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Abstract

Forty percent of world reservoirs suffer from eptiecation which increases phytoplankton
biomass in reservoirs and impairs water uses. Whaleding the mechanisms and processes
that control cyanobacterial blooms is of great ewnc Ecosystem models enable us to
simulate, analyze and understand ecological presess lakes and reservoirs. Except for
Lake Kinneret in Israel, the phytoplankton commyrahd ecological model application are
poorly documented in the Middle East. Karaoun Reseralso known as Qaroun, Qaraoun
or Qarun, the largest water body in Lebanon, watt lfor irrigation and hydropower
production. There is a great interest in the watality of this reservoir as it will be used to
supply the capital Beirut with drinking water.

The main objective of this Ph.D. work is to undanst the dynamics of phytoplankton in

Karaoun Reservoir. This main objective branches ihtee sub-objectives: 1) to establish the
seasonal phytoplankton succession 2) to understendyanobacterial dynamics 3) identify

the driving factors of the cyanobacterial blooms.

To achieve these objectives, we conducted sampéngpaigns and laboratory measurements
were conducted semi-monthly between May 2012 anglisi2013 to assess the trophic state
and the phytoplankton biodiversity and seasonaadyos of its phytoplankton community in
response to changes in environmental conditionesd@lield campaign measurements were
then used to calibrate (summer and autumn 2012)aldiate (spring and summer 2013) a
one-dimensional hydrodynamic-ecological model orraéan Reservoir. Our results show
that:

» Karaoun Reservoir which strongly stratified betwdday and August was found
eutrophic with a low biodiversity, only 30 phytoplkion species in 2012-2013.
Comparing its trophic status and biodiversity thestMediterranean freshwater bodies
showed that it matched more with El Gergal Resefmaspain than with natural lakes
like Lakes Kinneret in Israel and Trichonis in Gredhat were oligotrophic with a
high biodiversity.

* Thermal stratification established in spring redlttee growth of diatoms and resulted
in their replacement by mobile green algae spedigsig high nutrients availability
and water temperatures lower than 22 °C. Water ¢eatpre higher than 25 °C
favours cyanobacteriumMicrocystis aeruginosathat displacesAphanizomenon
ovalisporumin summer. Dinoflagellat€eratium hirundinelladominated in mixed
conditions, at low light intensity in late autumnl® °C.

e Unlike the high temperatures, above 26 °C, whioh associated with blooms of
Aphanizomenorovalisporumin Lakes Kinneret (Israel), Lisimachia and Trickson
(Greece) and in Arcos Reservoir (SpaiAphanizomenomvalisporumbloomed in
Karaoun Reservoir in October 2012 at a relatively subsurface temperature of 22°C
while the reservoir was weakly stratified. This gests that the risk of
Aphanizomenonvalisporumblooms in European lakes is high.

e Cylindrospermopsin, a fatal toxin, was detectedaimost all samples even when
Aphanizomenon ovalisporuwas not detected. It reached a concentration/ofid/L,
higher than the drinking water guideline value ofufy/L of the World Health
Organization. The toxin vertical profiles suggess ipossible degradation or




sedimentation resulting in its disappearance froatew column.Aphanizomenon
ovalisporumbiovolumes and cylindrospermopsin concentrationewmt correlated (n
=31, f=-0.05).

« A simple configuration of the one-dimensional hytimoamic-ecological model
DYRESM-CAEDYM successfully simulated the growth amsdccession of the
cyanobacteridphanizomenon ovalisporuamdMicrocystis aeruginosarhe model
showed a good performance in simulating the wageell  RMSE < 1 m, annual
variation of 25 m), water temperature profiles (RIM$ 1.1 °C, range 13-28 °C) and
cyanobacteria biomass (RMSE < 57 u§ équivalent chlorophyll a, range 0-206 pg
LY. Implementing the model to better understand swecession between
cyanobacteria blooms showed that higher maximumdymion of Microcystis
aeruginosaduring favourable temperature and light conditialewed it to outgrow
Aphanizomenon ovalisporum

On the local scale, this thesis provides importaatkground data for the Lebanese water
management authorities who aim to use this resefgoidrinking water production. It also
increases the understanding of processes and megtzathat control cyanobacterial blooms.
The application of simple model configurations widww major processes can be transposed
on other eutrophic lakes and reservoirs to desctiitee competition between dominant
phytoplankton species, contribute to early warraggtems or be used to predict the impact of
climate change and management scenarios.

Keywords: Phytoplankton dynamics, Harmful algal blooms, Qyzacteria, Ecological
modelling, Toxins, Mediterranean Lakes.
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Résumé

40 % des retenues dans le monde souffrent d'eusadfmn. L’augmentation de biomasse de
phytoplancton et les proliférations de cyanobaetédans les réservoirs perturbe leurs usages.
Comprendre les mécanismes qui contrélent la pralifgn des cyanobactéries est de grande
importance. Les modéles d'écosystéemes lacustrespamettent de simuler, d'analyser et de
comprendre les processus écologiques dans les eiades réservoirs. La dynamique
phytoplanctonique dans les réservoirs du MoyensD@st peu documentée jusqu’a présent.
Treés peu d'applications de modéles d’écosystencestlaes y ont été réalisées. Le réservoir
de Karaoun, le plus grand au Liban, a été consfoitr lirrigation et la production
hydroélectrique. La préservation de la qualité @au de ce réservoir est d'importance
majeure car un projet prévoit de l'utiliser poualimentation en eau potable de la capitale
Beyrouth a I'horizon 2025.

Les objectifs de la thése sont de concevoir etseratles campagnes de terrain pour suivre et
comprendre la dynamique du phytoplancton et deaahactéries dans le lac de barrage de
Karaoun, puis de modéliser le fonctionnement phussiet biogéochimique de cette retenue.

Des campagnes d'échantillonnage ont été effecteéas fois par mois entre mai 2012 et
Aolt 2013 pour évaluer I'état trophique, la divérghytoplanctonique et la dynamique du
phytoplancton en réponse aux changements des imsdénvironnementales. Ces mesures
ont été ensuite utilisées pour calibrer (été etrane 2012) et valider (printemps et été 2013)
un modéle hydrodynamique-écologique unidimensiosneldu réservoir. Nos résultats ont
montré que:

» La retenue de Karaoun, fortement stratifiée thewmnmgent entre mai et aodt, est
eutrophe, et présente une faible diversité phytmmptmique. Seulement 30 especes de
phytoplancton ont été recensées en 2012-2013.

» La stratification thermique qui apparait au prinpsmréduit la croissance des
diatomées et entraine leur remplacement par desogilycées. Les concentrations en
nutriments sont alors élevées et la températureda est inférieure a 22 °C. Les
cyanobactéries dominent en é#phanizomenon ovalisporularsque la température
de surface de l'eau est inférieure a 25 ROgrocystis aeruginosdorsqu'elle est
supérieure a 25°C. Le dinoflagell€eratium hirundinella constitue I'espece
dominante en fin d’automne lorsque la colonne d'eati mélangée, lintensité
lumineuse est faible et la température de I'eanvdfen 19 °C.

» Contrairement aux températures de surface élegépgrieures a 26 °C, auxquelles
prolifere A. ovalisporumdans les lacs de Tibériade (Israél), Lisimachidrathonis
(Grece) et la retenue d'Arcos (Espagne), une pratibn dA. ovalisporumsurvient
en octobre 2012 dans la retenue de Karaoun, aemmgétrature de I'eau de 22 °C et
alors que la stratification thermique est faible.

» La cylindrospermopsine (CYN), une toxine qui a pgwé la mort de bétail par
ingestion, a été détectée dans la retenue de Karaméme en l'absence Al
ovalisporum,seule espéce qui la produit identifiée dans lantete Les biovolumes
d’A. ovalisporumet la concentration de CYN ne sont pas corrélés3f, ¢ = - 0,05).
La CYN atteint une concentration de 1,7 pg/L, sigpée a la valeur guide pour I'eau
potable de 1 pg/L (Organisation Mondiale de la &garites profils verticaux de la
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toxine suggérent que sa disparition progressivdadeolonne d'eau est due a sa
dégradation ou a sa sédimentation.

» Une configuration simple du modele DYRESM-CAEDYMarmis de simuler avec
succes la croissance et la succession des cyaédbacdh. ovalisporumet M.
aeruginosa Le modele réalise de bonnes performances posinalation du niveau
de I'eau du réservoir (RMSE <1 m pour une variagionuelle de 25 m), des profils de
température de la colonne d'eau (RMSE <1 °C pow vhiations annuelles
comprises entre 13 et 28 °C) et de la biomasseywbactéries (RMSE <48 ug/L
équivalent chlorophylle-a, concentration entre Q@& pg/L).

A l'échelle locale, cette these est importante plesr autorités de gestion des eaux
libanaises qui visent a utiliser ce réservoir ptaurproduction d'eau potable. Elle a
également permis de mieux comprendre les procegsusontrolent la prolifération de
cyanobactéries. L'application de configurationsramleles simples limités aux processus
principaux pourrait étre transposée sur d'autreervéirs eutrophes pour décrire la
compétition entre les especes phytoplanctoniquesrdmtes, s’insérer dans des systéemes
d'alerte ou prédire I'impact du changement climetigt tester des scénarios de gestion.

Mots Cles :Dynamique de phytoplancton, Proliférations d'algoegjues, Cyanobactéries,
Modélisation écologique, Toxines, Lacs Méditerranée
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SYMBOLS AND ABBREVIATIONS

AEMON: Agquatic Ecosystem Modelling Network
ANR: Agence Nationale de la Recherche

CAEDYM: Computational Aquatic Ecosystem DYnamic Model
Chl-a: Chlorophylla

CTSI: Carlson’s Trophic State Index

CWR: Centre for Water Research

CYN: Cylindrospermopsin

DO: Dissolved Oxygen

DYCD: DYRESM-CAEDYM

DYRESM: DYnamic REservoir Simulation Model

EDF: Electricité de France

ELISA: Enzyme-Linked ImmunoSorbent Assay

ET: Evapotranspiration

G: Giga (10)

GLEON: Global Lake Ecological Observatory Network
GLM: General Lake Model

GranD: Global Reservoir and Dam Database

h: Hour
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ha: Hectare

HABs: Harmful Algal Blooms

ICOLD: International commission on Large Dams
k: Kilo (103)

L: Litre

LAEC: Lebanese Atomic Energy Commision
LHCs: Light Harvesting Chlorophyll-protein complexes
M: Mega (16)

m: Metre

MAPE: Mean Absolute Percentage Error

MC-LR: Microcystine Leucine-Arginine

ug L™ Micrograms per Litre

nS cni*: Micro-siemens per Centimeter

mins: Minutes

mg m®: Milligrams per Cubic meter

mg L™ Milligrams per liter

mm: Millimeter

n: Number of Samples

NOz3: Nitrate
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SYMBOLS AND ABBREVIATIONS

OD: Optical Density

PC: Phycocyanine

PROTECH: Phytoplankton RespOnses To Environmental Change

R?: Coefficient of Determination

RMSE: Root Mean Square Error

s: Siemens (unit of conductance)

TP: Total Phosphorus

T: Water Temperature

UV/VIS: Ultraviolet-visible

WCD: World Comission on Dams

WQI: Water Quality Index

WHO: World Health Organization

19



20



General Introduction

Problem statement

Over 45,000 large darhfad been constructed in more than 140 countriehidend of the
20" century (WCD (World Comission on Dams), 2000). Angoing increase in the
construction of reservoirs is expected in the mt(8eitzinger et al., 2010). These artificial
water bodies meet human needs for drinking wat@plgyu agricultural irrigation, power
generation, industrial and cooling water supplynotercial fishing and recreation (Jgrgensen
et al., 2005b).

But fertilizers and untreated sewage in their caehts often increase nutrient concentrations
in these ecosystems and cause their eutrophicat®@mith and Schindler, 2009).
Eutrophication threatens freshwater bodies asinptes the development and the persistence
of harmful algal blooms. Many lakes and reservttr®ughout the world suffer from toxic
cyanobacterial blooms (Bormans et al., 2004; PaetlPaul, 2012). For example, in France, a
research project at the national scale showedathdéntic ecosystems can be affected by
cyanobacteria blooms (Sarazin et al., 2002). Thesenful photosynthetic species reduce

ecosystem biodiversity and can produce toxins @teMmns, hepatotoxins, cytotoxins,
dermotoxins and endotoxinspome of these toxins cause skin irritation uportaniliness,

intoxication and death to livestock, pets, and lwddthat ingest water contaminated with

toxic cyanobacterial cells or toxins released frd@eaying cyanobacterial cells (Araoz et al.,
2010; Briand et al., 2003; Lance et al., 2010; @ott al., 2014). In addition, other nuisances
are attributable to bloom-forming cyanobacteria.eyhinclude: 1) a decrease in water
transparency; 2) a reduction in the dissolved orygmncentration in the hypolimnion; 3) bad

smell and scum production; and 4) several negaomomic impacts such as preventing the
recreational use of the water bodies, cloggingyation pumps and disturbing hydropower
equipment (Smith, 2003).

