transformation, the 2-way factorial ANOVA
on rank-transformed heterotrophic bacterial abundances showed a significant main effect of subsidy type
(F(2,10) =9.730; p = 0.004), but no effect of intensity (F(3,10) = 1.244; p = 0.344) nor any interaction (F(4,10)
= 1.026; p = 0.439) (Fig. 6). Post-hoc testing through pairwise t-tests with Bonferroni adjustment
demonstrated that significantly higher heterotrophic bacterial abundances were found in both Insect and

Insect+Leaf subsidy treatments than in either the Control or Leaf treatment (p < 0.05) (Fig. 6).
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Figure 6: Mid-experimental heterotrophic bacterial abundance median values according to the subsidy
treatment. Post-hoc pairwise t-test with Bonferroni adjustments results comparing means are
indicated; boxes with no common letter being significantly different. Lines within the boxes show
treatment median values and diamonds indicate means.

1.3.2 Primary productivity response to allochthonous inputs — End of experiment

1.3.2.1 ETRmax and Ik

Following a non-parametric Kruskal-Wallis test for the end of experiment period, only a significant
difference between subsidy types for the Brown algae was present (Table 2a). No differences were

observed for different intensity treatments (Table 2b).
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Table 2 : Significance testing results (p-values and x2 of Kruskal-Wallis tests) for ETRmax (maximal electron

transport rate of photosystem Il) and Ik (photon flux at light saturation of photosynthesis) by (a)
subsidy type (Insect, Leaf, Insect+Leaf and Control) and (b) treatment intensity (P1, P2 and P3) for
each spectral group (blue; Cyanobacteria, green; Chlorophytes and, brown; Chrysophytes and
Diatoms) at the end of experiment timepoint.

End of experiment

Spectral group ETRmax Ik

(a) Subsidytype | p-value G p-value X2

effect

Blue 0.456 2.610 0.543 2.150
Green 0.215 4.470 0.140 5.480
Brown 0.008 11.700 0.404 2.920
Total 0.394 2.990 0.239 4.220

(b) Intensity p-value X2 p-value X2
Blue 0.814 0.947 0.85 0.798
Green 0.246 4.150 0.292 3.730
Brown 0.109 6.050 0.177 4.920
Total 0.407 2.900 0.227 4.350

A post hoc Wilcoxon signed-rank test was done for the significant Brown ETRmax response detected

at the end of the experiment. It showed that Brown algae spectral group had lower maximal

photosynthetic rates with insect subsidies compared to all other types (Leaf, Insect+Leaf and Control) (Fig.

7).
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Figure 7 : Box plots showing median maximal electron transport rate of Photosystem Il (ETRmax) in Brown
algae group by subsidy type treatment at the end of the experiment. Wilcoxon signed-rank test
comparing means; boxes with no common letter being significantly different. Lines within the
boxes show treatment median values and diamonds indicate means.

1.3.2.2 Dissolved oxygen (DO)

A 2-way factorial ANOVA for DO at the end of the experiment showed a significant interaction
between intensities and treatments (F (4,30) = 3.268; p = 0.024) (Fig. 8). Testing for simple effects of the
interaction using pairwise t-tests with Bonferroni adjustment, the most frequent (P1) addition of Insects
and Insect+Leaf subsidy types had significantly higher DO than did the Control and the Leaf subsidies (as

well as the P2 Insect addition and the least frequent, P3, Insect+Leaf additions) (Fig. 8).
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Figure 8 : August median DO levels (mg/L) according to intensity (P1, P2, P3) for each subsidy type
treatment (Insect, Insect+Leaf and Leaf). Simple effects for differences in means tested using
pairwise t-tests with Bonferroni adjustment; boxes with no common letter being significantly
different. Lines within the boxes show treatment median values and diamonds indicate means.

1.3.2.3 Phytoplankton biomass

For phytoplankton biomass (logged) at the end of the experiment, a 2-way factorial ANOVA
analysis showed no interaction between subsidy types and intensities (F(4,30) = 1.395; p = 0.259) and no
response to intensity of subsidy (F(3,30) = 0.464; p = 0.709). A slight effect of subsidy type was noted with
lowest values in the Leaf treatment (F(2,30) = 2.966; p = 0.066) (Fig. 9) but no significant differences were
further identified by a post-hoc Pairwise t-test with Bonferroni adjustments (all ps; > 0.162). Notably,
phytoplankton biomass was most variable in the Insect treatment and least so in the Leaf treatment and

Control (Fig. 9).
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Figure 9 : Box plots of phytoplankton biomass (unlogged) median values by subsidy type (Control, Insect,
Insect+Leaf, Leaf). Lines within the boxes show treatment median values and diamonds indicate
means.

1.3.2.4 Net respiration (pCO,) responses

At the end of experiment, a 2-way factorial ANOVA revealed no significant differences in pCO-
levels (all p > 0.141). The overall mean values were 1158.3 ppm (SE = 0.321) for Control, 895.9 ppm (SE =
2.336) for Insects, 983.3 ppm (SE = 2.705) for combined treatments and 1668 ppm (SE = 0.585) for Leaf.

1.3.2.5 Heterotrophic bacterial abundance responses

For heterotrophic bacterial abundances at the end of the experiment, after a rank transformation,
a 2-way factorial ANOVA revealed no significant interaction between intensity of treatment and subsidy
type (F(4,10) = 2.396; p = 0.119). There were however, significant main effects of subsidy type (F(2,10) =
21.861; p < 0.001) and intensities (F(3,10) = 13.554; p < 0.001). Post-hoc testing through pairwise t-tests
with Bonferroni adjustment demonstrated that significantly higher heterotrophic bacterial abundances
were found in both Insect and Insect+Leaf subsidy treatments than in either the Control or Leaf treatment
(p < 0.05) (Fig. 10). As for subsidy intensities, post-hoc testing showed no further differences in intensity
effects (Fig 11).
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Figure 10 : Box plots showing median heterotrophic bacterial abundances at the end of the experiment
by subsidy type. Post-hoc pairwise t-test with Bonferroni adjustments results comparing means;
boxes with no common letter being significantly different. Lines within the boxes show
treatment median values and diamonds indicate means.
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Figure 11 : Box plots showing median heterotrophic bacterial abundances at the end of the experiment
by intensity of subsidy treatment. Lines within the boxes show treatment median values and
diamonds indicate means.

1.3.3 Responses to allochthonous inputs — Comparisons between sampling periods

For each response variable previously analysed, we also tested for differences between sampling
periods (mid and end of experiment) with one-way ANOVA. There was only a significant difference

between mid and end of experiment for two variables.

Among the primary productivity indicators, only ETRmax and Ik for Greens showed a significant
difference between periods (p = 0.019; ¥*> = 5.460) (p = 0.027; x* = 4.860). The mid-experimental Green
ETRmax levels (mean = 214.1; SE = 16.5), were significantly higher than at the end of the experiment (mean
=171.3; SE = 33.2); the same pattern was observed for /k levels (mid-values: mean = 887.5; SE = 71.1 and
end-value: mean = 666.3; SE = 113.4).

Lastly, DO levels increased from the mid-experimental values (mean = 6.95 mg/L, SE = 0.17) to the

end of the experiment (mean = 7.87, SE =0.19) (F(1,78) = 12,88; p < 0.001).

