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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
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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
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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.

29



Chapter 1 Literature review

Temperature (°C)
0 5 10 15 20 25 30

1 1 1 | J

o

2 Epilimnion

Thermocline /

Metalimnion

Depth (m)
[02]

Hypolimnion

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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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).

43



Chapter 1 Literature review

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.

a7



Chapter 1 Literature review

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
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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.

Phycocyanin (pg/l) Phycocyanin (ug/l) Phycocyanin (pg/l)
0 0 1 20 30 0 0 10 .20 30 0 0 20 30
E E E
e e <
a a a
a a a
10 10 10
—»— gijte 2 —»—sjte 1 —»—sjte 5
—O— site 3 —O— site 4 —O— site 6
15 15 15

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

66



Chapter 2 Study site and methodology

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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005 - 0.2 1
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
6 - 0.7 4
5 _ 06 -
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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.

81




Chapter 3 Evaluation of trophic state, biodiversityl environmental factors associated with
phytoplankton succession in Karaoun Reservoir

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 computed from atflow and water level and c) outflow rates at Karaun

reservoir in 2012 and 2013

The total inflow volume of Litani River inflow té&Karaoun reservoir between January and
August was 407.fom? for the year 2012 and 320%6° for the year 2013. Higher inflow

rates in January 2013 (Figure 24b) led to highetewkevels between January and March
2013 (Figure 24a). Between mid-March and July ttstewlevel was comparable in both

years but the withdrawal volume was smaller in 2013

3.3.2 Physico-chemical parameters

Different environmental factors such as light, thal stratification, nutrients availability and
water temperature act together with hydrologicalcpsses and determine the productivity

and succession of phytoplankton in Karaoun Reservoi

3.3.2.1 Transparency

The water transparency was low; it ranged betweBrafid 2.5 m (Figure 25a) and showed
little variation throughout the study period. Bdtigh and low transparency records were

observed in the same season.
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3.3.2.2 Dissolved oxygen

The evolution of the concentration in dissolvedgey at 0.3 and 3m at Karaoun Reservoir is
presented in Figure 25b. Dissolved oxygen rangaah # to 14 mg/l at both measured depths.
The vertical profile performed in 18 August (Fig@@éb) shows anoxia at 20 m and a drop in
oxygen concentration between 10 and 15 m repreggtite oxycline established during the

summer season.
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Year 2012 Year 2013

Figure 25 a) Secchi depth and b) concentration inisisolved oxygen at the middle of Karaoun Reservoir
(Sw), in 2012 and 2013

3.3.2.3 Specific conductivity

Specific conductivity in Karaoun Reservoir was onlgasured twice during the study period.
The specific conductivity ranged between 405 and g8/cm (Figure 26a), which is in the
range described for freshwater lakes and river® @201500uS/cm). In November 2011,
during thermal destratification, the specific coaitikity values were more homogenous in the
water column than in May 2012, during thermal #icattion where it was lower at the

surface and it increased with depth.
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Figure 26 Vertical profiles of a) specific conductace and b) dissolved oxygen at the middle of Karaou

Reservoir(Sy)

3.3.2.4 Water temperature and thermal stratification

Surface water temperature showed high seasonatieaus in Karaoun Reservoir during the
study period. It reached a maximum at 27 °C, olexkon July 2012, and a minimum at 9 °C
on December 2011 (Figure 27 and Figure 28). Fluicimaamplitude up to 3 °C occurred at
1 m depth. As depth increases the temperatureutitions decrease (Figure 28). In both
years, thermal stratification was already estabtisin May and strong persistent stratification
continued in June and July, then stratificationtethto debilitate at the end of July. The
maximum temperature difference between the topbatidm thermistors ranged from 0 °C in

November and December 2012 to more than 10 °Clyn2D12 and 2013 (Figure 28).
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Figure 27 Temperature records at 1 and 12 m depths Karaoun Reservoir in 2011

High variations in epilimnion and metalimnion thiess occurred during the stratification
period. In 2013, the epilimnion was relatively $&aim the top 7 m except for the end of June
and the beginning of July 2013 (Figure 28b). In M2BA3, the metalimnion was located
between 7 and 13 m, in June 2013 between 7 and ddnm July between 10 and 16 m. The
hypolimnion existed in the second half of May 2&ween 13 and 16 m and then it

disappeared due to the decrease in water level.