The regular monitoring of the environmental stadfiquatic ecosystems is essential, it is
achieved by studying their physico-chemical anddiversity conditions (Piha and

! Dams with a height of more than 15 m above thrinflations are defined as large by the Internationa
Commission on Large Dams (ICOLD).
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Zampoukas, 2011). In the European Union, the diyeod the phytoplankton community is
used as a biological indicator of the ecologicatist of water bodies monitored in accordance
with the Water Framework Directive (European Parkat Council, 2000). In addition, the
World Health Organization (WHO) has establisheddgline values for drinking-water
supplies and recreational waters which may contaiitc cyanobacterial populations (Chorus,
2005). Such monitoring is not only used to assessvolution of the enviromental status of
aquatic ecosystems but also to understand ecologioaesses, including the growth and

succession of phytoplankton species.

The complexity of the processes involved in theeftlgyment of algal blooms cannot totally
be studied with costly mesocosm or microcosm ampres (Carpenter, 1996; Liu et al.,
2007). Ecological models are able to represenedifft ecosystem processes that control algal
blooms; they help better understand how they inte@ad seek their responses to different
inputs. Ecological models enable researchers talate and analyze ecological processes in
an ecosystem over long periods of time, from monthslecades. Another major use of
models is as predictive tools supporting inter4gistary ecosystem management (Carpenter
et al., 1999). They can be used by managers tacpfedure states of the ecosystem. It helps
preview the consequences of different managemarisidas, e.g. in response to changes in

the climate, in the land use in the catchmentpobfodiversity protection.

Lake models which describe eutrophication processere developed for environmental
management already in the 1970s (Jgrgensen, 200&)els with a wide spectrum of
complexity were applied for environmental managems&nce the 1980s (Bormans and
Condie, 1997; Gaillard, 1981; Jgrgensen, 2010;n8ale 1997). These models vary in their
dimensionality and the number of processes theyercdhe recent process-based models
described in the literature are often highly comped require large data sets (Bruce et al.,
2006; Gal et al., 2009). Beyond a certain degredjng processes was shown to reduce
model predictive capabilities (McDonald and Urba0,10; Mieleitner and Reichert, 2008).
Lake and reservoir managers are in need of singués tfor understanding the drivers of
harmful algal blooms and predicting them.

Many lakes and reservoirs in the Middle East arerlpodocumented, except for Lake

Kinneret in Israel. Karaoun Reservoir is the latgesshwater body in Lebanon, with a
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maximum capacity of 224x2an®. There is a great interest in the water qualitythi§

reservoir since its waters are anticipated to supgiirut with drinking water (Greater Beirut
Project). The few documents which report the o@we of toxic cyanobacterial blooms in
Karaoun Reservoir do not describe the physico-cba&niactors that control these blooms
(Atoui et al.,, 2013; Slim et al., 2013). Despitee timterest of Karaoun Reservoir, its

hydrodynamic and ecology was never modelled before.

Thesis objectives and methodology

The main objective of this Ph.D. work is to undanst the dynamics of phytoplankton in
Karaoun Reservoir. This main objective branches ihtee sub-objectives: 1) to establish the
seasonal phytoplankton succession 2) to underdtana@yanobacterial dynamics and 3) to

identify the driving factors of the cyanobactebédoms.
To achieve these objectives, the work plan was ected in two directions:

1) to design and implement a physico-chemical andasiad biological monitoring in
Karaoun reservoir;
2) to implement a simple deterministic model for atéretinderstanding of the drivers of

cyanobacteria blooms.

More precisely, in the first period of the thesisliable existing data on Karaoun
Reservoir was gathered and analysed in a revidaleadn its geology, hydrology, uses
and ecological status (Fadel et al., 2014). Figddmaigns were then conducted on
Karaoun Reservoir in 2012 and 2013. The analysifh@fmeasurements allowed us to
understand the succession and competition betwelytogdankton groups and

cyanobacterial species. They were then used tdratdi and verify the ability of a

hydrodynamic-ecological model to simulate changesvater level, water temperature

profiles and succession between toxic cyanobatsgecies in Karaoun Reservoir.

Structure of the thesis

This dissertation consists of 5 chapters and 4 ragipes.Chapter 1 starts by presenting
the actual and future development of reservoirsthanl ecosystems. It then discusses the

development of toxic cyanobacterial blooms in freater bodies, their key controlling
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factors and their ecological and health impact® @lmapter also gives an overview of the
most commonly applied hydrodynamic-ecological medeéhapter 2 describes the study
site and the methods used in this work. It staytddscribing the geology, hydrology and
current and anticipated uses of Karaoun Reserltoihen presents the monitoring and
laboratory analysis program that was designed taitmo the succession between
phytoplankton groups and their physico-chemicalditioms. In the end it presents the
applied hydrodynamic-ecological model, DYRESM-CAERY. In chapter 3,the trophic
and biodiversity status of Karaoun Reservoir arsessed and the algal succession
described, first before 2012 from literature datgond for the 2012-2013 study period, in
more detail and from campaign results. Among thgalasuccessionchapter 4 focuses
on the competition between the two main toxic cymuteria observed in the reservoir. It
describes the presence of cylindrospermopsin taxdchdiscusses its dynami€hapter 5
presents the simple configuration of the modeletlasn few processes, used to describe
the succession between toxic cyanobacterial spethesdifferent limiting factors in this
succession are analysed from simulation resAligeneral conclusionsums up the main

results and draws suggestions and perspectivégriber work.

The first period of the thesis was dedicated ttd feampaigns and modelling in France.
Data of the ANR PROLIPHYZresearch project on Grangent reservoir (Franceg we
processed to calibrate the DYRESM-CAEDYM model tonudate cyanobacteria

dynamics in an early warning system. This reseamatk is presented in an article entitled
“A simplified model as a warning system of harmdildal blooms in lakes, application to

Grangent reservoir, France”.

Supplementary elements concerning the field suarellaboratory analysis are presented

in appendices A and C

2 DYRESM - Dynamic Reservoir Simulation Model; CAEBY- Computational Aquatic Ecosystem Dynamic
Model. Centre for Water Research, University of Was Australia.

® The Proliphyc system is an autonomous buoy thdbpas meteorological measurements and includes
profilers with underwater sensors
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Chapter 1 Literature review

Chapter 1 Literature review

This chapter aims to introduce background knowleaiggd in this Ph.D work and to define
key words of this research field. It gives an owamwof the actual and future development of
reservoirs, their physical functioning (thermal asification and mixing). It describes
cyanobacteria characteristics, the environmentabfa controlling their development, their
ecological and health impacts of cyanobacteriabimle. The last section presents the main
hydrodynamic-ecological models published in ther&ture.

1.1 Reservoirs and their ecosystems

1.1.1 Actual and future development of reservoirs

Reservoirs are man-made water-bodies formed bytrwmtislg a dam across a flowing river
to store water. Due to their ability to retain, retoand evenly provide water, lakes and
reservoirs constitute essential components of yaradfogical and biogeochemical water
cycles, and influence many aspects of ecology, @ogn and human welfare (Lehner and
Doll, 2004).

The growing populations of cities and developinduistry require greater quantities of water
with each passing year. Over 45 000 large dams emstructed in over 140 countries by the
end of the 20 century (WCD (World Comission on Dams), 2000). Twerldwide
development of reservoir storage in thd'2@ntury was slow until the mid 1950s when large
projects began to come on streams increasing tieeuratil 1980s (Figure 1). About 16.7
million reservoirs larger than 100°rwith a combined storage capacity of approximately
8070 kni exist worldwide (Lehner et al., 2011). Among th&862 dams and their associated
reservoirs, with a total storage capacity of 6187 &re referenced in the Global Reservoir
and Dam database (GRanD). A continuous increaieinonstruction of reservoirs on rivers
IS expected, in an attempt to address the incrgdsiman needs for drinking, irrigation and
hydropower (Seitzinger et al., 2010).
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Figure 1 Development of worldwide reservoir storagsince 1900 (White, 2010).

There are numerous reasons why water storage o&se@re necessary. Here are some

positive effects of reservoir construction:

. Flood control and storage for further drinking andnicipal water supply.

. Production of hydroenergy which is ecologically saolered as the cleanest form of
energy. About 20% of the worldwide generation oécéiicity is attributable to
hydroelectric schemes. This equates to about 7%odfdwide energy usage (White,
2010).

. Irrigation of about 3.10km?, which represents 20% of cultivated land worldwide
which produces 33% of the world food supply (Wh&@10).

. Creation of favourable conditions for tourism aretreational activities (fishing,

boating, etc.).

Beside the positive effects, negative impactsltéisam reservoir construction:

1. Temperature of water, nutrients and oxygen distidbumay change vertically as a

consequence of reservoir formation. This may raautie development of exogenous

living species, eutrophication and harmful algaldohs (Tahmisciglu et al., 2007).
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2. Large amounts of plant life are submerged and daoagrobically (in the absence of
oxygen), generating greenhouse gases like metiGren(det et al., 2012).

3. Unexpected floods may occur and result in the disgghent of local population and
the damage of vegetation and natural structuréseimiverbanks.

4. Usual passing ways of territorial animals are hiadesince the dam works as a
barrier. Also, the migratory pattern of river animbke salmon and trout are affected
(Stott and Smith, 2001).

1.1.2 Differences between lakes and reservoirs

Reservoirs receive through rivers larger inputsvater, as well as soil and pollutant loads
than lakes. On the other hand, reservoirs havepttential to flush the pollutants more
rapidly than do lakes through water withdrawal (UNE000).

Unlike lakes, deep reservoirs are distinguishedhigypresence of a longitudinal gradient in
physical, chemical and biological water quality r&teristics from the upstream river end to
the dam. Thus, reservoirs have three major zomesipatream riverine zone, a downstream
lake-like zone at the dam end, and a transitionakzseparating these two zones (Figure 2,
Table 1).

River

Riverine zone /

Dam

Transitional
zone

Lacustrine zone

Figure 2 Different zones in a reservoir

27



Chapter 1 Literature review

Table 1 Difference between the three major zoned deep reservoirs (UNEP, 2000).

Riverine zone Transitional zone Lacustrine zone

Narrow basin Board basin Board basin

High flow rates Reduced flow rates Low flow rates

High suspended solids Reduced suspended solids | Low suspended solids
Low light and high nutrient | Higher light and lower Highest light and lowest
availability nutrient availability nutrient availability
Primary productivity limited | High primary productivity Primary productivity limited
by light by nutrients

1.1.3 Physical functioning of lakes and reservoirs

1.1.3.1 Development of thermal stratification

Lakes and reservoirs are affected by different mkigical (radiation, precipitation and
wind) and hydrological processes (inflows, outflpwBigure 3). Thermal stratification is a
major factor influencing the growth and successtdnphytoplankton and overall water
guality in lakes. It is a solar-radiation-driveropess that separates the lake water column into
three distinct vertical layers due to the changeater density with temperature (Lampert and
Sommer, 2007). Radiation mainly enters the lakehairt wavelengths (visible light); it is
mostly absorbed near the surface and transforntedheat. Water density is maximum at 4
°C at low turbidity and salinity; it becomes lighteither by cooling below 4 °C or by
warming above 4 °C. Lighter water buoys whereasseemwater sinks. Wind produces
turbulence and currents at the surface, that damggaidly with depth, creating a transition
layer, the metalimnion, between the mixed warm aaafwaters, the epilimnion, and the
colder quiescent deep waters, the hypolimnion. Yialls the typical temperature profile of a
stratified lake of long residence time with a sgatecline in temperature in the metalimion,
called thermocline (Figure 4), separating the epilon and the hypolimnion, both with rather

homogeneous temperatures.
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Figure 3 Different meteorological (radiation, evapoation, precipitation and wind) and hydrodynamic

processes that affect reservoirs , adapted from (Hsey et al., 2012).
Stratified lakes are separated into three distiadical zones (Figure 4):

- the epilimnion, the upper well mixed layer, is neakby little variation in
temperatures over depth.

- the metalimnion, a transition layer, between thdirepion and the hypolimnion,
temperatures decrease rapidly with depth. Thisrlagatains the thermocline, a
thin but distinct layer in which temperature chasgeore rapidly with depth than
it does in the layers above or below. The locatbthe thermocline varies with
the depth of the outlet used for withdrawal in resgs (Casamitjana et al., 2003).

- the hypolimnion, the bottom layer, below the matalion, shows little change in

temperature with depth.
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Figure 4 Typical temperature profile in a stratified lake (Bade, 2005)

This type of stratification does not apply to akés and reservoirs. Some reservoirs may only
have an epilimnion and a metalimnion (Bade, 2008 location of the thermocline is not
governed by solar radiation and wind only, but eamwith the depth of the outlet used for

withdrawal (Casamitjana et al., 2003) and can hé&sfluenced by inflows.
1.1.3.2 Stratification and mixing patterns in lakes and regrvoirs

Different patterns of seasonal stratification anaing in lakes are observed throughout the
world (Lewis Jr., 1983):

1. Amictic lakesnever mix because they are permanently frozen. Hxéybit inverse
cold water stratification whereby water temperainceeases with depth below the ice
surface 0 °C. Such lakes are found in Arctic andafatic regions and at very high
altitudes.