41



1.4 Discussion

The main objective of this chapter was to examine the ecosystem metabolic responses to
allochthonous inputs through three types of indicators: the primary productivity response, represented by
photosynthetic performance, phytoplankton biomass and DO, the respiration response, represented by
pCO; levels, and the heterotrophic bacterial abundance response. Based on the fact that limiting factors
like nutrients are associated with photosynthetic energy conversion for phytoplankton growth (Rhee &
Gotham, 1981; Arrigo, 2005; Xu et al., 2014), our first hypothesis (H1) stated that low C:N+P ratio subsidies
(represented by insect biomass) would induce an increase in photosynthetic performance with associated
increases in phytoplankton biomass, higher net DO and lower net pCO; levels. Further, we also expected
heterotrophic bacteria to also benefit from the nutrient input this subsidy represents and thus increase in
abundance. Reciprocally, we hypothesized (H2) that the high C:N+P ratios (leaf only subsidy) would be
associated with a decrease in primary productivity indicators (photosynthetic performance, phytoplankton
biomass and DO levels), with highest net pCO, net and lowest net DO. Finally, the combined Insect+Leaf
treatment, assuming some intermediate C:N+P ratio, was expected (H3) to generate a mixed response in
terms of primary productivity and the ecosystem variables, intermediate levels to those observed in the

Insect-only subsidies and the Leaf-only subsidies.
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Table 3 : Summary table of predicted and observed responses in the first chapter of this thesis according
to each type of treatment subsidy (Insect, Leaf, and Insect+Leaf). Types of responses are
categorized into Net primary productivity, net ecosystem respiration, and heterotrophic bacterial
abundance. Arrows pointing upwards indicate an increase in the response, arrows pointing
downwards indicate a decrease in response, dashes indicate an intermediate response between
Insect and Leaf treatments, and “0” indicates no change in response.
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Treatment Type of Predicted Observed Notes
response
ETRmax and /k: ETRmax and /k: O & ETRmax
Net primary DO : Highest DO : High decrease for
Insect subsidies | productivity Phytoplankton biomass: 1 | Phytoplankton biomass: 1 | brown algae
* Effect of P1
intensity on
DO
Net ecosystem pCO,: pCO,:
respiration
Heterotrophic Cells / pL : Cells / pL : D
bacterial
abundance
ETRmax and Ik: ETRmax and /k: 0
Net primary DO : Lowest DO : Lowest
Leaf subsidies productivity Phytoplankton biomass: | | Phytoplankton biomass: —
Net ecosystem pCOL: pCOL:
respiration
Heterotrophic Cells / pL : D Cells/puL: 0
bacterial
abundance




The only spectral phytoplankton group to show an altered photosynthetic performance in
response to the subsidies were the browns (Chrysophytes and Diatoms) and only at the end of the
experiment. However, in opposition to our first hypothesis, the ETRmax of the brown spectral group in the
most nutrient-enriched treatment (the low C:N+P Insect subsidy) was significantly lower than both the
Control and the high C:N+P ratio (Leaf) subsidy treatment. This indicates that the net nutrient influx
diminished photosynthetic performance in this spectral group. Most of the browns in our experiment were
Chrysophytes, rather than Diatoms (data collected by microscopy in Chapter 2). Thus, a possible
explanation for this reduced primary productivity stems from the fact that the Chrysophyte group
harbours many mixotrophic genera. Such mixoplankton are well known to be found mostly in
oligotrophic/nutrient limited environments (Legrand et al., 1998; Granéli et al., 1999; Stoecker, 1999;
Stoecker et al., 2006), as also supported by the second chapter of this thesis wherein we show that
mixoplankton presence diminished in the Insect subsidies at the end of experiment period. The loss of
photosynthetic potential observed here could have resulted from the fact that mixoplankton were greatly
outcompeted by autotrophic blooms (specifically chlorophytes) in the Insect (low C:N+P) subsidy (Chapter
2). The green algal blooms observed likely also decreased the available light for photosynthetic activity in
the browns. The significant increase over time between mid and end of experiment of the photosynthetic
parameters (ETRmax and Ik) of green algae (chlorophytes), reflect the appearance of the observed blooms

in the Insect (low C:N+P) treatment.

Phytoplankton biomass showed the greatest responsiveness to the subsidies at the mid-
experimental timepoint. Biomass increased most in Insect (low C:N+P) and Insect+Leaf (intermediate
C:N+P) compared to the Leaf (high C:N+P) conditions. In all cases, pulsed inputs always led to greater
phytoplankton biomass, irrespective of the schedule of additions (intensity). While all subsidies led to
some increase in biomass, the biggest increases were associated with greater nutrient input (low to
intermediate C:N+P). Macronutrients such as nitrogen, phosphorus and carbon are essential for
phytoplankton growth (Redfield, 1934; Schindler et al., 2016; Paerl and Barnard, 2020). Yet, compared to
carbon, nitrogen and phosphorus are also considered the principal limiting nutrients for aquatic primary
production (Sakamoto, 1966; Paerl et al., 2001; Lv et al., 2011). It also appears that the phytoplankton
present in the mesocosms were able to take in the pulsed allochthonous inputs through several pathways:
through the absorption of inorganic nutrients after organic matter has been decomposed (Waksman et al.,
1936), through osmotic uptake of DOM, or through phagocytosis in mixotrophic phytoplankton (Reinl et
al., 2022).
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In terms of indicators associated with ecosystem metabolism, only pCO; levels were influenced
significantly by subsidy types at the mid-experimental timepoint, with results that supported with our
hypotheses: increased pCO; values with high C:N+P ratios (Leaf) subsidies and lower values in low and
intermediate C:N+P ratio subsidies (Insect and Insect+Leaf), indicating an increase in primary productivity
for low and intermediate C:N+P ratio subsidies. It is important to note that gas exchange at the air-water
interface is not considered, and we are therefore making the assumption that it is the same in all
mesocosms. This observation supports the contention that greater decomposition and heterotrophic
activity were present in the Leaf subsidies - at least with initial additions. By the end of the experiment a
different ecosystem pattern was observed however, with no differences in net pCO, but with DO
concentrations that were generally greater in the Insect-type treatments (although subsidy intensity
appears to have played some role that warrants further investigation). These results show that DO
production and therefore primary production was facilitated in the highest nutrient environments, as

previously discussed.

The progression from a high pCO; response in the low C:N+P ratio (Insect) treatment at the mid
experiment point, and then a high DO response in the high C:N+P ratio (Leaf treatment) at the end partially
supports our hypotheses when taken into account with a perspective of ecosystem succession. We can
think of the mesocosms that received high C:N+P subsidies as ecosystem more typical of autumn when
leaf depositions occur. Meanwhile, the mesocosms that received low and intermediate C:N+P ratios
subsidies (both insect-type treatments) can be considered as more closely resembling aquatic ecosystems

in early spring when nutrients are highly available.

In our Leaf (high C:N+P) subsidies, there are two main factors to consider when investigating the
strong responses of high pCO; levels only at the mid experiment period. First, the source water of the
mesocosms was already highly coloured and oligotrophic; more typical of autumn conditions which were
reinforced by our Leaf subsidy. Both total planktonic respiration and respiration of bacterioplankton
component can exceed gross primary production in oligotrophic lakes (del Giorgio and Peters, 1994;
Duarte and Agusti, 1998; del Giorgio et al., 1997), which was the case of our Leaf mesocosms (high C:N+P).
Moreover, inputs of terrestrial organic matter like leaves have been known to significantly increase
bacterial respiration (Cole et al., 1994; Hope et al., 1994; del Giorgio et al., 1999; Staehr and Sand-Jensen,
2007). Added organic matter is readily decomposed by heterotrophic bacteria, increasing respiration

shortly after input. Following this, the mesocosms remained oligotrophic with few nutrients to encourage
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an increase in primary production. Correspondingly, the response in treatments to which insects were
added (low C:N+P) can be considered as analogous to the nutrient influx that occurs with a lake’s spring
turnover. Interestingly, increased DO levels were only observed at the end of the experiment — at which
point subsidy addition was maximized across all mesocosms. Following the analogy, at spring turnover,
net respiration declines and net primary production increases as there are more available nutrients for
use in photosynthetic processes and less organic matter to decompose (Staehr and Sand-Jensen, 2007).
The occurrence of the chlorophyte (Greens) blooms mentioned would have contributed to increases DO

concentrations at the end of the experiment.