Water temperature records at 1 m during May 2012 Wewver than on May 2013. However,
during the second half of June and July water teatpee at 1 m was higher during 2012.
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Figure 28 Daily mean temperatures at 1, 4, 7, 103Jand 16 m depths in Karaoun Reservoir in a) 2012nal
b) 2013

3.3.2.5 Nitrate and ammonium

Only subsurface nitrate and ammonium concentratiegr® measured in 2012 (Figure 29a).
Ammonium concentration was always below detectiewell while nitrate concentration
reached a maximum of 0.5 mg N.{on 12 September) and a minimum of 0.02 mgNan

01 October).
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Figure 29 Subsurface nutrient measurements at\Sin Karaoun Reservoir during 2012 a) nitrate b) totl

phosphorus (R,) and orthophosphate (PQ)

In 2013, ammonium concentration always remainedowbeldetection level. At all
measurement depths and during the whole monitoegibdgy nitrate concentration did not
exceed 0.2 mg N:t(Figure 30). At the beginning of 2013 campaigns &&rch), nitrate
profiles showed higher concentrations in the epilon than in the hypolimnion. Nitrate
concentrations decreased gradually at the surfadebacame higher in the hypolimnion by
the end of the study period in 2013.

Evaluation of trophic state, biodiversity and enowimental factors associated with

phytoplankton succession in Karaoun Reservoir
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Figure 30 Vertical profiles of nitrate (N-NO;) at SD (dam site), SM (middle of reservoir) and SRriver

inlet) in Karaoun Reservoir on 2013.

3.3.2.6 Total phosphorus and orthophosphate

Only subsurface phosphorus measurements were pedomn 2012 (Figure 29b). The total
phosphorus concentration reached a maximum of M@5P.L* (on 12 September) and a
minimum of 0.02 mg P.£ (on 01 October) while orthophosphatsached a maximum of
0.012 mg P.I* (on 19 June) and a minimum of 0.001 mg P(bn 16 October and 07

November).
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Figure 31 Vertical profiles of orthophosphate (PQ) and total phosphorus (Ry) at & (dam site), SM
(middle of reservoir) and & (river input site) in Karaoun Reservoir on 2013.

In 2013, the maximum values of both total phospband orthophosphate concentrations
were recorded near the bottom of the reservoirufi@gl1). Through different depths in the
water column and during the whole monitored pertothl phosphorus reached a maximum
of 0.42 mg P.[} (08 July, 30 m at§) and a minimum of (30 May, subsurface a) 8.01 mg
P.L-1 while orthophosphateached a maximum of 0.204 mg P(D8 July, 30 m at %) and a
minimum of 0.01 mg P.t (30 May, subsurface aty$ The relative vertical distribution of
orthophosphate paralleled the distribution of tptabsphorus within the water column, at the
three sampling sitessSSy and & (Figure 31)At the beginning of the survey in March 2013,

both total phosphorus ¢ and orthophosphate (ROvertical profiles were homogeneous
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through the water column. Phosphorus concentratiesseased gradually at the top 10 m in
May to below 0.1 mg P:t, it stayed lower than 0.1 mg P.until the end of the survey

except for the end of May and the beginning of duhen an increase in total phosphorus
concentration at the subsurface occurred. At trek @fnthe survey in August, phosphorus

concentration in the top 20 m reached its lowektes

3.3.3 Chlorophyll-a and phycocyanin fluorescence

Phycocyanin fluorescence varied greatly in 2018as detected between May and October
with highest concentration in September (Figure 822012, only subsurface chlorophyll-a

was measured and no profiles.