2. Meromictic lakesmix only partially; the deep water layers nevereintix either
because of high water density caused by dissolubdtances or because the lake is
protected from wind effects. An example of a mewi lake is Lake Pavin
(Bonhomme et al., 2011).
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3. Holomictic lakesmix completely at some time in the year; their tenapure and
density is uniform from top to bottom at that tinidwese lakes are classified according
to the frequency of mixing:

— Oligomictic lakesdo not mix every year. Because such lakes are lydaaye
and have a large heat storage capacity, whethaotothey mix completely
depends on the local meteorological conditions.ekample is Lake Bourget
in France (Vincon-Leite et al., 2014).

— Monomictic lakesnix only once each year, either in summer or intrn

i. Cold monomictic lakeare found in Polar regions. They are covered by
ice throughout much of the year. They thaw, butelyarreach
temperatures above 4 °C, and mix in summer.

ii. Warm monomictic lakesnix in winter. These lakes are widely
distributed from temperate to tropical climaticicets. One example is
Lake Constance, which on average freezes over abumé every 33
years because of its large size.

— Dimictic lakesmix twice a year (usually in spring and autumn)uriBDg winter
they are covered by ice. During summer they arenthly stratified, with
temperature-derived density differences separdtiegwarm surface waters
(the epilimnion), from the colder bottom waterse(thypolimnion). This is the
most common lake type at temperate latitudes.

- Polymictic lakesmix frequently. These are usually shallow laked ti@ not
develop seasonal thermal stratification. Theirtsication can last a few days
or weeks. They are found both under tropical amdperate latitudes. An

example is Lake Créteil in France (Soulignac et24114).

This classification is based on mixing regimesaikels rather than reservoirs that are generally

classified as polymictic.
1.1.3.3 Impact of stable stratification on water quality and biodiversity

Thermal stratification is a major factor influenginthe growth and succession of
phytoplankton and overall water quality in lakesuridg stratification period, mixing is

dramatically reduced in the hypolimnion, comparedhe epilimnion and to a fully mixed
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lake. Oxygen conditions, nutrient cycling and pipyémkton biomass are affected by this
reduced mixing (Huisman et al., 2004; Straile et 2003): vertical mixing of oxygen from
the lake surface is hindered, which can lead taokigpor even anoxia in the hypolimnion,
depending on the duration of stratification andwater temperature (Jankowski et al., 2006;
Wilhelm and Adrian, 2008).

Thermal stratification favours buoyant species lgg@nobacteria over denser species like
diatoms (Huisman et al., 2004). Moreover, thernatiication isolates the epilimnion from
the nutrient-richer bottom layers, resulting in gploorus depletion in the epilimnion. This
increases the occurrence of motile algal speciesh sas the dinoflagellate&Ceratium
hirundinella (Anneville et al., 2002) or the cyanobacteriuRlanktothrix rubescens
(Micheletti et al., 1998). Due to their large bosige, these algae are better protected from
zooplankton grazing and may build up high standitaxks by the end of the stratification

period.

Mixing is an essential process that prevents thiel lup of high phosphate gradients at the
sediment-water interface in the hypolimnion (Marsd&989). However, a stratified water
column hampers the phosphates released from th@eadin the hypolimnion and prevents
their release to the euphotic zone where photosgititakes place (DeStasio et al., 1996).
The breakdown of thermal stratification after theuann overturn allows nutrient release into

the euphotic zone and may induce phytoplanktonro
1.2 Cyanobacteria in freshwater bodies

Cyanobacteria, also known as Cyanophyta, range trorellular to unspecialized colonial
aggregations and form the most widely distributeslig of phytoplankton (Reynolds, 2006a).
They can be benthic or planktonic, occasionallyniog blooms in eutrophic lakes, and are an
important component of the picoplankton in both imarand freshwater systems. Their
pigmentation includes chlorophyll a, blue and réyqgwobilins (phycoerythrin, phycocyanin,
allophycocyanin, and phycoerythrocyanin) and caraitds (Barsanti and Gualtieri, 2006).
Cyanobacteria include four main orders, of whiclhe¢hhave planktonic representatives
(Reynolds, 2006a):
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1. Chroococcales Unicellular or colonial cyanobacteria but nevdarhentous. Most
planktonic genera form mucilaginous colonies (ass®® of cells linked by a viscous
exsudate called mucilage), and these are mainlyouwmered in fresh water.
Picophytoplanktonic forms are abundant in the oseahhis order includes
Aphanocapsa, Aphanothece, Chroococcus, Cyanodicty@omphosphaeria,
Merismopedia, Microcystis, Snowella, Synechococcusynechocystis, and
Woronichinia.

2. Oscillatoriales: Uniseriate—filamentous cyanobacteria whose cealls undergo
division in the same plane. Marine and freshwatenega. This order includes
Arthrospira, Limnothrix, Lyngbya, Planktothrix, Rsnabaena, Spirulina,
Trichodesmium and Tychonema.

3. Nostocales Unbranched—filamentous cyanobacteria whose edlllsndergo division
in the same plane and certain of which may be fatutly differentiated into
heterocysts. Heterocysts are vegetative cellshiznad been drastically altered (loss of
photosystem I, development of a thick, glycoligell wall) to provide the necessary
anoxic environment for the process of nitrogen tfom This order includes
Anabaena, Anabaenopsis, Aphanizomenon, Cylindrogpesis, Gloeotrichia and
Nodularia.

1.2.1 Ecological and health impacts of toxic cyanobactes blooms

When they bloom, cyanobacteria have adverse impattaquatic ecosystems and human
health, with wide-ranging economic and ecologicahsequences. According to many
authors, climate warming is expected to favour dieeninance of cyanobacteria on other
phytoplankton communities (Paerl and Paul, 2012). improved understanding of the
interactions amongst both the environmental drivar&l cyanobacterial physiology is
necessary to develop strategies to reduce theofiskore frequent blooms (Brookes and
Carey, 2011).

1.2.1.1 Impacts on ecosystems

The proliferation of cyanobacteria can have numemnsequences. In addition to economic
costs for water treatment and losses in tourisiopgnty values, and business (Dodds et al.,

2009), cyanobacterial blooms strongly impact teewsystems. They can deplete oxygen and
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rise pH. The formation of cyanobacterial bloomghe epilimnion in high light intensities,
increases turbidity and decreases light availgb{lN6ges and Solovjova, 2005) for other
primary producers. The increase in pH during iséecyanobacterial blooms may be harmful
to certain species of fish (Kann and Smith, 199mmer cyanobacterial blooms that lasted
for weeks in Chesapeake Bay (USA) increased pHQ®&;1this elevated pH promoted
desorption of sedimentary inorganic phosphorus (&Gao., 2012).

Death of living organisms due to
toxins and/or hypoxia

A

Produce toxins and
reduce biodiversity

Produce badg
odors

Cyanobacterial
blooms

.

Increase pH
Reduce water

transparency

Decrease oxygen / Hypoxia
after bloom decay

Figure 5 Common effects of cyanobacterial blooms.

Oxygen depletion can be due to the high respiratfotyanobacteria at night or in dim light
during the day or to the aerobic degradation ofnopacteria during bloom decay. This
causes severe biological impacts like fish killaleigraeff, 1993). Between 1951 and 2006,
cyanobacterial blooms and hypoxia killed more tB88 million fish in Texas (Thronson and
Quigg, 2008). Moreover, oxygen depletion has o#ffcts including the release of nutrients
and heavy metals from the sediment. Nutrients arid heavy metals are highly concentrated

in the sediment. When the dissolved oxygen conagatr lowers, nutrients and metals
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including toxic heavy metals are released due éoctiemical reduction of oxides. This can

lead to further cyanobacterial blooms and to th@amination of the water column.
1.2.1.2 Toxin production

Many cyanobacterial species produce cyanotoxing #iféect animals and humans.
Cyanotoxins are a diverse group of natural toxibseth from the chemical and the
toxicological points of view. They are classifiectarding to how they affect the human body
(Table 2). Here we present the two most widespregdnotoxins, microcystin and

cylindrospermopsin.
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Table 2 Principle

groups of cyanobacterial toxins ad their sources (Araoz et al., 2010; Chorus, 200%;0dd et al., 2005

Hepatotoxins

Microcystins

Structure
Cyclic heptapeptides

Activity

Protein phosphatase- inhibition,
membrane integrity and
conductance disruption, tumour
promoters

Toxigenic genera
Microcystis AnabaenaNostog
Anabaenopsislanktothrix
Oscillatoria, Hapalosiphon

Nodularins

Cyclic pentapeptides

Protein phosphatase-inhibition,
membrane integrity and
conductance disruption, tumour
promoters, carcinogenic

Nodularia Theonella(sponge-
containingcyanobacterial
symbionts)

Cylindrospermopsin

5 Guanidine alkaloids

necrotic injury to liver (also
to kidneys, spleen, lungs,
intestine), protein synthesis
inhibitor,
genotoxic

Cylindrospermopsis, Aphanizomenon
UmezakiaAnabaena, Raphidiopsid

Neurotoxins

Anatoxin-a Alkaloids postsynaptic, depolarising AnabaenaOscillatoria, Phormidium
(including neuromuscular blockers Aphanizomenon,  Rhaphidiopsis
homoanatoxin-a)

Saxitoxins Carbamate alkaloids sodium channel-ldock Aphanizomenon, Anabaena, Lyngbya

Cylindrospermopsisf s ,
Planktothrix

Dermatotoxins
and cytotoxins

kinase C activators

Lyngbyatoxin-a Alkaloids Inflammatory agents, piate Lyngbya Schizothrix Oscillatoria
kinase C activators
Aplysiatoxins Alkaloids Inflammatory agents, pratei Lyngbya Schizothrix Oscillatoria

Endotoxins

Lipopolysaccharideg

Lipopolysaccharides

inflammatgents,
gastrointestinal irritants

All
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1.2.1.2.1 Microcystins

Microcystins are of the most frequent cyanobadtéasins that can be found in freshwater
bodies. These cyclic non ribosomal peptides aredymed by multiple genera of

cyanobacteria.

N NH
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0 io
N
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HN%\N
H

Figure 6 Structure of microcystin-LR (Leucine-Arginine) (An and Carmichael, 1994)

In lakes, microcystins are mostly found inside @Jzacteria cells. However, they can be
released out of the cells during cell lysis in tlezline of blooms and breakdown of biomass
(Codd et al., 1999). Microcystins are very staldenpounds, they can withstand many hours
of boiling at temperature 300°C at neutral pH (Harat al., 1996), their photodegradation by
sunlight is negligible (Tsuji et al., 1995) andyheay persist for many years if stored dry at

room temperature (Svrcek and Smith, 2004).

Consumption of microcystin-contaminated water caose liver damage and even human
death. In 1996, 50 people died in Caruaru, Brahie to the use of hemodialysis water
contaminated by microcystin (Pouria et al., 199B)icrocystin has the potential to promote
cancer in humans even at low concentrations (Deefiigdo et al., 2004). For that, the World
Health Organization (WHO) has established a prowmai guideline value of 1 pg™L
microcystin-LR in drinking water (WHO, 1998). Miagstin-LR (MCLR) has several
analogs; the most documented are microcystins M&LA), -LF (MCLF), -LR (MCLR), -
LW (MCLW) and -RR (MCRR).
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1.2.1.2.2 Cylindrospermopsin

Cylindrospermopsin (CYN) is a water soluble alkdlbepatotoxin produced by several toxic
cyanobacteria (Table 3, Figure 7). It causes danadedney, lungs and heart. It was also
reported as protein synthesis inhibitor, genotgklampage et al., 2000) and carcinogenic
(Falconer and Humpage, 2006). It is believed todsponsible for the severe hepatoenteritis

that affected 148 people in 1979 on Palm Islancee@aland, Australia (Griffiths and Saker,
2003).

NH

Figure 7 Structure of cylindrospermopsin

Table 3 Geographical distribution of freshwater cyindrospermopsin-secreting cyanobacteria

Cyanobacteria species Country Reference
Anabaena bergii Australia (Schembri et al., 2001)
Anabaena lapponica Finland (Spoof et al., 2006)
Anabaena planctonica France (Brient et al., 2009)
Cylindrospermopsis raciborskii USA (Chapman and Schelske, 1997)
Aphanizomenon flos-aquae Germany (PreuRRel et al., 2009)
Aphanizomenon ovalisporum Israel (Banker et al., 1997)
Lyngbia wollei Australia (Seifert et al., 2007)
Raphidiopsis curvata China (Li et al., 2001)
Umezakia natans Japan (Harada et al., 1994)
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A larger fraction of cylindrospermopsin (up to 96k found as extracellular form (Bormans
et al.,, 2014). It persists in many water bodiesabse of its chemical stability and slow
degradation (Wérmer et al., 2008). Recently, it i@snd in dangerous concentrations in
many freshwater bodies through out the world. Imn@ay, concentrations up to 12.1 pg L
were reported in lakes (Riicker et al., 2007); iniSpthey reached 9.4 pg'l(Quesada et al.,
2006), and 18.4 pgtin Italy (Bogialli et al., 2006).