The abundance response of heterotrophic bacteria was unexpected and requires some
consideration. We expected that bacteria would increase in abundance in all subsidy types compared to
the Control. However they only did so in the low C:N+P ratio treatment associated with insect subsidies,
at both timepoints. Given that heterotrophic bacteria are generally responsible for respiration with O, as
the final terminal electron acceptor, thereby producing CO; as a reject compound (Jurtshuk, 1996; Benner,
2011), a strong presence of heterotrophic bacteria in the low C:N+P subsidies where primary production
and DO levels are high is especially surprising. There are several possible explanations which we cannot
fully address, as this study only analyzed a limited number of variables. The presence of other types of
organisms, other than phytoplankton and heterotrophic bacteria, might have influenced net dissolved CO,
levels. Organisms such as fungi, protists and zooplankton were present, but their abundances were not
quantified in this study. Furthermore, there is a possibility that the bacterial community type shifted
between subsidy treatments, with different taxa and functional traits; shifts that we cannot assess with
this dataset. Another possible explanation is that as phytoplankton increased and formed blooms in the
Insect treatment (low C:N+P ratio), bacterial abundance also benefitted from the accompanying nutrient
pulse. The phycosphere (Amin et al., 2012) habitat around phytoplankton cells, especially filamentous
ones as observed in our Insect subsidy mesocosms can promote the growth of heterotrophic bacteria
through the release of non-coloured DOC and nutrients (Buchan et al., 2014; Seymour et al., 2017; Rein et
al., 2022). Thus, a drastic increase in phytoplankton as seen in the low C:N+P subsidies, also means a

potential drastic increase in heterotrophic bacteria.
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To conclude, our experiment demonstrated that allochthonous inputs of organic matter will have
some impacts on the ecosystem metabolism of an oligotrophic lake ecosystem. Phytoplankton biomass
increased with low and intermediate C:N+P ratios (with insect subsidies), confirming our three hypotheses.
These increases in biomass, especially in the low C:N+P ratio subsidies, had an important impact on
ecosystemic responses. Primary productivity effects were mainly observed in the form of green algae
blooms and inhibition of the photosynthetic performance of brown algae (mostly Chrysophytes).
Furthermore, heterotrophic bacterial abundance analyses yielded unexpected results, with highest
bacterial abundances in these same low C:N+P Insect-type subsidy treatments. Lastly, DO and pCO;
dynamics were mostly as expected with higher pCO; reflecting higher levels of respiration in the (high
C:N+P) subsidy treatments and greater DO concentrations reflecting higher primary production (Greens
biomass) in the Insect (low C:N+P) subsidy treatments. Future studies could use a similar experimental
approach but include the analyses of other organisms in the food web likely to impact ecosystem processes

to better gain a global picture of subsidy effects on metabolism dynamics.
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CHAPITRE 2
MIXOTROPHIC NANOPHYTOPLANKTON RESPONSES TO ALLOCHTHONOUS INPUTS IN LAKE
PLANKTON FOOD WEBS

Ecosystem perturbations and disturbances shape aquatic ecosystem dynamics and the responses of
organisms within them. Allochthonous matter may be transported to aquatic ecosystems in varying
amounts and frequencies following events such as flooding or changing temperatures, thereby causing
changes in lake water column biogeochemistry. It is important to better gauge organism responses to
these inputs to improve our mechanistic understanding of ecosystemic dynamics under perturbed
environmental conditions, which will only increase with climate change disruptions. The objective of this
chapter was to examine the mixotrophic nanophytoplankton (mixoplankton) responses to such inputs,
represented through changes in the relative biomass of mixotrophic taxa in the nanophytoplankton
community, and changes in the rates of bacterivory in a focal species Plagioselmis sp. We predicted that
allochthonous inputs relatively high in C : nutrients would favour heterotrophy and bacterivory by
mixoplankton, while lower ratios would favour autotrophy. We conducted a mesocosm experiment in
which we added organic matter as pulses, either through insect larvae, tree leaves or a combination of
both to in-lake mesocosms. Our results indicate that nitrogen and phosphorus pulses (via insect subsidies)
favoured autotrophic nanophytoplankton blooms and primary productivity, highly reducing the number
of mixoplankton present, possibly as they were outcompeted by autotrophic taxa. Meanwhile, the
addition of carbon (via leaves) did not necessarily favour mixoplankton activity, possibly because the
source water was already oligotrophic and regularly exposed to annual autumn leaf additions. Last, while
phagotrophy in the focal species Plagioselmis sp. increased in all subsidy types, we observed a higher
variation in bacterivory rates associated with insect subsidies, possibly attributable to a compositional shift
in the bacteria community.

Keywords : Nanophytoplankton, allochthonous matter perturbations, primary productivity, mixotrophy,
nutrient cycles.
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2.1 Introduction

Perturbations and disturbances are key to shaping lake ecosystems through the responses of
organisms within them. Whether it is through natural occurrences or caused by climate change and
anthropogenic stressors, greater understanding of the effects of perturbations on aquatic ecosystems is
needed given that they can strongly influence stability, diversity, composition, and function (Brasell et al.,
2021). Perturbations can take many forms because their sources, mechanisms of operation, physicality,
and chemistry can vary. Ecosystem perturbations can occur in a pulsed form: short-term events that are
the results of physical forces (storms, floods), chemical inputs such as nutrients, or bioturbation (Brasell
etal., 2021). These events all occur naturally and often regularly through an ecosystem’s history. However,
changes in frequency and amplitude of these pulses in today’s context of climate change and other
anthropogenic shifts can lead to dramatic changes in perturbations to ecosystems. For example, physical
forces such as precipitation and associated floods can modify the transport of allochthonous matter from
various sources (Brasell et al., 2021) including the atmosphere, dry fallout, ground water, lateral transport,
and inflowing streams (Groeger et al., 1984). These changes may facilitate large increases in the number
of primary producers and alter food web structures and stability (Carpenter et al., 1999; Scheffer et al.,
2011; Holt, 2008). Thus, affected abiotic and biotic environments can change the structure of ecosystems
and affect ecosystem services (Zhao et al., 2022). Identifying which component (diversity, composition, or
function) is affected after an ecosystem perturbation such as pulsed allochthonous inputs allows us to
better understand the potential drivers of ecological change. For example, increased diversity of microbial
communities has shown mixed stability outcomes, and not the expected increase in resistance and
resilience (Griffiths et al., 2000; Jurburg & Salles, 2015). For this reason, it is important to further
investigate the response of organisms that have a greater influence on ecosystem metabolism, and more

importantly, the altered functional states of these organisms.

Functions of key actors in lake ecosystems, such as mixotrophic nanophytoplankton (mixoplankton),
are sensitive to perturbations and changes. Mixoplankton, characterized by their ability to do both
photosynthesis and to gain organic nutrients through osmosis or phagotrophy (Reinl et al., 2022), can act
as both primary producers and consumers (Costa et al., 2022). Mixotrophic nanophytoplankton are gaining
a growing amount of attention in the aquatic sciences community as researchers continue to unveil
mysteries or gain a deeper understanding on their true impact in aquatic ecosystems, especially via their
phagotrophic activity on bacteria prey. Understanding of mixoplankton is changing rapidly and the

ecological importance of mixotrophic taxa is being increasingly recognized given the greater dominance of
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the organisms that can be thus classified than previously thought (Flynn et al., 2013 ; Stoecker et al., 2017 ;
Costa et al., 2022). In this study, we focus on constitutive mixotrophic nanophytoplankton, defined as
phytoplankton that are able to do both photosynthesis and bacterivory through phagotrophy (Mitra et al.,
2016) to examine their link with ecosystem function and bacteria. The constitutive mixotrophic
nanophytoplankton that are the focus of this study will be referred to as mixoplankton hereafter, as
proposed by Mitra et al (2024). The ability of mixoplankton to switch between photosynthesis and
bacterivory has the potential to affect many processes in lakes, including the carbon and nutrient cycles
integral to an ecosystem’s biogeochemistry as well as higher trophic levels. Thus, now that we have a
better idea of their greater presence in aquatic ecosystems, research examining the role of mixotrophs in

aquatic ecosystem dynamics, including carbon and nutrient cycles, is needed.