Chlorophyll-a and phycocyanin varied in 2013 (Fgu3). Chlorophyll-a fluorescence
ranged from 1 to 214 pgiLequivalent chlorophyll a (eq. Chl. a) (on 08 Juiyhile
phycocyanin fluorescence ranged from 0 to 200 Jigely. Chl. a, the maximum detection
limit of the phycocyanin fluorometer (08 July). Rlagyanin occurred in low concentration in
March, and then it was not detected in April andyNt@ appear again in 20 June. Chl-a and
phycocyanin profiles showed different patterns aftival distribution, homogeneous chl-a
profiles of low concentration occurred in March, rh@and the middle of May. Chl-a and
phycocyanin increased in July and August and wewstiy located within the upper 15 m,
with peaks at the top 5 m.
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Figure 32 Vertical profiles of phycocyanin at SM (niddle of reservoir) in Karaoun Reservoir on 2012.
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Figure 33 Vertical profiles of Chlorophyll-a and phycocyanin at SM (middle of reservoir) in Karaoun

Reservoir on 2013.

92



Chapter 3 Evaluation of trophic state, biodiversityl environmental factors associated with
phytoplankton succession in Karaoun Reservoir

3.3.4 Phytoplankton composition and biovolumes

The phytoplankton community structure varied gseditbm May to November 2012 and
March to August 2013, the period when phytoplanidelh viability was examined. A total of
30 phytoplankton species were identified (Tablen@he water samples examined throughout
both years. Chlorophytes contributed the highesnber of species (11) followed by
Cyanobacteria (10), Bacillariophyta (8) and Dinaghyl). Photos of each phytoplankton
group observed in Karaoun in 2012 and 2013 areepted in the figures below Figure 34,

Figure 35, Figure 36, and Figure 37.
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Figure 34 Green algae: apictyosphaerium pulchellumb) Botryococcus brauniic) Kirchneriella obesad)
Pediastrum duplexe) Staurastrum manfeldtij f) Volvox aureus,g) Closterium acutum h) Desmodesmus
communis i) Haematococcus pluvialiandj) Coelastrum microporum(photos Ali Fadel, 2013).
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Figure 35 Diatoms: a)Melosira varians b) Aulacoseira granulatgphotos Ali Fadel, 2013).
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Throughout the study period, the total biovolumeged from 0.3 to 12.4 mhiL™ (Figure
38e and Figure 39). The lowest total biovolume weasorded on March 2013 while the
highest total biovolumes in summer and autumn, ato@er 2012 during cyanobacterium
Aphanizomenon ovalisporuloom (12.4 mmL™), November 2012 during dinophytum
Ceratium hirundinella bloom (11.9 mrm L™ (Figure 38e) and July 2013 during
cyanobacteriunMicrocystis aeruginosaloom (12.3 mmL™).

50 Hm ‘ " y

30 um ) 100 pm 15, ‘

Figure 36 Cyanobacteria: a)Microcystis aeruginosab) Microcystis viridis c) Microcystis ichthyoblabed)
Anabaena spiroidese) Anabaena circinalis f) Radiocystis geminateg) Pilgeria brasiliensis, h)
Aphanizomenon ovalisporurandi) Oscillatoria tenuis(photos Ali Fadel, 2013).

95



Chapter 3 Evaluation of trophic state, biodiversityl environmental factors associated with
phytoplankton succession in Karaoun Reservoir

L 50 pm d
Figure 37 Dinoflagellate:Ceratium hirundinella(photo Ali Fadel, 2013).

3.3.5 Phytoplankton groups seasonal succession

Four phytoplankton groups were detected in bothitamed years, but the pattern was not the
same. Some groups appeared earlier but as an loverbrophyta dominated in spring,
cyanobacteria dominated in summer and early autdmgphyta dominated in late autumn

and diatoms occurred in low biovolumes in springnser and autumn.