1.2.2 Main functional traits and key controlling factors of

cyanobacterial blooms

The distribution and persistence of species comipasithat are often observed in
phytoplankton communities in lakes and reservasiit from a complex interplay between
physical and chemical properties of the aquatigrenment (nutrient amount, nutrient ratios,
turnover speed, temperature, water density, ligginne) on the one hand (Kangro et al.,
2005; Smith and Benne, 19980d the response of the individual species on therdand
(growth rate, internal utilization, transport artdrage of nutrient, optimum temperature and
irradiance, species mobility) as well as the grgaziate (Dignum et al., 2005); (K&iv and
Kangro, 2005).

1.2.2.1 Temperature

Water temperature affects a number of physicalmited, and biological processes in natural
aquatic systems (lbelings et al., 2011). It affébts metabolism, growth, reproduction, and
survival of living organisms, and therefore theenactions among species (Kingsolver, 2009).
An increase in water temperature increases thésitjuof chemical compounds (nutrients)

and decreases the solubility of oxygen particigaiimits depletion.

Beside nutrient and light, temperature can limarmybacterial growth (Davison, 1991; Zheng
et al., 2008) as it directly controls the photoktic capacity, specific respiration rate and the
replication rates of phytoplankton communities (Rdb and Zohary, 1987; Salmaso et al.,
2012). Water temperature is an important contrglfexctor for both bloom development and
seasonal succession. Blooms can persist in waténstemperatures between 15 andG0
with maximum growth rates occurring at temperaturesexcess of 2%. Laboratory

experiments showed that the growth rateMbfrocystis sp. increased with temperature in
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nutrient and light-concentrated conditions; 0.0&8/dt 15 °C, 0.42/day at 20 °C and 0.81/day
at 30 °C (Chu et al., 2007).

Water temperature affects the buoyancyarocystissp.; non-buoyanvicrocystiscolonies

taken from a small eutrophic pond near Bristol nege buoyancy in the dark rapidly at 20 °C
but only slowly at 12 °C and below (Thomas and \Mgalsl986). Indeed, low temperature
conditions (between 8 and 12 °C) depress carbotg/dnatabolism that affects the buoyancy

regulation ofMicrocystis(Oliver and Gnaf, 2002).

1.2.2.2 Light

Light is an essential resource for all photoaufatio organisms and its availability has a
large influence on phytoplankton composition andedsity (Floder et al., 2002). The

intensity of daylight needed to optimise growth elegs on the cyanobacterial species.
Planktothrixdominates under low irradiance conditions wileabaenaAphanizomenoand

Microcystisdominate during higher irradiance conditions (Havenal., 1998).

Cyanobacteria can tolerate low irradiance by eningneell-specific photosynthetic potential.
It increases the cell-specific light-harvesting agty, by increasing the number of light
harvesting chlorophyll-protein complexes (LHCs) imdividual cells (Reynolds, 2006d).
Although light is essential for photosynthetic argans, an extended exposure to high light
intensities is lethal for many species (Wu et 2011). Too high intensities can degrade the
photosynthetic apparatus of cyanobacteria (phdidition) and even cause their
degeneration at very high intensities. Howevernhoyacteria have a competitive advantage
over other algae. They can escape photo-inhibiéiod sink down to low irradiance depth
(Paerl et al., 1985).

1.2.2.3 Nutrients

Nutrients are essential for the growth of phytogtan. Nitrogen exists as dissolved,
particulate and gaseous forms. Nitrate and nitete] ammonia nitrogen are forms that are
biologically available and readily exchanged witlaind between the water column and the
sediment. However, some heterocystous cyanobacpgeaies are able to fix atmospheric
nitrogen (Hadas et al., 1999; Yamamoto, 2009). dg#n-fixing cyanobacteria (e.g.,
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Aphanizomenorsp., Anabaenasp. andCylindrospermopsisp.) benefit from a competitive
advantage when nitrogen sources are strongly aeplet the water column (Wood et al.,
2010).

Cyanobacteria can assimilate N significantly witha@omparable P uptake during the
blooming season (Ahn et al., 2002). The availgbiht N in summer was found as the key
growth-limiting factor for the initiation and magrance of toxic non-nitrogen-fixers, such as
Microcystis aeruginos@n Copco and Iron Gate Reservoirs in the KlamatreR(Moisander

et al., 2009).

In many freshwater systems, phosphorus (P) is difignnutrient (Schindler et al., 2008). It
plays a predominant role in cells. It is an eneagy information carrier (Parkinson and
Kofoid, 1992) and a basic element in cell wall abdA (Jirgens et al., 1983). Total
phosphorus represents the sum of all forms of giarsis: dissolved and particulate organic
phosphorus from algae and other organisms and rinoraral particles. Orthophosphate is the
only directly available phosphorus source for pplaokton (Palenik et al., 2003).
Phosphorus is often the limiting factor of phytopon growth because of its low
concentrations within the water column. But phyémgtton can stay productive even if the
amount of phosphorus is reduced to 0.3 1§ (Hudson et al., 2000). Cyanobacteria can
outcompete other phytoplankton organisms under iiond of nutrient limitation, due to
their high nutrient affinity and storage capacitg€atey et al., 2012). Low nutrient
concentration in the epilimnion can force the pplaokton community to change to species
that can tolerate high light and low nutrient caiotis (Sommer et al., 1986).

The amounts, proportions and chemical compositibriNoand P sources influence the
composition, magnitude and duration of blooms (Bktry and Levich, 1999). Cyanobacteria
dominate at low N:P ratios and temperatures higiem 15 °C (Havens et al., 2003; Lilover
and Stips, 2008; Ndong et al., 2014).

1.2.2.4 Vertical migration

Vertical migration allows some phytoplankton spsdie move down and upwards through
water layers. It is achieved using flagellates wtita organisms and intracellular gas vesicles

that regulate buoyancy. Vertical migration perroifanobacteria to access to nutrient supplies
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that are available in the deep layers (Wagner addaA, 2009). The regulation of the

migration velocity is achieved through a balanceveen buoyancy through the gas vesicles
and sinking through the carbohydrate stores actimgoallast (Walsby, 1994). Buoyancy
increases the supply of light and supports a hights of photosynthesis as buoyant cells
move upwards to the illuminated surface layers (Hones and Lyne, 1988; Walsby et al.,

1989). The obvious benefit of buoyancy is demotestiaafter deep mixing episodes that
move phytoplankton below the thermocline. In sudsec and once stratification is

established, buoyant cells can move to the suridtke non-buoyant cell continue to settle

(Humphries and Lyne, 1988).

Cyanobacteria migration velocity may reach 40-60/q.as in the case dinabaenaand
Aphanizomenomand 100-300 um/s for largdicrocystiscolonies (Oliver, 1994; Reynolds et
al., 1987). This later velocity range is comparabléhat of the larger dinoflagellates, such as
freshwaterCeratiumandPeridinium,200-500 um/s (Reynolds, 2006b).

1.2.2.5 Grazing

Phytoplankton is generally vulnerable to severespa) biomass losses by many herbivores
that inhabit water bodies as zooplankton, zebraselssand planktivorous fish. Grazing can
cause a loss in cyanobacteria but they are geyndess grazed than other phytoplankton
groups (Sarnelle, 2007; Yang et al., 2008; Zhanglet2009). Large-size®aphnia can
consume small-sized cyanobacteria colonies withasekter smaller than 50 um but they
have difficulties in ingesting large colonies. Sornelony-forming cyanobacteria like
Microcystis aeruginosaan produce mucilage that has an inhibitory eféecswallowing and
consequently on the ingestion rate of these cyasteba byDaphniasp. (Rohrlack et al.,
1999). The grazing rate of cyanobacteria dependsthenduration of the presence of

zooplankton and the presence of fish that feedomplankton (Sarnelle, 2007).

1.2.2.6 Wind mixing and flushing

Storms count among the main factors that can cawag@r dispersion and loss in
phytoplankton groups. Trimbee and Harris (1983)eold that physical changes in a lake
appeared after a delay of one day in responsestmag wind event and that the biological

change occured after a delay of 2 to 3 days ditextind. Intense wind speed can destroy the
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thermal stratification, homogenize the water coluamd decrease surface phytoplankton
biomass (Moreno-Ostos et al., 2009). Wind speed thas main reason affecting the
horizontal distribution of algal blooms, especialjicrocystis in lake Taihu (Chen et al.,
2003). Internal waves that are generated by wuathts can be detected several days after the
end of these events. (Cuypers et al., 2011) fabadthese waves had a major impact on the
distribution of Planktothrix rubescensgroliferating in the metalimnic layer of a deepkea
Bourget, and can influence the growth of this spetiy a direct impact on light availability.
High rising velocities of cyanobacteria concentrdtem near the surface, and favour scum
formation. Cyanobacteria can thus be driven by wiodhe lake edges (Humphries and Lyne,
1988) or by surface currents to the dam in reses\{doreno-Ostos et al., 2006).

1.3 Water quality models and phytoplankton dynamicsreservoirs

1.3.1 Lake ecosystem models and modelling procedure

Lake ecosystem models are combinations of knowtogmal relations that aim to increase
the understanding of the fundamental processeakia €écosystems (Sommer et al., 2012).
Lake ecosystem models enable researchers to seraridtanalyze ecological processes on an
ecosystem over very long periods of time. They canstitute predictive tools used by
managers to predict future states of the ecosysiémy help preview the consequences of
different options and decisions that can be takenwhter body managers to respond to

changes in the climate, the land use of the catoharel to preserve biodiversity.

The modelling procedure can be divided in two sssife steps: calibration and validation.
Calibration is the process of determining the set of parametieres which achieves the best
agreement between computed and observed data {GuidaGourbesville, 2003). It may be
carried out by trial-and-error, or with optimizaticoftware. In some static models, and in
some simple time-varying models which contain anfew well-defined or directly measured
parameters, calibration may not be required (Jaeeet al., 2005aYalidation ensures that
the results are acceptably accurate or realigticorisists in comparing the model outputs to

field observations on a different data set front tieeed for calibration (Oreskes et al., 1994).
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1.3.2 Overview of the most commonly applied hydrodynamic-

ecological models

Ecosystem models are increasingly acknowledgedhieir role in scientific understanding
and ecosystem management practices (Schmolke ,et2@10). The development and
application of numerical aquatic ecosystem models heen a rapidly growing field in
aquatic sciences, in particular since the 1990#) wrogression of computer technology,
increasing needs for quantitative management chtagenvironments and a desire for more
quantitative approaches in ecology (Trolle et 2012). Many lake ecosystem models have
been developed and published during the past dec@itble 3) with wide diversity of
approaches that have been used to model phytoplarikibmass at the ecosystem scale
(Mooij et al., 2010). These models span acrossde wange of time scales and spatial scales
ranging from zero-dimensional to three-dimensioffébure 8) with different uses. We
present in the following section a brief but normastive description of the most commonly

used hydrodynamic-ecological models.

3D:Three-dimensional 2D: Two-dimensional = 1D: One-dimensional 0D: Box model

Numerical domains
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Figure 8 Models with different dimensionality, adaged from (Trolle et al., 2012)

1.3.2.1 CAEDYM

CAEDYM is a water quality model designed by the erfor Water Research (CWR),
Australia (Hamilton and Schladow, 1997). AccordiogTrolle et al (2012), it is the mostly
used ecological model for lake ecosystems. CAEDYhds for Computational Aquatic
Ecosystem DYnamics Model. It includes comprehenpiaeess representation of the C, N,
P, Si and dissolved oxygen cycles, several sizesek of inorganic suspended solids, and
phytoplankton dynamics (Hipsey, 2007). CAEDYM isethmost applied and cited
multivariable aquatic ecological model (Trolle ek, a2012). It can be linked to a
hydrodynamic model like DYRESM (1D) or ELCOM (3D).
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DYRESM stands for Dynamic Reservoir Simulation Modés first application was on
Wellington reservoir in Australia (Imberger, 1978iberger, 1981). It simulates the vertical
distribution of temperature, salinity and densityakes and reservoirs (Yeates and Imberger,
2003a).

ELCOM (Estuary and Lake COMputer model) is a 3-fixaured grid hydrodynamic model.
It is prefered on Dyresm when lakes are chara&drizy a complex bathymetry, and higher
spatial resolution is required due to the imporamorizontal circulation and transport

processes (Robson and Hamilton, 2004).
1.3.2.2 DELFT3D-ECOLOGY

Delft3D-Ecology is the second mostly used ecoldgicadel, an open source 3D model that
investigates hydrodynamics, sediment transportraoigpphology and water quality for fluvial,
lake, estuarine and coastal environments. The mwdsl developed by Netherlands WL |
Delft Hydraulics (WL|Delft Hydraulics, 2001). It atculates non-steady flow and transport
phenomena resulting from tidal and meteorologidathe boundaries, wind stress at the
surface and pressure gradients due to free sugiackents and density gradients (Borsje et
al., 2008). It can incorporate an additional mddedwn as BLOOM that can be applied to
any water systems (fresh, transitional or coastkery to calculate the primary production,
chlorophyll-a concentration and phytoplankton spgciompositiorfLos et al., 2008).
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Table 4 An overview of the components of ecologicahodels (Mooij et al. 2010). +: fully covered; *:

partially covered; -: not covered; CAE DYRESM-CAEDYM (1-DV) and ELCOM-CAEDYM (3-D), ECO:
PRO PROTECH, SAL SALMO.