Research to date demonstrates that the feeding strategy (photosynthesis or bacterivory) adopted
by mixoplankton at any point in time is highly sensitive to environmental conditions — conditions which
may change rapidly with perturbations. From empirical studies, access to light, dissolved organic matter
and bacterial prey may directly influence their feeding activity in ecosystems (Raven, 1984). While taxa
that can be classified as mixotroph are more common than previously thought (Costa et al., 2022), they
must compete with obligate autotrophs for light and inorganic nutrients and with obligate heterotrophs

for particulate organic nutrients (Palsson et al, 2004).

To gain a better mechanistic understanding of the dynamics of mixoplankton responses to
perturbations in environmental conditions, my objective was to examine the mixoplankton response to
different types of allochthonous inputs through measures of the relative biomass of mixoplankton in the
nanophytoplankton community, as well as the rate of bacterivory for a common focal mixoplankton
species (Plagioselmis sp.). | conducted a mesocosm experiment where pulsed additions of dried maple
leaves, insect (mealworm) larvae or a combination of both at three intensities of subsidy biomass input.
In a preliminary experiment with lake water and these subsidy combinations (Sarran et al. 2022,
unpublished data), the insect larvae subsidies increased nutrients (nitrogen and phosphorus) in the
mesocosms, and the leaves increased total organic carbon concentrations. Thus, the three treatments
allowed us to create subsidy combinations consisting of a low C:N+P ratio (Insect), a high C:N+P ratio (Leaf)

and an intermediate C:N+P ratio (Insects + Leaf).
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| hypothesized that mixoplankton abundance would be lowest in the insect subsidy (low C:N+P)
treatment, given that obligate autotrophic phytoplankton should outcompete mixoplankton under
nutrient-rich conditions (Mitra et al., 2024). Mixoplankton should be less bacterivorous where nutrients
are highly available (low C:N+P ratio) because there is less competition for nutrient absorption between
eukaryotic phytoplankton and bacteria. Abundant nutrients would preclude the need for phagotrophy to
obtain these resources and mixoplankton would therefore rely on photosynthesis. Given that
mixoplankton proliferate in ecosystems that are characterized by limited inorganic nutrient concentrations,
an ecosystem that has high nutrients (therefore a low C:N+P ratio) should be dominated by autotrophic
phytoplankton instead (Legrand et al., 1998; Granéli et al., 1999; Stoecker, 1999; Stoecker et al., 2006;
Saad et al, 2013; Mitra et al, 2024). For these same reasons, | expected the greatest mixoplankton
abundance and phagotrophic activity in the Leaf treatment with a high C:N+P ratio subsidy. Furthermore,
given their more advantageous surface to volume ratio for nutrient absorption, bacteria generally
outcompete phytoplankton when nutrients are scarce. However, mixoplankton can then consume
bacteria to gain their required nutrients (Drakare, 2002, Carney et al., 2016, Mitrovic et al., 2016). Overall,
for the three different subsidy types (low, intermediate, high C:N+P and control), | expected the highest
bacterivory rate in the high C:N+P ratio (Leaf) treatment, lowest in the low C:N+P ratio (Insect) treatment

and an intermediate response in the combined Insect + Leaf subsidy (intermediate C:N+P ratio) treatment.

This study should allow us to understand the processes that dictate mixoplankton activity
specifically in an allochthonous matter perturbation scenario, thereby improving our understanding of

mixoplankton dynamics in nanophytoplankton communities.
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2.2 Methods

2.2.1 Study site and mesocosm experiment

The study site consists of a floating experimental mesocosm installation in Lac Triton, Station de
Biologie de Laurentides, Saint-Hippolyte, Québec, Canada. Doctoral student, Charlie Sarran (Université de
Montréal), working with the same research supervisory team, designed, installed, and conducted the
subsidy additions for the mesocosm experiment. His PhD research address responses by the higher aquatic
food trophic levels (benthic invertebrate and zooplankton) and related habitat (primarily chlorophyll and
nutrient) responses, while my M.Sc. research focuses on the base of the aquatic food web (heterotrophic
bacteria, phytoplankton, carbon). Together, these projects provide a broad picture of the full trophic

network response to the same allochthonous inputs.

The 40 mesocosms each consisted of polyethylene basins (378 L; filled volume of filled
approximately 320 L) filled with water pumped directly from Triton Lake containing the natural plankton
organisms, nutrients, and other inorganic compounds, enabling the establishment of the plankton
communities. To ensure a uniformity of the biotic communities, setup of the mesocosms involved
repeatedly taking 10 L of mixed water with organisms from each mesocosm, combining it in a single basin
and then redistributing evenly amongst the 40 mesocosmes. Lastly, as part of the PhD project, Hester-Dendy
Samplers (EnvcoGlobal, Australia) were installed for macroinvertebrate collection and a ceramic plate was
added on one side of each mesocosm to allow sampling of periphyton communities. Once the mesocosms
were fully set up, pulsed additions (subsidies) of leaves and insects started on day O (Figure 1), June 29,
2022, and ended at day 51, August 18, 2022. Organic matter subsidy treatments consisted of either dried
mealworm insect larvae (Tenebrio molitor; obtained from a local mealworm farm), dried maple leaves (Acer
rubrum and Acer saccharum; obtained at the Station de biologie des Laurentides in fall 2021), and a
combined subsidy of insect larvae and maple leaves. Mealworm insect larvae and the maple leaves were
chosen to represent plant and animal subsidies with different macronutrient compositions and because

they were easily available in large quantities.

In addition to different organic matter types, the subsidies were added at varying pulsed intensities
in quantities that were inversely related to frequency of addition (Fig 1). The P1 treatment had weekly
additions of 5 grams/week over 8 weeks. For P2, 10 grams of subsidy were added over the 4 middle weeks

of the experiment. Finally, the least frequent, but most intense subsidies (P3) were added over the 2
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central weeks of the experiment and consisted of 20 grams each time (Fig 1). Because the frequency of the
treatment subsidies was inversely related to the organic matter biomass added, each mesocosm received
20 grams by the middle of the experimental period (day 26) and 40 grams at the end of the experiment
(day 51). To simplify the rest of the text, the amount and frequency of biomass received will be referred as
“Intensity of pulse” (PO, P1, P2, P3), and type of allochthonous input (high, equal and low C:N+P ratios) will

be referred as subsidy type (Control, Leaf, Leaf+Insect, and Insect).

Each treatment combination (3 pulse types x 3 organic matter types) consisted of four replicates for
a total of 36 mesocosms receiving organic input. An additional four mesocosms did not receive any organic
matter additions and served as controls for comparison. The physical arrangement of the mesocosms on

the lake platform were randomized among two blocks to remove possible position bias.
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Figure 12 : Timeline of the allochthonous additions to the mesocosms showing the relative subsidy
biomasses added to each type of subsidy treatment (each row represents a different set of
mesocosms with a set frequency of addition). The days marked by a star are the sampling dates
of the environmental variables.

2.2.2 Sampling of abiotic and biotic variables

Mesocosms were sampled at two timepoints in the experiment at which time all mesocosms had
received the same overall amount of organic matter input: mid-experimental (day 26) and at the end (day
51) (Fig. 1). However, these two sampling periods are not entirely equivalent as the seasonality of the

organic inputs was reversed (rising in the first half and declining in the second half; Fig. 1). Because there
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were many response variables measured, sampling of half the mesocosms (replicates 1 and 3) were
collected on the first day of each sampling campaign, and the other half (replicates 2 and 4) were sampled

on the second day of each sampling timepoint.

Samples for the phytoplankton community composition and assessment of mixotrophy were taken
from the centre of each mesocosm using a 250mL opaque narrow-mouthed Nalgene bottle. From this,
125mL of water was preserved with in glass bottles with Lugol’s lodine solution. Later in the lab, 5ml or
10ml of sample was sedimented in chambers such that taxa could be identified and measured using an
inverted microscope at 400x magnification coupled with an imaging system. Volumetric conversions were
then used to estimate biovolumes (um3/uL) used as a proxy for biomass (Hillebrand et al., 1999).
Mixotrophic taxa were identified according to literature to estimate the percentage of biomass

represented by mixotrophic taxa in each community assessed (Le Noac’h, 2023).

To estimate the degree of mixotrophy by phagotrophy more directly, we used CARD-FISH
(Catalysed reporter deposition - Fluorescence In Situ Hybridization) (Piwosz et al., 2021; Beisner et al.,
2019; Kubota., 2013; Medina-Sanchez et al., 2005). From the 250mL water sample collected in each
mesocosm, 60mL was treated with 37% formaldehyde (1/10% dilution) and then filtered on polycarbonate
filters (2um pore size, 25mm filter width, Whatman®©) and then folded and frozen in cryotubes at — 20°C
until later lab analysis. For CARD-FISH lab analysis, the Eub338 fluorescent probe (Amann et al., 1990) was
used to mark bacteria and the Alexa 488 fluorescent probe (Invitrogen©) was used to mark eukaryotic
DNA. As the identification of taxa through fluorescence microscopy is challenging and may be inaccurate
if the taxa are not morphologically unique, we only assessed the proportion of phagotrophy based on
densities with CARD-FISh for Plagioselmis sp. based on observed frequency of bacterial consumption. Two
replicates of each treatment were analysed for each timepoint in the experiment for this variable at 400X
on an upright microscope using the DAPI fluorescence filter for DNA, GFP for bacteria and Cy5 for
autofluorescence from chloroplasts. Using this method, we were able to identify Plagioselmis cells having

consumed bacteria that fluoresced green.

Environmental and complementary biotic variables were also measured at the two sampling
timepoints. Water column samples (3mL) were preserved in 10% paraformaldehyde and glutaraldehyde
mixture in cryotubes for bacterial abundance (cells/ uL). These were estimated for two replicate

mesocosms per treatment using a flow cytometer (Becton, Dickinson and Company, BD Biosciences, USA).
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Each sample was analyzed to a maximum of 10 000 events. Other following variables were for all four
replicates. Dissolved CO, (pCO, in ppm) was measured using an environmental gas monitor (EGM-4; PP
Systems, USA) using the headspace method (Hope et al.,, 1996). The measured dissolved pCO, partial
pressures were adjusted to consider chemical equilibration of the carbonate system (Koschorreck et al.,
2021). Continuous monitoring of dissolved oxygen (DO in mg/L), turbidity and pH was done at 6-hour
intervals with datalogger probes that were submerged throughout the entire experiment. Later analyses
of total nitrogen (mg/L), total phosphorus (mg/L) and dissolved organic carbon (mg/L) were done by the
GRIL lab at the Université de Montréal (Kryskalla et al., 2003; Lalonde et al., 2014).

2.2.3  Statistical analyses

Mixotrophic response to allochthonous inputs analyses were done separately according to the
sampling periods because of the reversed subsidy input schedule (ascending in the first half and
descending in the second half). Community composition according to subsidy type and intensity for each
sampling period were analysed separately through a permutational multivariate analysis of variance
(PERMANOVA) (Anderson, 2001) to test for differences among the centroids of each treatment. .Non-
metric multidimensional scaling (nMDS) ordination methods (Mead, 1992) based on Bray-Curtis distances
were used to visualize the differences in the community compositions for each timepoint. These analyses

were done using the vegdist function in the vegan R package (Oksanen et al, 2022).

Given the factorial (3x3) experimental design (subsidy and pulse intensity type), we used either a
2-way ANOVA when data was normally distributed or a 2-way non-parametric Scheirer-Ray-Hare test, an
extension of the Kruskall-Wallis test (Kruskal and Wallis, 1952, Scheirer et al, 1976) for data that could not
be normalized. For the latter test we used the rcompanion and FSA packages (Mangiafico, 2023., Olge et
al, 2023) to test for main, simple and interaction effects on the mixotrophy response variables. Numerous
zeroes in the mixotrophic taxon percentage of total community biomass response dataset required using
the Scheirer-Ray-Hare test followed by Dunn’s post hoc tests to identify significant treatment differences

(Dunnet, 1955). A 2-way ANOVA followed by a Tukey post hoc test was used for the phagotrophy response
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in Plagioselmis. Given that data were percentages, they were arcsine of the square-root transformed
before analysis.

Finally, the influence of environmental variables (bacterial abundances, pCO,, DO, turbidity, pH, TP,
TN and DOC) on mixotrophic responses (proportion of mixotrophic taxa overall and proportion of
phagotrophy in the focal species Plagioselmis sp.) was analyzed using generalized additive mixed models
(GAMMs) (Lin et Zhang, 1999) with sampling timepoints as random effects and using restricted maximum
likelihood (REML) as smoothing parameter. This was done using the gamm function in the mgcv R package
(Wood, 2017). Akaike’s model selection criterion (AIC) (Akaike, 1973) was used to determine which
environmental variables should be included in the final model and afterwards to determine which type of
random effect (intercept, slope or smooth) using the stepAIC function in the MASS R package (Venables et
al, 2002). All statistical analyses were done using the R statistical software (R version 4.0.4 ; R Core Team,

2021) run in RStudio and figures were created using the ggplot2 package (Wickham, 2016).
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2.3 Results

2.3.1 Mixotrophic response to allochthonous inputs — Mid experiment results

2.3.1.1 Community composition

We first examined which subsidy type and intensities promote greater proportions of mixotrophic
taxon biomass, and for which genera. A PERMANOVA showed significant differences in community
composition by treatment (R? = 0.112; p = 0.041) (Figs. 13 and 14). A subsequent Multivariate
homogeneity of group dispersion analysis (PERMDISP) was statistically non-significant for subsidy type
(F(3,34) =0.941; p = 0.431) and for intensity (F(3,34) = 0.944; p = 0.429), indicating in both cases that there
is no difference in variability within groups. Overall, the nMDS plots show greater distinction between
subsidy treatment types with the joint addition of insects and leaves occurring midway between those of
leaf and insect alone additions. Chlorophytes dominated the insect subsidies while a wider diversity of
phytoplankton taxa were observed in the leaf additions (e.g. Chrysophytes, Dinoflagellates, Euglenophytes
as well as Chlorophytes) (Fig. 13). Furthermore, mixotrophic genera were associated with the leaf or
Leaf+Insect subsidies. Clear distinctions between mixotroph biomass were less obvious for the different

subsidy intensities (Fig. 14).
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Figure 13 : Nonmetric multidimensional scaling (hMDS) ordination for the communities at the mid-
experimental timepoint based on Bray-Curtis dissimilarities of phytoplankton genera biomasses
according to subsidy type in a total of N = 40 samples (n = 4 replicates from each of the 10 types
of combinations of subsidy type and subsidy intensity plus the Control samples).
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Figure 14 : Nonmetric multidimensional scaling (nMDS) ordination for the communities at the mid-
experimental timepoint based on Bray-Curtis dissimilarities of biomass of phytoplankton genera
according to subsidy intensity in a total of N = 40 samples (n = 4 replicates from each of the 10
types of combinations of subsidy type and intensity of subsidy plus the Control samples)

2.3.1.2 Proportion of mixotrophic taxa community biomass

The second objective of this chapter was to examine the constitutive mixotrophic response to
subsidy types and frequencies using the proportion of mixotrophic biomass in the different mesocosm
assemblages. A Scheirer-Ray-Hare test showed no significant effect of subsidy type or interaction effects
(Fig 15A). There was, however, an almost significant influence of intensity on the proportion of mixotrophic

taxa biomass as as (H(2,28) = 5.897; p = 0.052) with greater mixotroph dominance (75%) in the frequent
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pulse (P1) intensity and least (30-40%) in the least frequent intensity (P3) (Fig. 15B).Examination of Fig.

15B suggests that this trend was mainly a result of a higher proportion of mixotroph biomass in the more

frequently pulsed subsidy addition treatment (P1).