DELFT3D-ECOLOGY, MYL MyLake, IPH IPH-TRIM3D-PCLAKE,
Spatial dimension abbreviations: 1-DV: 1l-dimensionkvertical; 2-DV: 2-dimensional vertical; 3-D: 3-

dimensional.
Model name CAE ECO MYL PCL IPH PRO SAL
Spatial dimension 1ovad 30 |1ov| ° 3-D Y| 1ov
DV DV
DYRESM
Coupled hydrodynamic (1D)
model ELCOM Delft3D | MYL - TRIM3D - SAL
(3D)
Stratification + + + - + - +
# Phytoplankton groups 7 3-6 1 3 3 10 2-
# Zooplankton groups 5 1-3 0 1 1 1 1
# Benthic groups 6 1 0 1 1 0 0
# Fish groups 3 0 0 3 3 0 0
# Macrophyte groups 1 0 0 1 1 0 0
# Bird groups 0 0 0 0-1 0-1 0 0
Temperature dynamics + + + + + + +
Oxygen dynamics + + - + + - +
CO2/DIC dynamics + + - + - - -
DOC/POC dynamics + + - - + - +
Microbial dynamics + + - + + - -
P-loading + + + + + * +
N-loading + + - + + + +
Internal P dynamics + + + + + +
Internal N dynamics + + - + + + +
Internal Si dynamics + + - + + - -
Sedimentation/resuspensipn  + + + + + + +
Fisheries + - - + - - +
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1.3.2.3 CE-QUAL-W2

CE-QUAL-W2, the third mostly used lake ecologicalodel, is a water quality and
hydrodynamic model in 2D (longitudinal-vertical)rfavers, estuaries, lakes, reservoairs.. It
can simulate suspended solids, nutrient and orgawaitter, derived variables such as TN,
TKN, TOC, chlorophyll-a, as well as pH, total dibsm gases and optional biotic groups,
including multiple periphyton, multiple phytoplawkt, multiple zooplankton and multiple
macrophyte groups interacting with hydrodynamicer(fer and Wells, 2008). The model is
an opensource code written in FORTRAN. It has hessd extensively throughout the United
States and elsewhere in the world as a managemdnteaearch tool (Debele et al., 2008;
Deliman and Gerald, 2002; Kuo et al., 2006).

1.3.2.4 PROTECH

PROTECH (Phytoplankton RespOnses To EnvironmentsnGe) is a one-dimensional
model that provides process-based numerical simuokbf lake phytoplankton communities
(Elliott, 2012). The model simulates up to 8 phyamiton species, zooplankton grazing
pressure, nutrient and temperature values for d&cltm layer in the 1D water column
(Reynolds et al., 2001). It needs daily measuremait wind speed, cloud cover, air
temperature, relative humidity, inflow and outfladischarges with nutrient concentrations
(SRP, NQ, SiO) of inflows. In more recent versions, a simple togtynamic module is

embedded in PROTECH (Elliott et al., 2001). PROTECH also be coupled to a distinct

hydrodynamic model, it was also recently coupleMid.ake (Patynen et al., 2014).
1.3.2.5 PCLAKE

Developed for shallow non-stratifying lakes, PCL&kan integrated ecological model which
describes phytoplankton, macrophytes and a siraglifiood web, within the framework of a
closed nutrient cycle (Mooij et al., 2010). It issigned to provide a representation of organic
and inorganic forms of nitrogen and phosphorus, thedinteractions between up to three
phytoplankton groups, one zooplankton group, pisokbus fish (sub-divided into adults and
juvenile), piscivorous fish and submerged macrogéiytall within a fully mixed water
column. The model is able to analyse the probgbdit transition between a macrophyte-

dominated clear-water state and a phytoplanktonhkted turbid state.
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1.3.2.6 IPH-TRIM3D-PCLake

It is a three-dimensional complex dynamic modelt thesesses ecological phenomena in
temperate and subtropical aquatic ecosystems (§oagfoal., 2009). It combines TRIM3D, a
spatially explicit hydrodynamic model with PCLake,water-quality and biotic model of
ecological interactions. The hydrodynamic modulscdbes a three-dimensional free surface
flow and dynamics under the simplifying assumptioai the pressure is hydrostatic (Casulli
and Cheng, 1992). The abiotic model describes tharatl nutrient cycles for nitrogen,
phosphorus and silicon as completely closed, exoexternal flows and for loss processes
such as denitrification and burial. The model caalate the amount of organic and
inorganic matter, as well as the proportion of itletrboth in the water and in the sediment.
All biota are modeled as functional groups. Apaohf mass fluxes, the model also contains
some empirical relationships to represent somereantlieffects between two groups of
organisms, such as the impacts of fish and macreployt resuspension. Most substances and
organisms in the water, except fish groups and rpagtes, are subject to advection and

diffusion processes, inlet and outlet transport, @ansition processes (Fragoso et al., 2009).

1.3.2.7 MylLake

MyLake (Multi-year Lake simulation model) is a oderensional process-based model code
for predicting daily vertical distribution of lakevater temperature and thus density
stratification. The model simulates the evolutidrseasonal lake ice and snow cover as well
as sediment-water interactions and phosphorus-playthton dynamics (Saloranta and
Andersen, 2007). The modelling principles of thelslige are in many ways similar to other
existing one-dimensional lake models , such as DSRECAEDYM (Hamilton and
Schladow, 1997; Saloranta and Andersen, 2007) aiNLAKE (Riley and Stefan, 1988).
MyLake has been applied to lakes in Norway (Salara2006) and Finland (Kankaala et al.,
2006; Saloranta et al., 2009).

1.3.2.8 SALMO

SALMO (Simulation of an Analytical Lake Model)-HR ia one dimensional horizontally
averaged model that simulates the seasonal develupai temperature, stratification and

turbulence as well as the concentrations of phasghaitrogen, phytoplankton (three or
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more functional groups), zooplankton, oxygen, DC{dd suspended matter (Petzoldt and
Uhimann, 2006; Recknagel et al., 2008). It consiststwo layers (epilimnion and
hypolimnion) with variable mixing depth. In compson with other models, the equations and
parameters of SALMO are general, so that site-pezalibration can be avoided or at least
limited to few site-specific parameters only likghtt extinction, sediment P-release and fish
stock (Mooij et al., 2010)..

1.3.2.9 GLM-AED

GLM (The General Lake Model) is a one-dimensionatexr balance and vertical stratification
model. It has been designed after 2010 to be an-sperce community model suited to
environmental modelling studies where simulation laifes or reservoirs is required. It
computes vertical profiles of temperature, salirity density by accounting for the effect of
inflows/outflows, mixing and surface heating analany, including the effect of ice cover on

heating and mixing of the lake.

The model has been developed as an initiative @fGlobal Lake Ecological Observatory
Network (GLEON)and in collaboration with the Aquatic Ecosystem Miidg
Network (AEMON) that started in 2010 (Hipsey et, &012). GLM can be coupled with
biogeochemical models through a specific interf@@amework for Aquatic Biogeochemical
Models, FABM).

GLM incorporates a flexible moving layer structwsinilar to the approach of DYRESM
model. It allows for layers to change thicknesscbytracting and expanding in response to
inflows, outflows, mixing and surface mass fluxXéten sufficient energy becomes available
to overcome density gradients, two layers will neetgus accounting for the process of
mixing. Unlike the fixed grid design where mixintgarithms are typically based on vertical
velocities, numerical diffusion is limited, makinge GLM approach particularly suited to

long-term investigations.

1.3.2.10MELODIA

MEODIA is an ecosystem management model that wasloged by Electricit~ de France

(EDF) to simulate the vertical dynamics of the ecosystemaaaily scale. It couples the
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hydrodynamic and thermal model EOLE with the biata model ASTER (Salencon and
Thébault, 1996). EOLE is a one-dimensional velrtmadel that describes evolution in the
seasonal thermal stratification in a reservoirjrigkenergy exchanges across the air-water
interface and through-flow into account (Salencd94). ASTER simulates two
phytoplankton groups, three zooplankton groups,ritdsf PQ and SiQ. The first
phytoplankton group include large diatoms, neediiiga for growth and not consumed by
the zooplankton while the second group comprisesraé small species that can be

consumed by zooplankton (Thébault and Salencor8)199
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Chapter 2  Study site and methodology

This chapter starts by describing the study sisralun reservoir: its geology, hydrology and
current and anticipated uses. It then presentsuhesy program and the laboratory analysis
that was designed to monitor changes in the physiemnical and biological variables. At the

end, it presents the applied hydrodynamic ecoldégimadel, DYRESM-CAEDYM and the

statistical methods used in the thesis.
2.1 Study site

Karaoun Reservoir (33.34° N, 35.41° E), construciedl965, is the largest reservoir in
Lebanon. It is located in the Bekaa valley on titarli River at an elevation of 800 m, 86 km

upstream from the mouth of the Litani River inte tiediterranean Sea (Figure 9).
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Figure 9 Location of Karaoun Reservoir with reservar outlets, sampling sites, and canal 900 (adapted
from USAID, 2003).

The Litani River, the longest and largest perenniadr in Lebanon, with a length of 170 km,
flows between the Mount Lebanon Mountains in thesiNd the Anti-Lebanon Mountains
in the East (Doummar et al., 2009). It rises frottei@ village (altitude 1800m) and drops a
total of 1000 m down to the Karaoun Dam. This uppeart of the watershed (Figure 9)
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constitutes the Karaoun Reservoir catchment andahasrface area of 1600 km The
reservoir is located before the steepest descetiteofiver between Karaoun and Khardali,
where the river drops 600 m in about 30 km. Irfiital stretch, the Litani River flows rather
gently and drops a total of 300 m over a distan€es® km from Khardali to the

Mediterranean Sea (Figure 9).

Karaoun Reservoir has a surface area of 12 krmaximum depth of 60 m, mean depth of 19

m, total capacity is 224.26n°, and water residence time of 0.77 years.

The climate in the vicinity of Karaoun Reservoirsemiarid, characterized by moderately
cold winters (the normal mean temperature is 1&°Tanuary and February) and dry and hot
summers (the normal mean temperature varies betvi2&erand 27 °C from July to
September). The average annual precipitation inrélservoir catchment is about 700 mm
(Amery, 2000). The heaviest rainfall period sprefadsm November to April. There is little or
no precipitation between June and August (Senk, €i999).

Both the Litani River and Karaoun Reservoir areava¢sources managed by the Litani River
Authority (LRA). This authority, which works undére patronage of the Ministry of Energy

and Water, was established to develop the LitanvieRiBasin domestic, irrigation and

hydropower water schemes, as well as the natiomakepgrid (Yamout and Jamali, 2007).

The authority was also given the technical andnfore power for operating all projects

related to the Litani River Basin.

2.1.1 Geology and hydrology of Karaoun Reservoir
2.1.1.1 Reservoir geology

Most of the rocks in the Karaoun Reservoir catchimehibit high permeability and are
subject to erosion, which makes them a source aferals like calcium, carbonate,
magnesium and iron. Two active faults are presanthe Bekaa area; namely, the
Yammouneh Fault along the western edge of the Bekahthe Serghaya fault along its
eastern edge (Figure 10a). The formations at thead{en Reservoir site are Cretaceous
limestone (C4, C5, C6 on Figure 10b), Eocene lioves{E1l, E2) and marly limestone. The
Cretaceous Cenomanian limestone (C4), which is osex partly of dolomite, covers the

upper portion of the reservoir catchment. It dransanticline, oriented from the North to the

52



Chapter 2 Study site and methodology

South-West and filled with quaternary alluvial dsi®@ To the East, the reservoir area is
covered by Senonian marls on the western slope mfri¥lJabal al-Arabi. To the West, the
upper part of the reservoir contacts the Neocendsmand its lower part the Lower
Cretaceous limestone. Finally, to the South ofrgservoir, we have the Eocene limestone.
On the upper part of this last region there aralbascks composed of magnesium and iron
(Dubertret, 1955).
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Figure 10 a) Simplified tectonic and geologic mapfd_ebanon, adapted from Dubertret (1955) by UNDP
(1970); b) Stratigraphic section of Karaoun Resemir adapted from UNDP, (1970) by Cadham,
(2007).
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2.1.1.2 Reservoir hydrology
2.1.1.2.1 Reservoir inflows

The main inflow to Karaoun Reservoir is the Lit&iver (Figure 11). Based on Litani River
Authority calculations, the current annual discleargte into the reservoir averaged between
2009 and 2011 amounts to 9.3/sn(290 x 18 m*/year).