2.3.1.3 Proportion of phagotrophy amongst mixotrophic phytoplankton (Plagioselmis genera)

No significant differences (2-way ANOVA) in the phagotrophic activity of Plagioselmis by subsidy
type were observed and no interaction at the mid-experimental date (Fig. 15D). Generally however, we

noted a trend of more Plagioselmis bacterivory over control conditions for all subsidy types (Fig. 15C and

D).
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Figure 15 : Box plots of percentage of untransformed mixotroph biomass as a function of total community
biomass at the mid-experimental timepoint according to subsidy type (A) and pulse intensity (B),
and the percentage of phagotrophy frequency in mixotrophic Plagioselmis according to subsidy
type (C) and pulse intensity (D). Lines within the boxes show treatment median values and

diamonds indicate means.
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2.3.2 Mixotrophic response to allochthonous inputs — End of experiment results

2.3.2.1 Community composition

PERMANOVA partitioning showed that only subsidy types (R?=0.177; p < 0.001) had a significant
influence on phytoplankton taxa (Figs. 16 and 17). This was corroborated by the Multivariate homogeneity
of group dispersions analysis (PERMDISP) that was also statistically significant for subsidy type (F(3,36) =
3.351; p = 0.029) indicating that there was also a difference in variability between treatments. Except for
the dinoflagellate Gymnodinium, mixotrophic taxa biomass was associated mostly with the Leaf addition
and the Insect+Leaf combined treatment than with the insect subsidy (Fig. 16) as also observed mid-

experiment (Fig. 13).
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Figure 16 : Nonmetric multidimensional scaling (hMDS) ordination for the communities at the end of
experiment timepoint based on Bray-Curtis dissimilarities of phytoplankton genera biomasses
according to subsidy type in a total of N = 40 samples (n = 4 replicates from each of the 10 types
of combinations of subsidy type and subsidy intensity plus the Control samples).
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Figure 17 : Nonmetric multidimensional scaling (hnMDS) ordination for the communities at the end of
experiment timepoint based on Bray-Curtis dissimilarities of biomass of phytoplankton genera
according to subsidy intensity in a total of N = 40 samples (n = 4 replicates from each of the 10
types of combinations of subsidy type and intensity of subsidy plus the Control samples)

2.3.2.2 Proportion of mixotrophic taxa community biomass

At the end of experiment, following a descending regime of allochthonous inputs, a Scheirer-Ray-
Hare test showed that there was a significant influence of subsidy type on the occurrence of mixotrophic
taxa (H(2,30) = 14.676; p < 0.001) (Fig 18 C), but no significant influence of subsidy intensity (H(2,30) =
0.246; p = 0.883) (Fig 18 D), nor interaction between subsidy type and intensity (H(4,30) =0.597; p = 0.963).
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2.3.2.3 Proportion of phagotrophy amongst mixotrophic phytoplankton (Plagioselmis genera)

A two-way ANOVA revealed no significant difference between subsidy types in the proportion of
phagotrophy amongst mixotrophs (F(3,11 = 1.122; p = 0.382), nor amongst pulse intensities (F(3,11) =
0.221; p =0.805) (Fig 18 C and D respectively). However, phagotrophy appeared to be reduced and more

variable in the Insect treatment relative to those with leaves.
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Figure 18 : Box plots of percentage of untransformed mixotroph biomass as a function of total community
biomass at the end of the experiment timepoint according to subsidy type (A) and pulse intensity
(B), and the percentage of phagotrophy frequency in mixotrophic Plagioselmis according to
subsidy type (C) and pulse intensity (D). Lines within the boxes show treatment median values and
diamonds indicate means.
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2.3.3 Influence of environmental variables on mixotrophic responses — Mid and end experiment

2.3.3.1 Influence of environmental variables on mixotrophic taxa community biomass

To assess how environmental variables might influence the proportion of mixotrophs in the
communities we used GAMMs with AIC for variable and randomness selection. Sampling period (mid or
end) were included as random effects. The best model was a GAMM that included pH, turbidity, total
organic carbon and total nitrogen, and with an R%q = 0.32. From the suite of potential predictors, total
nitrogen (F = 12.460, p < 0.001), turbidity (F = 7.046, p = 0.009), TOC (F = 5.474, p = 0.022), and pH (F =
5.484, p = 0.020) were significant (Figure 19). The strongest relationship was a declining proportion of
mixotroph biomass with TP and an increasing one with turbidity. Increases with TOC and mostly declines

with increasing pH were also observed.
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Figure 19: Logio transformed smoothed fits of generalized additive mixed modelling (GAMM) for
percentage of mixotrophic taxa density in the communities. Black dots in the graphs indicate
where datapoints were observed. The shaded area along the slope is the 95% confidence bound
and asterisks indicate the level of statistical significance (*p<0.05; **p<0.01; ***p<0.0001).

65



2.3.3.2 Influence of environmental variables on phagotrophy amongst mixotrophs

The best-fit GAMM for the relationship between the proportion of Plagioselmis cells having
consumed bacteria included turbidity, and total nitrogen and had an R%qj= 0.348. The significant
individual predictors of the GAMM were total nitrogen (F=19.427, p < 0.001) and turbidity (F = 10.278, p =
0.001). Again, a negative influence of TN and positive influence of turbidity on mixotrophic rates were

observed.
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Figure 20 : Logio transformed smoothed GAMM model fits for frequency of phagotrophy in Plagioselmis.
Black dots in the graphs indicate where datapoints were observed. The shaded area along the
slope is the 95% confidence bound and asterisks indicate the level of statistical significance (*p <
0.05; **p < 0.01; ***p < 0.0001).
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2.4 Discussion

The main objective of this chapter was to examine the mixotrophic responses in the experimental
communities to allochthonous inputs through two main responses: the proportion of mixotroph taxa
biomass and the frequency of phagotrophy in mixotrophic Plagioselmis. sp. We hypothesized (H1) that the
mixotrophic responses would increase to subsidy treatments where C:N+P ratios were experimentally
increased from an already high carbon content ecosystem. This was based on previous work showing that
phytoplankton mixotrophy tends to increase in high DOC and low light ecosystems (Hansson et al., 2019;
Senar et al., 2021). Furthermore, where nutrients are limiting or less readily available for phytoplankton
uptake, mixoplankton are advantaged as they can consume bacteria to gain otherwise rare nutrients,
unlike autotrophic phytoplankton (Drakare, 2002, Carney et al., 2016, Mitrovic et al., 2016). Knowing this,
we hypothesized (H2) that mixotrophic responses, including bacterivory rates, would decrease where
C:N+P ratios were experimentally reduced. Finally, for our mixed subsidy treatment types, we expected
(H3) a mixed C:N+P subsidy ratio to induce a moderate mixotrophic response intermediate to the low

C:N+P and high C:N+P subsidy types.

Overall our results support H2 by suggesting that mixotrophy is highly reduced in environments
where C:N+P ratios are reduced though the addition of nutrients. We did not see evidence for H1 as
mixotrophy rates were not generally increased when C:N+P ratios were raised higher than control
conditions through the addition of leaf subsidies. Organisms from the source lake for the mesocosms have
likely already been subject annually to periodic nutrient limitations as the intact, primarily deciduous forest
around Triton Lake provides heavy carbon inputs through falling leaves each autumn. An intermediate
response for the mixed subsidy treatment (H3) was supported to some extent. Through time, we noted
that bacterivory generally increases in the first half of the experiment, irrespective of the C:N+P ratio, likely
indicating that bacterivory is a process synergistic to phototrophy and allowing mixoplankton to thrive in

a variety of conditions.