Springs also discharge along the reservoir (Fidue Their contribution to the Litani River
was not negligible before the dam construction {&thiNations Development Program,
1970). A flow rate of 0.7 fits was measured from one of these springs in surh&.

Precipitation

/////// Evaporation Overflow through spillway
&

Leakage
> through dam

Karaoun reservoir

Litani River
inflow Outflow through

hydropower
) tunnels

__))Outflow through
evacuation tunnels

Discharging springs

Infiltration

Figure 11 Karaoun Reservoir inputs and outputs

2.1.1.2.2 Reservoir outflows and losses

Karaoun Reservoir has three main outputs (Figujel)ihe power generation tunnels which
are located at an elevation of 810 m above sed & have a total capacity of 22°/m
(Figure 9); 2) two discharge towers originally usedempty the reservoir, with a total
capacity of 21 rffs (LRA data), and currently used to supply Car@l, @n irrigation canal,
through a pumping station; and 3) the bell-mouthivepy, located near the dam at an
elevation of 859 m, used to convey the overflovo itite Litani River at the bottom of the

dam, thereby avoiding the water overtopping, dan@gr even destroying the dam. About
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180 x 16 m® are withdrawn annually for the different uses vkhidgll be detailed in the next
section (LRA data). Withdrawal volumes are regutathe year, contrary to inflow volumes
(Figure 12), which causes a large decrease in #gterievel during the dry season. A volume

of about 30 x 1D m® is kept in the reservoir as dead storage before mresumes in late
autumn (Figure 13).
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Figure 12 Monthly withdrawal and inflow volumes at Karaoun Reservoir in the year 2010 (recent LRA
data).

Part of the stored volume is lost by evaporatioigyfe 11), seepage through the dam and
infiltration. Losses by evaporation amounted towh®21 n¥/s in summer 2012. Losses by
seepage and infiltration vary between 0.01 and 88, depending on the water level in the
reservoir. The losses are small compared to thedvatvals.
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Figure 13 Minimum and maximum reserves in Karaoun Reservoir between 1969 and 2011 (source: LRA).
2.1.2 Current and anticipated uses of Karaoun Reservoir

Karaoun Reservoir was built for hydropower productiand irrigation, but professional
fishing is also practiced in the reservoir. A mniajanking water supply for Beirut, the capital
of Lebanon, is also planned, the Awali-Beirut Pctje

2.1.2.1 Hydropower production

The power generation tunnels diverted a volume6& 2 16 m® (8.45 ni/s) in 2011, 334 x
10° m® (10.6 ni/s) in 2010 and 202 x £am® (6.43 ni/s) in 2009. This water was used to
generate energy at three hydroelectric power sisitinamely, the Paul Arcache power plant
located at Markaba (34 MW installed capacity), @erles Helou power plant at Awali (108
MW) and the Abdel-Aal power plant at Joun (48 MWWie total yearly power production is
estimated to around 600 GW.h, which makes up aBd%t of the total power production in

Lebanon.
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2.1.2.2 Future water supply to Beirut

The Awali-Beirut Project was planned as soon asl®®&0s to improve the drinking water
supply of Beirut (Watson, 1998). In 2012, the diecisvas made to start the construction.
The project is designed for the transfer and thatiment of about 6 s, and is expected to
solve the water deficit of Greater Beirut and it§ Inillion inhabitants (Watson, 1998;
Yamout and Jamali, 2007). The water will come fridaraoun Reservoir only during the dry

season, complemented by the Awali River and spuilugsg the wet season (Figure 14).

West Belaa and Rechaya Potable Water Project (\WBRPWP) Karoun
Hydroelectric Plant (HEP) To Canal 900

Greater Beirut Water Supply Project [GBWSP) Reservoir

. Markabi Tunnel
Awali River

- (flow from Karoun)
(Bisri)

Water Treatment Markabi

Plant

Overflow Basin

inflow

Awali/(Bisri)

Reservoir

Flow into Awali Incoming flow from

Tunnel from spring Ain Zarqa (spring)

Lebaa Irrigation

Excess Awali near Jezzine

flow

WBRPWP Kasmieh
(2016 or later) Irrigation

Figure 14 Sketch of the Awali-Beirut Project (ABP),adapted from Bartram and LoBuglio, (2011)
2.1.2.3 Irrigation through Canal 900

In order to provide water for the irrigation of th@per Litani basin, Canal 900, an open-
surface channel of approximately 18.5 km lengths tuailt in the early 1970s to transfer up to
4.8 nils of water from Karaoun Reservoir (Figure 9) tcaaga of about 190 KniBlankinship

et al., 2005)it was named Canal 900 because it irrigates sevélajes situated around 900
m above sea level, higher than the reservoir blasatson.

2.1.2.4 Future Canal 800

Since irrigation needs are increasing, anotherldambeen planned, and is known as Canal

800. It is intended to deliver both irrigation ashihking water through a combination of open
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channels and tunnels from Karaoun Reservoir to @Ghatjage, located 45 km to the south of
the reservoir (Blankinship et al., 2005). It wilqpide 90x 10° m*/year to irrigate 150 kfin
villages located between 400 m and 800 m altitulehe South Lebanon and Nabatiyeh
districts (Bichara et al., 2003; El-Fadel et ab032).

2.1.2.5 Professional fishing

Freshwater fishing is very limited in Lebanon. Heee Karaoun Reservoir seems to produce
significant quantities of fish compared to sporaghtches in rivers like the Litani and Ibrahim

rivers (Ministry of Environment, 2001). About 3GHfiermen practice net fishing on Karaoun
Reservoir, with a fleet of about 15 traditional t&pgroducing about 150 tons per year. This
catch is comprised mainly of car®yprinus carpiQ and common troutgncorhynchus

mykis3 (Ministry of Environment et al., 2009).
2.2 Design of a monitoring program

To understand the dynamics of phytoplankton in Kara Reservoir, we designed a
monitoring program that was carried out on spriogsm 2012 and spring-summer 2013, the
period of phytoplankton blooms in Karaoun Reserviater sampling was performed semi-
monthly or monthly; between 09:00 and 12:00 h. Tdllwing variables were monitored:

total chlorophyll-a, phycocyanin and nutrient camtcations, temperature and transparency.

2.2.1 Field measurements
2.2.1.1 Water sampling sites

Water samples were taken at the most representatinés. Six sites (S, S5, S, S and )
were monitored at the beginning (Figure 15). Later phycocyanin measurements at close
points in the reservoir were found to be approxetyahomogenous (Figure 16). That is why
we kept only 3 sampling sites;=<%5p near the dam (D for “dam”),18Sv in the middle of the
reservoir (M for “middle”) and &Sg at the Litani River inlet into Karaoun reservoir {&

“river inlet”).
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Figure 15 Sampling sites at Karaoun Reservoir.
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Figure 16 Phycocyanin profiles at sampling sites\S5=S;; S;; S = S5, Sg; Ss; SR = S
2.2.1.2 Water sampling method

In lakes and reservoirs two types of sampling pllaces are usual, either the discrete

sampling or the depth-integrated sampling fromaxefto the end of the euphotic zone or a
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fixed depth. In Karaoun Reservoir, the water leatelhe sampling points varies according to
season reaching a maximum of 30 m in winter andranmym of 10 m at the beginning of
autumn. Discrete sampling was adopted with up samples at the fixed depths 0.3, 5, 10,
15, 20, 25 and 30 m using a vertical sampling éaifl 2.2 L capacity (Wildco, code 1120-
D42) that can be filled at a specific depth beltve surface. Different volumes were sub-
sampled at the laboratory from each sample to bd tar the identification and counting of
phytoplankton (50 mL) and the analysis of totalbcbphyll a (Chl-a), nutrients and the toxin

cylindrospermopsin.
2.2.1.3 Transparency

Transparency measurements were performed with ehBdisk that was lowered through a
shaded area. The depth at which the Secchi diskpdeared from view was noted as
transparency depth.

2.2.1.4 Phycocyanin profile measurements

A submersible fluorometer (TriOS microFlu-blue) wesed to measure fluorescence profiles
of phycocyanin, a pigment specific to cyanobactelias equipped with ultra-bright red
LEDs, of an excitation wavelength 620 nm, detecta@velength 655 nm with a band-width
10 nm. It gives a linear response to phycocyanincentration up to 200 pg Lwith an
accuracy of 0.02 pgt Brient et al.(Brient et al., 2008)) assessedp@dormance of this
submersible probe for measuring phycocyanin-spedhiorescence as a function of
cyanobacterial biomass. Measurements were perfoewexy half meter between the surface
and the bottom of the reservoir by descending #iBecmanually at a speed of 5 cthand

waiting for 30 s for values to become stable.

2.2.1.5 Water temperature, pH and conductivity measurements

Continuous water temperature measurements wererped at 15 min time interval using
temperature sensors (StarOddi, starmon mini-undert@mperature recorder) at 1, 4, 7, 10,
13, 16, and 19 m depths, af Sear the dam in 2012 and 2013, and at 1 and 122011. The
sensor measuring temperature range is -2 to 40 it& am accuracy of = 0.05 °C. The
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temperature sensors located at lower depths wegrgssively removed when the water level

decreased.

Fast water temperature and conductivity profilesewaso performed two times on November
2011 and May 2012, using a conductivity-temperatle@pth probe (YSI CastAway) before it

was lost in the reservoir. The probe has a temperahesurement range of -5 to 45 °C with a
precision of 0.05 °C and a conductivity measuremrange of 1 to 100,000 uS/cm with a

precision of 5 puS.cth

[Mass

Figure 17 Starmon temperature sensors at differenlepths in Karaoun Reservoir
2.2.1.6 Dissolved oxygen

Measurements of dissolved oxygen concentratioom@ilL) were conducted at 0.4 and 4 m
depths using a dissolved oxygen and temperaturerrftéanna Hl 9146). Dissolved oxygen
values given by the oxymeter were only noted dafieyy became stable. It measured oxygen

saturation up to 300 % with a precision 0.1%.

2.2.2 Laboratory analyses

2.2.2.1 Phytoplankton microscopic identification and counthg

The subsamples used for phytoplankton counting feee by formaldehyde (4% of sample

volume) and preserved at 4 °C. The phytoplankt@atiss were determined on the sampling
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day in LAEC laboratory in Beirut according to taxomc keys based on cell structure and
dimensions, colony morphology, and mucilage charatics (Koméarek and Anagnostidis,
1999, 2005). Microscopic identification and enuntiera were carried out under a phase
contrast microscope (Nikon TE200, Nikon, MelvildY, USA), under a x40 objective and
using Nageotte chamber that accepts 100 pL on Adsbarhe number of bands counted
depended on sample concentration. Each subsampecoumted on triplicate. The mean
biovolume of each phytoplankton species was caledlan mni based on its cell shape
according to Sun & Liu (2003).

2.2.2.2 Chlorophyll-a quantification

Chlorophyll-a quantification was carried out acéngdto Lorenzen method (Lorenzen, 1967).
A duplicate of each sample was filtered using WlwatnGF/C filters that were then kept
frozen at -20 °C for 16 hours. Chlorophyll-a wasr@sted from these filters in 90 % acetone
by ultrasonication and agitation. The extracts wegatrifuged at 3500 rpm for 10 min to
reduce the turbidity. About 2 mL were used for cbfhyll-a quantification using
spectrophotometer, then a chlorophyll-a correctuas performed by adding 60 puL of 0.1 M
HCI to these 2 mL to measure the amount of deg@datoduct, pheophytin-a.

2.2.2.3 Nutrient analysis

Subsamples used for the analysis of nutrientsl|(pdtasphorus, orthophosphate, nitrate, and
ammonium) were preserved at 4 °C after addition2ofmL of 18 M HSQ, Soluble
phosphorus (orthophosphate), nitrate, and ammosubmamples were then filtered through a
0.45 um cellulose acetate filter (MF-Millipore, HAR4700).

Nitrate and ammonium concentrations were then eséidhby colorimetry with a photometer
(Palintest Photometer 7000se). Total phosphorus atitbphosphate concentrations were
determined at 880 nm by a UV spectrophotometer rfiibspectronic, LaboTech) using
colorimetric ascorbic acid method (EPA Standardidd865.3).The quantification limits for
nitrate nitrogen is up to 30 mg NLammonium nitrogen up to 12 mg N*Land phosphorus
between 0.01 and 1.2 mg P.L
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2.2.2.4 Cylindrospermopsin analysis

Samples for cylindrospermopsin analysis were ctdté borosilicate bottles, transported in
the dark and preserved at 4 °C until analysis ditemeasure the concentration of both
intracellular and extracellular toxin forms, sangpleere vortexed before analysis but not
filtered. According to Humpage et al. (2012), haghounts of cyanobacterial cell material or
a relatively high organic load, even in wastewatkr,not have a significant effect on the
analysis result. ELISA kits (Abraxis, product numb&22011) were used to evaluate
extracellular cylindrospermopsin concentration. Heaample was run in triplicate. The

absorbance of the coloured product of antibodytogetied enzymes was read at 450 nm
using a microplate ELISA photometer (Stat Fax 3Q&P The subsequent quantification was
based on calibration curves of the semi-logarithralationship between relative absorbance
and toxin concentration using the six standardsigeal with the kit. The quantification range

for cylindrospermopsin by ELISA is 0.04 - 2 pg.L

2.2.3 Measurements used to validate the model

Beside their importance to understand the dynaofighytoplankton blooms in Karaoun
reservoir, water temperature profiles, phytoplanktountings and phycocyanin profiles were

also used to validate the coupled physical andgiohdl model.
2.3 Model description

We chose DYRESM-CAEDYM to investigate the interans between physical, chemical
and biological processes occurring in Karaoun keserlt is the most used aquatic ecosystem
model (Trolle et al., 2012) and can be applied dier@nt ecosystem (pond, lake, reservoirs,
river and ocean). DYRESM-CAEDYM is the coupled targiure and water quality model
that was designed by the Centre for Water Rese@@NR), Australia (Hamilton and
Schladow, 1997). The performance and validatioDWRESM-CAEDYM model has been
conducted by many authors on several freshwaterebodlake Burragorang in Australia
(Romero et al., 2004), Lake Pusiano in Italy (Copstal., 2006), Terauchi Dam in Japan
(Asaeda et al., 2001), El Gergal reservoir in S&igosi et al., 2011), Lake Mendota in
USA (Kara et al., 2012), Lake Kinneret in Israeb(®t al., 2009; Rinke et al., 2010; Yeates
and Imberger, 2003b) and Lake Pampulha in BradigS2014; Silva et al., 2012).
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2.3.1 DYRESM description

DYRESM stands for Dynamic Reservoir Simulation Migde a one-dimensional model. Its

first application was on Wellington reservoir in gitalia (Imberger, 1978; Imberger, 1981). It
was developed to predict the salinity, density aedical temperature stratification of a

reservoir of given morphometry, using meteorololyicdlow and withdrawal data measured

at the site of the reservoir has been previousplieg on many lakes (Yeates and Imberger,
2003a).

It partitions the water column into a set of layexach of uniform property, that are variable
in size and location. In response to the physicaldtions described by the input data, the
layers change temperature and salinity, combine tigeker or thinner, and move up and
down to model the various physical processes inlake. DYresm divides the lake or

reservoir into a series of up to 100 horizontaimbgeneous layers (Hamilton et al., 1995).
Complete details about Dyresm processes and usedi@os are presented in Imerito (2014).
Here, we present the mixing process in Dyresm basetthe paper by Yeates and Imberger
(2003) where are described in details the equatised.

Dyresm considers differently the mixing in the sgg mixed layer and in the deep water. The
surface mixed-layer model follows a simple energgdet approach based on the amount of
kinetic and potential energy available (Spigellet¥86).Three mechanisms are available to
mix the surface layer:

1) Convective overturKE.on,), resulting from dense water falling to a lowerde(Equation

1);

Equation 1: KE ony = ppnAn_ 1w, At

2) Stirring KEsir), where energy from the wind stress is appliethéosurface layer (Equation
2)
Equation 2: K Eqir = "ni.-.'.“-\"-"‘l.\" J”i:-‘j“'l

3) Shear KEsnhea), Where kinetic energy is transferred from uppmethe lower layers in the

water column (Equation 3).
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Equation 3:  KE.par = 5 57— (UnUy 1)’
a My +My_q

Wherer,, ns andyy are efficiency coefficientsyy the layer density the layer surface area,
Mi the layer masg); the layer speed antt the model time-step. Layers were indexed from
I = 1 at the bottom to= N at the surface.

Mixing is done by conserving energy and momentuna ¢ayer-by-layer basis, starting from
the free surface. The method is to compute theggnavailable for mixing two layers with
the energy required to mix the two layers. If stuéfnt energy is available, the layers are
mixed. Any excess energy is then available for ngxsubsequent deeper layers. Mixing
stops when the remaining energy is not sufficienifiixing. Any remaining mixing energy is
carried over for mixing in the next time step.

In DYRESM deep mixing is separated into two pafts:internal mixing and 2) benthic
boundary layer (BBL) mixing. To represent the mgin the BBL, a volume of each layer in
the hypolimnion is mixed into the lowest epilimni@ayer (Equation 4). The volume for the

ith layer is taken to be:
Equation4: Veep = (A; — Aj_1)h
whereh is the boundary-layer thickness provided by the.use
To include the effect of other internal mixing pesses a fixed fraction of each layer is

removed from the layer and inserted into the lamwve it (Equation 5). The volume taken

from a layei is:
Equation 5: Vo = fii

wheref is a user-defined fraction. The mixing procesststarr the bottom layer and continues
up to the immediate sub-surface layer. Such a impking algorithm has the advantage of

speed and simplicity, but suffers from requiring tiser to specify the mixing fraction.
2.3.2 CAEDYM description

CAEDYM stands for (Computational Aquatic Ecosystdd¥namics Model). It is a
multivariable aquatic ecological model that wasigiesd to be linked to a hydrodynamic
model like DYRESM and ELCOM. It includes comprehgasprocess representation of the
carbon, nitrogen, phosphorus, silicium and dissblegygen cycles, several size classes of

inorganic suspended solids, zooplankton and phgiigdn dynamics. CAEDYM is a very
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developed deterministic model but we use focus lem growth of phytoplankton and

particularly cyanobacteria.
2.3.2.1 Growth rate

The growth of cyanobacteria depends on the liglenisity, water temperature, nutrients

availability, respiration and vertical movement (aton 6).
The growth rateyg (day?) is therefore modelled as:
Equation 6: L, = Uy, [MIN[f (1), f(N), f (P)] ¥ (T)

Whereumax (day?) is the maximum growth rat&), f(N), f(P) andf(T) represent limitation

by light, nitrogen, phosphorus and temperature.
2.3.2.2 Temperature

To allow inhibition of phytoplankton in response temperature variation, a temperature

limitation function is used where maximum produityi\occurs at optimal temperaturé,(, ).

Above or below this optimal temperature, produtyidecreases (Figure 18).

The equation for the temperature limiting factosti®wn below (Equation 7):

Twater_zo

Equation 7:f (T,,..) = Us

This equation is calculated in three different baany conditions:

WhereT,,., IS the water temperature [° C].
T, is the standard temperature, at which the growte s measured. Fof, . =T, :
f (Twater) = 1
Ty Is the optimum temperature, where the growth ohteyanobacteria reached the highest
level. FOrT, e = Top O (Tueier) =0
ot
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is the maximum temperature, where cyanobacteri@p sgrowing. For

T

water = Tmax: f (TW ) = O

ater

1.2

0.8 -
0.6 -
0.4
0.2 -
0 \ \ \ * !
0 10 20 30 40 50

Limitation factor. f(T

Temperature (°C)

Figure 18 Variation of temperature limitation factor with respect to water temperature; Ts= 20, Top = 28,
and Ty = 40.

2.3.2.3 Light

The term “light” is used loosely here to refer foopsynthetically active radiation (PAR) in
the waveband 400-700nm. The majority of applicatiare likely to involve data collected for
total daily shortwave radiation. These data arevedrd to photosynthetically active radiation
(PAR), based on 45% of net incoming shortwave tamhabeing in the photosynthetically

active wavelength (Jellison and Melack, 1993).

There are two different models for quantifying #feects of light limitation of phytoplankton
(Figure 19).

In the absence of significant photoinhibition, thedel of Webb et al. (1974) can be used to

quantify the fractional limitation of the growthtesby light (Equation 8):
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Equation 8: f (1) = 1—ex;{—II—J

k

For the case of light saturation, the model takesdérm (Equation 9):

Equation 9: f (1) = —exr{l—_j

Light limitation factor

Irradiation (W/m2)

Figure 19 Variation of light limitation factor with respect to irradiation
2.3.2.4 Cyanobacteria vertical migration

There are 4 models about phytoplankton migratiahsattling:

» constant, user-defined settling velocity;
» settling velocity based on stokes sedimentatioetids;
e migration without photoinhibition; and

* migration with photoinhibition

Based on researches previously performed on Mistescgeruginosa (dominant
cyanobacteria in summer), we chose vertical mignatnodel with photoinhibition (Equation
10):
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Equation 10:V =c¢, I——eX 1—|— -G 1- AIN = AIN
s s AIN, = AIN ;.

Where,V [m.hrY] is the migration speed of cyanobactetigis the light saturation value at
which production is maximat, is a calibrated rate coefficient for light-dependehanges in
migration velocity (m.ht') and cs is a calibrated rate coefficient for nutrient-clegent
changes in migration velocity (mH), AIN is the cyanobacteria internal nitrogen
concentration (mgN.I}), AINwax and AINwn are user-defined bounds for the internal

nitrogen concentrations.
2.3.2.5 Respiration, Mortality & Excretion

Loss terms represented in the model include a ldntgren for metabolic loss, and grazing (in
case we do not want to model zooplankton growthcare include it by increasing this loss
term). The metabolic loss term, L, is a lumped patanmzation of respiration, natural

mortality and excretion (Equation 11), and takesfdinen:

Equation 11: L =k &'

where k, is the 'respiration’ rate coefficient (althoughaito includes the effects of mortality

and excretion)y7 is a constant parameter, and T is water temperatf€).

35

— Kr = 0.08/day
— Kr = 0.8/day

Loss rate (/day)

0 T 1 L
0 10 20 30 40 50

Temperature (C)

Figure 20 Variation of loss rate with respect to weer temperature
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2.3.3 DYRESM-CAEDYM input data

To run DYRESM-CAEDYM, we need to prepare the followifilgs:

1)

2)

3)

4)

5)

6)

Meteorological file (.met} The meteorological file contains meteorologicaladtor
the simulation period. These data consist of orddak, short wave radiation and
long wave radiation (the fraction of the sky cowkbs cloud), air temperature, vapour
pressure, wind speed and precipitation.

Physical data and Lake morphometry file (.stg) This file contains a description of
the morphometric characteristics of the water bddgpecifies the latitude, vertical
distance above mean sea level, zero height elevatove an arbitrary datum and
elevation of the spillway or lake overflow abovestineference datum. Inflow data
include number and type of inflows, height of inflostreambed half angle, streambed
slope, streambed drag coefficient, and inflow nafetflow data consist of the
number of outlets and outlet elevation. Lastly, @&nr of height-area values describes
the morphometry of the lake.

Inflow file (.inf): The inflow file specifies daily data on averagdélaw volume,
temperature, salinity and water quality parametiens all streams entering the
freshwater body.

Withdrawal file (.wdr) : The withdrawal file contains data about the dailthdrawal
volumes from each outlet in the freshwater body.

Initial Profile file (.pro) : This file contains the initial vertical profilesf avater
temperature and salinity for different heights b tirst simulation day.

Parameters file (.par} This file contains values for the bulk aerodynami@mentum
transport coefficient, mean albedo of water, emigsiof the water surface, critical

wind speed, time of day for output, bubbler entrant coefficient, buoyant plume
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7

8)

9)

entrainment coefficient, shear production efficgngotential energy mixing
efficiency, wind stirring efficiency, effective dace area coefficient, and the vertical
mixing coefficient.

DYRESM Configuration file (.cfg): This file specifies the start date simulation, the
number of days to be simulated and the time stegdsbd defines values for the light
extinction coefficient, minimum layer and maximuayér thicknesses and whether
CAEDYM and artificial mixing are activated.

CAEDYM Configuration file (.con): The CAEDYM configuration file contains the
information for running CAEDYM. It configures and mools the simulation outputs.
It specifies biological variables (number of phytmkton species, presence of
zooplankton, fish and other aquatic living orgarnisnmutrient variables and
miscellaneous variables.

Initialisation File (.int) : The initialisation file contains the initial conidins for the

CAEDYM simulation.

10) Water Quality Constants and Parameters file (.dat) The parameters file for

CAEDYM specifies the physiological constants forleat the processes modelled in
CAEDYM. It includes information on growth rates fohytoplankton, a range of half
saturation coefficients, temperature dependenaigs,grazing, along with many other

parameters.

2.4 Evaluation methods

To evaluate phytoplankton biodiversity, trophic staand the performance of the

hydrodynamic-ecological model applied to Karaounsdteoir, we use the following

indicators.
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2.4.1 Phytoplankton biodiversity

Shannon's diversity index, which characterizes isgediversity abundance and evenness of
the species in the phytoplankton community, wasliegpto the data obtained from
phytoplankton identification and counting performaztording to section 2.2.2.1. The index

was computed for each sampling date, accordingg@guation (Shannon, 1948):

Equation 12 : H'= _Z(Pi InPR)

i=1

whereP; is the relative biovolume of specieis the total biovolume and the total number of

species.
2.4.2 Trophic state

To classify the trophic state of Karaoun Reserww#,applied Carlson’s Trophic State Index

(CTSI) that was calculated according to the follogvequation (Carlson, 1977):

Equation 13 : CTSI = (TSkch-ayt TSksp) + TSkre) /3

Where:

TSlchi-2=9.8 In Chl-a + 30.6
TSlsp)= 60 — 14.4n SD
TSlrpy = 14.42In TP + 4.15

Chlorophyll-a (Chl-a) is in pg/L measured accordiogection 2.2.2.2, total phosphorus (TP)
in pg/L measured according to section 2.2.2.3 &adchi disc depth (SD) in m measured

according to section 2.2.1.3.