2.4.1 Phytoplankton community composition and mixoplankton occurrence

Phytoplankton community composition differed significantly depending on the subsidy type by
mid-experiment and at the end of the experiment (Fig. 12 and Fig. 15). Subsidy types had a significant
influence on phytoplankton taxa, with mixotrophic genera such as Plagioselmis, Cryptomonas

(cryptophyte), Ochromonas (chrysophyte) and Gymnodinium (dinoflagellate) occuring more frequently in
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high C:N+P ratios (leaf) and intermediate C:N+P ratios (mixed). In cross-lake comparative studies, increases
in DOC have been shown to favour taxa that are capable of mixotrophy, including cryptophytes,
chrysophytes and dinoflagellates (Hansson et al., 2019; Senar et al., 2021). In our study, leaf subsidies were

also associated with higher measured TOC and reduced light levels.

Although the percentage of mixotrophic biomass in the communities did not significantly differ by
subsidy type (Fig. 14 C), variability in the response increased for the treatments over the Control, especially
for the insect and mixed subsidy addition. The variability in response in the high nutrient treatments
indicates that nutrient inputs have an important impact on mixotrophic stability. Meanwhile, the response
to leaf inputs could be dampened as, in the source Triton Lake ecosystem, the phytoplankton communities
are already highly adapted to leaf inputs, which are mainly pulsed inputs each autumn. In addition to being
exposed to regular pulsed inputs, the dominance of carbon in the naturally forested ecosystem may
dampen the overall response of the phytoplankton community to further variations in carbon. Over the
long-term, the experimental leaf subsidies were closer to the natural Triton Lake conditions than were the

insect subsidies in the mesocosm experiments.

The effects in varying stability were most noticeable in the second half of the experimental period.
Interestingly, over the duration of the experiment, mixoplankton biomass in the high C:N+P leaf addition
came to resemble that of the Control. On the other hand, reduced C:N+P conditions associated with insect
subsidies had a severe negative impact on mixoplankton biomass with a median of less than 10% of
mixoplankton proportion of total community biomass present (Fig. 17 A). These results support previous
conclusions that mixotrophy is promoted by low light and/or nutrient deficiency (Legrand et al., 1998;
Granéli et al., 1999; Stoecker, 1999; Stoecker et al., 2006). Furthermore, we noted intense blooms of
chlorophytes in nutrient-enriched insect (low C:N+P ratio) treatments during the latter half of the
experimental period. This bloom of autotrophs contributed to a reduced proportion of total community
biomass attributable to mixoplankton (Fig. 17A). These blooms might be explained by the fact that obligate
autotrophs and pure heterotrophs are encouraged by nutrient-rich, well illuminated ecosystems, which
often occur in spring through runoff or what have been considered by some to be immature ecosystems
in a context of ecosystem and community seasonal succession (Mitra et al. 2024). Such high nutrient
conditions would have occurred in our insect subsidy treatments. Overall, our results agree with this
hypothesis of protist seasonal succession and ecosystem maturity which posits that nutrients decrease

with seasonal development, as they become increasingly sequestered and limiting, thereby favouring
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mixoplankton. Mixoplankton are further favoured later in succession as carbon increases with autumn leaf
inputs in these mature (Parry, 1981; Odum, 1969, Mitra et al, 2014). However, it should be noted that low
light and nutrient conditions can also occur in eutrophic environments, given a period of time long enough
for shading and nutrient sequestration by a dominant algal species. Mixoplankton (e.g. Cryptomonas,
Plagioselmis and Gymnodinium) are therefore not limited to oligotrophic waters, as observed in our
experimental community compositions (Figs. 12 and 15). Thus, eutrophic ecosystems can also be subject
to low light and nutrient deficiency induced by algal blooms that form mats on the water surface (as
observed in our insect-addition treatments with colonial chlorophytes) and absorb all readily available

nutrients (Hecky and Kilham, 1988; Cloern and Dufford, 2005).

Concerning responses to subsidy application intensities (combining biomass additions with
quantities inversely related to frequency), phytoplankton communities responded differently only at the
mid-point of the experiment. However, the polygons representing the different intensities of treatment
pulses (P1, P2 and P3) overlapped in the nMDS figures, precluding noticeable community composition
differences between these treatments. All intensities of subsidy input always led to community
compositions that were different from the Control (PO) which were dominated by autotroph biomass
(nMDS Fig. 13). Because increases in organic carbon and nitrogen have been shown to favour mixotrophic
taxa (Hansson et al., 2019; Senar et al., 2021; Altman and Paerl, 2012), a predominance of autotrophic
phytoplankton would be expected in the Control where there were no subsidies. The percentage of
mixotrophic taxa biomass by intensity (Fig 14 B) also mostly supported this conclusion. The exception was
for the least frequently pulsed P3 treatment which was pulsed just 3-4 days prior to our mid-experimental
sampling, and which would have had the least time to respond - thus likely to most resemble the Control
communities. The most frequent, P1 intensity (5g/week for 8 weeks) had the highest proportion of
mixotrophic taxa (75% compared to around 35-40% for the Control), indicating that frequent pulses of

allochthonous inputs over a longer time period encouraged mixotroph production.

2.4.2 Bacterivory by mixoplankton

Bacterivory by Plagioselmis. sp showed a trend towards phagotrophy increases over the Control,
for all subsidy types at the mid-point of the experiment. Bacterivory in the combined treatment (insect +
leaf) had the highest median values (80%), but also the most variable. While there was no statistical
significant difference between subsidy types, we can nonetheless assume that an increase in organic

matter might encourage bacterivory above the 55% median Control value. These results relate well to the
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expectation that mixoplankton rely on microbial prey when critical nutrients (e.g. N and P) are limiting in
the water column as they are much more concentrated in microbial prey (Vadstein, 2000). Mitra and Flynn
(2023) predicted that phagotrophy for N would be of greatest value at high prey abundance and Zubkov
et al (2007) demonstrated that phagotrophy by mixoplankton is of greatest value to obtain P in
oligotrophic ecosystems. Low nutrients in our experiment corresponded best to the Leaf subsidy (high
C:N+P ratios), wherein Plagioselmis demonstrated a trend towards more bacterivory. Surprisingly,
bacterial abundances were low in the Leaf treatment and highest in the insect additions (See Chapter 1
bacterial abundance results). This inverse relationship between bacterial abundances and bacterivory
rates by Plagioselmis may be explained for a couple of reasons. Bacterial abundances may not reflect
population turnover rates, and higher harvesting rates by mixoplankton could render measured
abundances at a single timepoint an inaccurate reflection of the actual bacterial food source available to
bacterivores. However, it appears that even low rates of consumption of prokaryote prey can still
significantly support the growth of mixoplankton (Mitra and Flynn, 2023), allowing mixoplankton to thrive
even where bacterial abundances are low. It is also possible that the bacterial species favoured by high
nutrient (low C:N+P ratio) subsidies, as was the case for insect treatments, are less desirable or
manipulable by mixtrophs like Plagioselmis, than those favoured by the leaf additions. Thus subsidies,
especially with leaf material, may play a positive role on bacterivory rates in mixoplankton, but our results

are not definitive on this issue.

2.4.3 Mixotrophic response to environmental variables

The strongest influence on the percentage of mixoplankton biomass in the community was total
N (TN) content, with the proportion of mixoplankton biomass decreasing at higher TN levels. Nitrogen has
been shown to favour chlorophytes (Altman and Paerl, 2012), autotrophic taxa that eventually formed
blooms in the insect treatment, and thereby likely outcompeting mixoplankton. Similarly, TN was the most
important variable influencing the occurrence of phagotrophy in Plagioselmis, reducing its rate of
phagotrophy. Thus Plagioselmis relied more on consuming bacterial prey in nutrient-poor habitats
(Palsson et al, 2004; Young et al, 2020), as hypothesized, and which was observed to be associated

primarily with Leaf subsidies (high C:N+P).