Based on the values of CTSI (Carlson, 1977; Sheekll., 2011), lakes and reservoirs are
classified as oligotrophic (CTSI less than 40), otegphic (CTSI between 40 and 50),
eutrophic (CTSI between 50 and 70) or hypereutof@iT S| greater than 70).
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2.4.3 DYRESM-CAEDYM model performance

The root-mean-square error (RMSE), the coeffictértetermination (B and the mean
absolute percentage error (MAPE) were used evathatperformance of the model by
measuring of the differences between values predlicy a model and the values actually
observed for a variablé (e.g. water temperature). The RMSE,@Rd MAPE are calculated

as follows:

Zinzl(XObSi - Xmodel,i )2
n

Equation 14 : RI\/ISE=\/

Zinzl(xmodel,i - Xobsi )2
Zin=1(xobs - X Obs)z

2 _
Equation 15 : R*=1-

model,i

100% Zn Xobs,i -X

Equation 16 : MAPE = - i=1‘ X

obs,i ‘

whereXopsi andXmoderjare observed and modelled values at firswed X obs is the mean of
the observed data.
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Chapter 3 Evaluation of trophic state, biodiversity and
environmental factors associated with phytoplankton
succession in Karaoun Reservoir

3.1 Introduction

Water quality of freshwater bodies changes ovee tiat seasonal but also at pluriannual time
scales. Continuous changes in lakes and resertgasology, industrial and agricultural

activities in their catchments affect their quality

Carlson trophic and Shannon—Wiener diversity adéces used to identify water quality in
freshwater bodies. In the European Union, the ditieiof the phytoplankton community is
used as a biological indicator of the ecologicatist of water bodies monitored in accordance
with the Water Framework Directive (European Parkat Council, 2000). In addition, the
World Health Organization (WHO) has establisheddgline values for drinking-water
supplies and recreational waters which may contaiitc cyanobacterial populations (Chorus,
2005).

Thus, regular monitoring of the trophic state ahgitpplankton community in water bodies is
critical for assessing the water quality evolut{dargensen et al., 2005b).

Whereas studies have been carried out on metahatigbnt concentrations in the past at
Karaoun Reservoir (Jurdi et al., 2002; Korfali alhuotdi, 2010), there are few documents that
only reports the occurrence of toxic cyanobacteblmoms, but without describing the
physicochemical factors that control these blooAtsyi et al., 2013; Slim et al., 2013). The
aim of this chapter is therefore to assess thevesdrophic state and to understand the algal
succession in Karaoun Reservoir and its drivers.s¥ée by an overview of algal succession
and trophic state in Karaoun Reservoir before 20h2n we present and discuss the results

of the 2012-2013 monitoring campaigns describechapter 2.
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3.2 Trophic state and algal succession in Karaoun Reassr before
2012

Karaoun water quality is an important concern dfifecpresent and future uses. To assess the
reservoir trophic state before 2012, we analyseipus research studies which document

nutrient concentrations and algal succession.

3.2.1 Nutrient concentrations and trophic state

We analyse the published data to assess the trophét of Karaoun Reservoir and its
evolution. Subsurface nutrient concentrations, phate (P-P@), nitrate and ammonium (N-
NOszand N-NH,), were measured during the wet and dry seasof806 and 2010 (Jurdi et
al., 2011). Nutrient concentrations dropped betwten years 2005 and 2010, phosphate
concentration by a factor of 16, nitrate by 7, antimonium by 2 (Figure 21). The dissolved
inorganic phosphorus and dissolved inorganic ngnogoncentrations were always higher in
the wet season than in the dry season, due tter Iconsumption by phytoplankton in the

wet season.

O Wet season 2005 B Dry season 2005 A Wet season 2010 m Dry season 2010 ‘

12 ~

10 -

Concentration (mg/l)
(o]

10 x [N-NH4] [N-NO3] 10 x [P-PO4]

Figure 21 Comparison of subsurface nutrient concemnations in different seasons at the middle of Karaon
Reservoir (Jurdi et al., 2011).
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To assess the trophic state of a freshwater bddy,tdtal phosphorus concentration is
compared to thresholds in Vollenweider’s classtfaa (Vollenweider, 1982). Here we use
the phosphate concentration. In the wet seasoris itlose to the total phosphorus
concentration, since the phytoplankton biomas®ws and the reservoir fully mixed by low
air temperatures and strong winds. Although thesphate concentrations decreased from
about 1 mg/L in 2005 to 0.2 mg/L in 2010, the valwé this first study remained above
100 pg/L and classify Karaoun Reservoir as hypeogphic.

‘D Reservoir entrance Bl Reservoir exit ‘ |D Reservoir entrance B Reservoir exit
045 14 1
04 - 12
0.35
= 03 =
S )
E 025 4 E 08
E. 0.2 - § 06
o 015 =
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0 #:. 0 |
May 2004 Aug. 2004 Nov. 2004 May 2004 Aug. 2004 Nov. 2004
O Reservoir entrance M Reservoir exit | ‘ﬂ Reservoir entrance M Reservoir exit
77 038 4
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Figure 22 Comparison of nutrient concentrations athe output and input of Karaoun Reservoir (Cadham,
2007).

To compare the nutrient concentrations upstream dowinstream of Karaoun Reservoir
phosphate, nitrate, nitrite and ammonium conceotratwere analysed in May, August and
November 2004 (International Development Researehtr€, 2007). Water samples were
taken from two sites: at the inlet of the Litanv&i into the reservoir at an unprecised depth,
and at the outlet of one of the power generatioameéis downstream the dam. Phosphate,

ammonium and nitrite concentrations always decrbadter passing through the reservoir
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(Figure 22). Only nitrate concentrations exhibitedseasonal pattern: they decreased in
November but increased in May and August 2004. dimbors explained the reduction of
phosphate and ammonium concentrations by the preseh nutrient consumers like
phytoplankton and microbial activity in the resdrvoThe increase in the nitrate
concentrations while passing through the resemw@is not interpreted. We think the high
concentrations of nitrate in May and August 200dinciding with low concentrations of

nitrite and ammonium suggest the nitrification ofraonium and nitrite into nitrate.

The lower phosphate concentrations in the wet seasthis second study (80 to 90 ug/L)
would classify the reservoir as eutrophic. Fromhlsitidies, we conclude that the reservoir is

eutrophic to hypereutrophic.

3.2.2 Algal succession and biodiversity

Different phytoplankton populations have dominat@aaoun Reservoir in the last few years.
Before 2009, there were scarce reports concermagatuatic flora of Karaoun Reservoir,

based on relatively few subsurface samples (Saadl.et2005; Slim, 1996). Since the

beginning of 2009 and until the end of 2011, phidgokton samples were collected five times
per year in spring, summer and autumn, between &@013:00, at 0.5 m beneath the water
surface and fixed with 5 % formaldehyde, on themarestern bank of the reservoir (Figure

9).

Before 1996, the phytoplankton of Karaoun Reserveas dominated by diatoms which

represented about 80% of the total phytoplanktomntdSIlim, 1996). The phytoplankton

biodiversity in 2000-2001 was rich, but a biodivrsndex cannot be calculated due to the
absence of biomass data. At that period, 98 speases reported, among which about 60
species of planktonic diatoms dominatedfyacoseira granulataand a high concentration

of dinoflagellateCeratium hirundinellgSlim et al., 2012).

In 2002 and 2003, filamentous green algae doming@edogyra lambertianaCladophora

glomerata Oedogoniunsp.andUIothrix zonatd and the diversity was low.
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200 pm

Figure 23 a) Aphanizomenon ovalisporunb) Microcystis aeruginosaphotos by A. Fadel, photographed

from Karaoun Reservoir samples in 2011).

A decrease in phytoplankton diversity and regulapims of cyanobacteriAphanizomenon
ovalisporumand Microcystis aeruginosgFigure 23) has been reported since May 2009.
Table 5 shows the composition of phytoplankton sseduring years 2009, 2010, 2011 and
their biovolumes. These biovolumes were computesmfrcell density measurements
published by Atoui et al., (2013Aphanizomenon ovalisporumias mostly observed at the
beginning of spring and autumn whildicrocystis aeruginosavas observed in summer. In
spring 2010, other phytoplankton species coexistatth cyanobacteria. However, they
appeared in low concentrations and for short peribdfore the bloom oMicrocystis
aeruginosain summer. The general succession pattern in the 3@11 was comparable to
that in the year 2010 insofar @gphanizomenon ovalisporuand Microcystis aeruginosa

were the main bloom-forming cyanobacteria and ciegiwith green algae (Table 5).
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Table 5 Phytoplankton species composition, biovolues (x 16 mm®/L), and Shannon’s diversity index at

the surface of Karaoun Reservoir from 2009 to 2011(-): not detected.

May  Sep. | Dec. May

Apr. May Nov.

Mar Mar. Jun

2009 2009 @ 2009 2010 2010 2011 2011 2011 2011 2011

Cyanobacteria

Aphanizomenon

_ 5336 - - - 5104 - - - 5336 - 4872
ovalisporum

Microcystis

_ - 990 28 - - 990 - - - 924 132
aeruginosa

Microcystis

wesenbergii

Oscillatoria

tenuis

Diatoms

Aulacoseira

- - - - - - 1336 - - - -
granulata

Fragilaria ulna - - 162 - - - - - - - -

Melosira varians - - 329 - - - - - - - R

Green algae

Closterium

- 103 | - | 206| - - - | 386 - - -
acutum

Coelastrum

microporum

Micrasterias

, - - - 4968| 8280 - - - - - -
radiata

Pediastrum

- - - 3146| 5505 - - - - - -
boryanum

Pediastrum

- - - 5899| 5899 - - - - - -
duplex

Staurastrum 1729

- - - 24055 - 4322 - - -
sebaldi 0

Volvox aureus - - - - - - - - 1178 -
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Dinoflagellates

Ceratium 2574 3780
- - - - 1800 - - - -
hirundinella 3 4

Peridinium 5600
gatunense

Shannon’s
diversity 0 0.4 0.1 1.2 1.4 0.7 04 0.8 0 0.7 0.

index

We used Shannon's diversity index, which charamsrispecies diversity in a community
(Shannon, 1948). It accounts for both abundancesgadness of the species. We computed it

for each sampling date.

Between 2009 and 2011, Shannon’s diversity indexyed between 0 and 1.4 in Karaoun
Reservoir (Table 5). The lowest values of the dilgrindex (0 or 0.1) occurred when a
single species lik&eratium hirundinella Aphanizomenon ovalisporuand/or Microcystis
aeruginosacounted for more than 95% of the phytoplanktonmaes. The highest value,
H'=1.4 was recorded in March and May 2010, when 6ispa@pexisted, but it remains a low
value, compared to the usual values of Shannornkrslty index that range between 1.5 and
4.

The above presented results reveal that Karaouerfres was eutrophic to hypereutrophic
with low biodiversity before 2012. Transparency ardorophyll-a measurement were not
performed but nutrient concentrations have decteaséween 2005 and 2010 suggesting a
decrease in eutrophication level. The phytoplankimdiversity was high in the 1990s (98
species), but was low in recent years (less thasp&@ies), marked by toxic cyanobacterial
blooms. The campaigns conducted before 2012 weré&eguent and did not measure water
temperature, chlorophyll-a and cyanotoxins. Theg mot sufficient to give a complete
evaluation of the environmental status of KaraoesdRvoir or to understand the dynamics of
its phytoplankton community.
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3.3 Trophic state and algal succession at Karaoun Re®arin
2012 and 2013

This section presents the results of the monitopirogram carried out semi-monthly or

monthly, in spring-autumn 2012 and spring-summeér32@ccording to section 2.2.

3.3.1 Hydrological conditions

Figure 24 presents the evolution of the water |level the inflow and outflow rates in 2012
and 2013 in Karaoun Reservoir. The total outflowe revas irregular during the different
months; it ranged from 0 to 40%w® during the examined years (Figure 24c). Withdrawal
from Karaoun reservoir occurs through three outlefdMarkabi hydropower tunnels, which
collect about 98% of the total outflow except fbe tperiods in which the evacuation tunnels
are used, 2) the main pumping station (MPS) thatsisd for irrigation through canal 900,
minor withdrawal, less than 2% of the total outflaecurs at the end of March, beginning of
April and continues during dry season until the efidOctober/November, 3) evacuation
tunnels are seldom used during the year; they wetraised in 2013 but they were operated
between the mid of March and April 2012 becauskigi inflow volumes from Litani River

(Figure 24c) during full reservoir level conditions
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Figure 24 a) water level, b) inflow compute