The second most influential environmental variable for mixoplankton community biomass and
Plagioselmis phagotrophy was turbidity, with which a positive linear relationship was observed. Turbidity

influences light penetration in aquatic ecosystems, thereby reducing photosynthetic capacity in the water
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column. Because ingestion of bacterial prey subsidizes dietary requirements in nutrients and carbon (Saad
et al, 2016), mixotrophy has been shown repeatedly to be favoured in low light environments (Legrand et
al., 1998; Granéli et al., 1999; Stoecker, 1999; Li et al., 2000a; Stickney et al., 2000; Stoecker et al., 2006).
The positive relationship of TOC with mixoplankton biomass proportion corresponded not only with this
light relationship, but also with the evidence presented thus far on the positive effects of high C:N+P (Leaf
subsidy) relationships, and in cross-lake surveys for DOC gradients (Hansson et al., 2019; Senar et al., 2021).
In this case, the relationship of the percentage of mixoplankton biomass was inverse relationship to that
of TOC, as would be expected given that the solubility of dissolved organic carbon is dependent on pH and

ionic strength (Winterdalh et al, 2014).

Overall, our experiment demonstrates some effects of terrestrial subsidies on mixoplankton
success and rates of phagotrophy. Generally, mixotrophs responded least favourably, and in at least one
case negatively (as hypothesized in H2), to increases in nutrient inputs (decreased C:N+P ratios), as
accomplished by insect subsidies. These results were most visible across the entire gradient of conditions
when regressing percent of mixotroph biomass or rates of Plagioselmis bacterivory against TN. Conversely,
increased C:N+P ratios did not have a positive effect on mixoplankton, but rather remained similar to the
Controls. This can be explained through the fact that the source lake ecosystem already periodically
received high carbon inputs each autumn. Finally, it was difficult to distinguish an intermediate response
in the more balanced C:N+P subsidy ratio (H3) given the variation between mesocosms. For future studies,
we recommend a gradient approach to disentangle C:N+P ratio effects on mixoplankton. Moreover, we
also recommend to investigate the nutrient absorption capacities between mixoplankton and autotrophic
phytoplankton. This would provide us with a greater understanding of why mixoplankton do not thrive as
much as autotrophs in nutrient-dense environnements, further shedding light on mecanics behind aquatic

ecosystem dynamics.
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CONCLUSION

Les perturbations se produisent naturellement et souvent régulierement tout au long de I'histoire
d'un écosysteme. Toutefois, les changements de fréquence et d'amplitude de ces perturbations dans le
contexte actuel du changement climatique et d'autres pressions anthropogéniques peuvent entrainer des
changements importants pour les écosystemes. Ces perturbations ont de graves conséquences sur la
stabilité de l'écosystéeme et les services qu'il rend. Des études antérieures ont montré que les
perturbations sous forme d'apports allochtones peuvent modifier la production primaire, entrainant
parfois I'eutrophisation, altérer les réseaux alimentaires ou la capacité d'un écosysteme a séquestrer le
carbone. Cette étude avait pour objectif d'examiner le métabolisme de |'écosysteme et la réponse
mixotrophe aux apports allochtones. Une expérience de mésocosmes a permis d'examiner un gradient de
différents types d'apports allochtones (ratios de C:N+P faibles représentés par des ajouts d'insectes, ratios
de C:N+P élevés représentés par des ajouts de feuilles et ratios de C:N+P intermédiaires représentés par
une combinaison d’ajouts d'insectes et de feuilles) et I'addition de ces derniers a travers diverses
fréquences et intensités (5g/semaine pour 8 semaines, 10g/semaine pour 4 semaines et 20g/semaine pour
2 semaines). Des échantillons de variables proxy pour la productivité primaire, la respiration, I'abondance
bactérienne et de variables de réponse mixotrophique ont été prélevés au milieu et a la fin de |'expérience
de 50 jours. J'ai émis I'hypothése que les faibles ratios de C:N+P (ajouts d’insectes) déclencheraient les
réponses les plus élevées de la productivité primaire et une augmentation de I'abondance bactérienne,
mais les réponses les plus faibles de la respiration et des réponses mixotrophiques. L'inverse était attendu
pour les ratios de C:N+P faibles (ajouts de feuilles), alors que je supposais qu'il y aurait une réponse

intermédiaire pour le ratio de C:N+P intermédiaire (ajout des insectes + des feuilles).

Les résultats de notre expérience montrent que les apports allochtones de matiére organique
auront un certain impact sur le métabolisme d'un écosystéme lacustre oligotrophe. La biomasse du
phytoplancton a augmenté avec des ratios de C:N+P faibles et intermédiaires (avec des ajouts d'insectes),
confirmant nos trois hypothéses. Ces augmentations de biomasse, en particulier pour les ajouts a faible
ratios de C:N+P, ont eu un impact important sur les réponses de I'écosysteme. Les effets sur la productivité
primaire ont été principalement observés sous la forme d'efflorescences d'algues vertes et d'inhibition de
la performance photosynthétique des algues brunes (principalement des chrysophytes). En outre, les
analyses de l'abondance des bactéries hétérotrophes ont donné des résultats inattendus, avec les

abondances bactériennes hétéotrophes les plus élevées dans ces mémes traitements d’ajouts a faible
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teneur en C:N+P de type Insecte. Enfin, la dynamique du DO et du pCO; était principalement conforme
aux attentes, avec un pCO; plus élevé reflétant des niveaux plus élevés de respiration dans les traitements
d’ajouts (ratio C:N+P élevé) et des concentrations de DO plus importantes reflétant une production
primaire plus élevée (biomasse d’algues vertes) dans les traitements d’ajouts de type insecte (ratio C:N+P

faible).

En ce qui concerne les réponses des mixoplanctons, ces derniers ont généralement réagi moins
favorablement, et dans au moins un cas négativement (comme le prévoit I'hypothese H2), aux
augmentations des apports de nutriments (diminution des ratios de C:N+P), telles qu'elles sont réalisées
par les ajouts d’insectes. Ces résultats étaient particulierement visibles sur I'ensemble du gradient de types
d’ajouts lors de la régression du pourcentage de la biomasse des mixoplanctons ou des taux de
phagotrophie chez Plagioselmis sp. par rapport a lI'azote. Inversement, I'augmentation des ratios C:N+P
n'a pas eu d'effet positif sur le mixoplancton, mais est restée similaire aux contréles. Cela peut s'expliquer
par le fait que I'écosystéme du lac source recevait déja périodiquement des apports élevés de carbone
chaque automne. Enfin, il était difficile de distinguer une réponse intermédiaire dans le ratio d’ajouts de

C:N+P plus équilibré (H3) étant donné la variation entre les mésocosmes.

En résumé, les apports allochtones peuvent avoir divers effets sur le métabolisme de I'écosysteme
et sur les organismes qui y contribuent. Alors que l'ajout de carbone dans un écosysteme oligotrophe,
méme a des niveaux élevés ou de maniére réguliére, n'aura aucun effet, d'importants effets ont été
observé lors des ajouts a faible ratio C:N+P (Insectes), qui a provoqué I'eutrophisation. On a observé une
prolifération d'algues vertes et une augmentation importante de I'abondance des bactéries hétérotrophes,
probablement liée a une modification de la communauté bactérienne. Cela a entrainé une diminution de
la biomasse relative des mixoplanctons et des performances photosynthétiques. Ce changement
important montre a quel point la stabilité des écosystemes oligotrophes peut étre affectée par les apports

allochtones, en particulier les apports riches en nutriments.

De futures études pourraient utiliser une approche expérimentale similaire mais qui inclut les
analyses d'autres organismes du réseau alimentaire susceptibles d'avoir un impact sur les processus de
I'écosysteéme afin d'obtenir une meilleure image globale des effets des ajouts allochtones sur la dynamique
du métabolisme d’un écosystéme aquatique. En outre, nous recommandons une approche par gradient

pour clarifier les effets du ratio C:N+P sur le mixoplancton. Nous recommandons également de comparer
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les capacités d'absorption des nutriments entre le mixoplancton et le phytoplancton autotrophe. Cela
nous permettrait de mieux comprendre pourquoi le mixoplancton ne prospere pas autant que les
autotrophes dans des environnements riches en nutriments, et ainsi, de mieux comprendre les

mécanismes qui influencent la dynamique des écosystémes aquatiques.
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