Diatoms were present in low biovolumes throughcwe study period; this group was
dominated byMelosira variansand Aulacoseira granulatavith a very different pattern in
2012 and 2013Aulacoseira granulataoccurred both in stable and unstable water column.
Melosira variansappeareanly at the end of April 2013 in low biovolume itratified water
column, high irradiance and water level with watemperature of 16 °C. However, it
declined after 2 weeks at the beginning of May 20AGlacoseira granulatawas also
detected at the end of April 2013 and it was detkétequently in low biovolumes between
May and November 2012 in a wide range of water tmaupre, irradiance, nutrient

availability, thermal stratification and water Iéeenditions (Figure 38).
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Figure 38 Variation of solar radiation, water leve| water temperature measurements at different dept,
subsurface biovolumes of phytoplankton groups andistribution of phytoplankton species at & in

Karaoun Reservoir in 2012.

In 2012 and 2013, Chlorophyta were dominatedBbyryococcus brauniiDictyosphaerium
pulchellum Volvox aureus Staurastrum manfeldtiand Coelastrum microporumOnly 3
species were detected in subsurface samples of @t®osphaerium pulchellupVolvox
aureus Staurastrum manfeldjiiVolvox aureusiominated in June 2012 with the presence of
Dictyosphaerium pulchellunin high irradiance, stratified water column corafis, high

water level and water temperature of 24 Staurastrum manfeldtdominated in August with
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the cyanobacteriurMicrocystis aeruginosauring lower irradiance and water level, thermal
stratification and water temperature of 26 °C (Fey88).

In 2013, Volvox aureusappeared earlier at the end of April, not in samitonditions as in
2012, water temperature was below 18 BGtryococcus brauniandCoelastrum microporum
were detected for the first time in Karaoun and ohatted at the beginning of May during
high irradiance, stratified water column, high walevel and water temperature of 19 °C.
After the increase of water temperature to 23 °@ as well thermal stratification at the end
of May, Botryococcus brauniand high biovolume&oelastrum microporurwere replaced by
Staurastrum manfeldtithat dominated and also occurred in low biovolumesJune.
Dictyosphaerium pulchellum, Kirchneriella obegsesmodesmus commuriisaematococcus
pluvialis, Closterium acutunPediastrum dupleXPediastrum boryanurwere also detected in

Karaoun Reservoir in 2013 but in low biovolumes.
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Figure 39 Variation of the biovolumes of phytoplankon groups and their species distribution at subsiface, 5m and 10 m at % in Karaoun Reservoir.
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Cyanobacteria group was dominated Bphanizomenon ovalisporurand Microcystis
aeruginosa Aphanizomenon ovalisporuotcurred in low biovolumes with Chlorophyta and
diatoms between the end of May and the end of dum@g periods of high irradiance and
water level, thermal stratification and surface evaemperature ranging between 18 and 25
°C. Aphanizomenon ovalisporumas then replaced by another subsurface bloomufigrm
cyanobacteriumMicrocystis aeruginosa thatdeveloped populations in August 2012
(coinciding with Staurastrum manfeldjiiand had its biovolume peak in September 2012
during lower irradiance and water level, weakeratdfication and subsurface water
temperature of 25 °C. In October 2012, after thelide of Microcystis aeruginosa
Aphanizomenon ovalisporueamerged as the dominant genus and had its biovopeak.
Then the decline in theAphanizomenon ovalisporurpopulation coincided with the

development o€eratium hirundinella.

In 2012,Anabaena circinalisvere not detected; it first appeared in low biovoés in March
2013 (coinciding withAphanizomenon ovalisporuthat contained akinetes, Figure 38) and
then in June 2013 (coinciding witNlicrocystis aeruginosaChlorophyta andCeratium
hirundinella).

Microcystis aeruginosavas most prevalent at subsurface and appearadrearJune and had
its biovolume peak at the end of July during stadtatified water column, high water level,

high solar irradiation and temperature range betv&and 24 °C.

Ceratium hirundinellavas the only dinoflagellate observed in Karaousd®eoir in 2012 and
2013. Biovolume peaks dferatium hirundinellaoccurred at the beginning of November
2012 during destratified water column, low watesele low irradiance and water temperature
of 20 °C. The increases in biovolume @eratium hirundinellain between October and
November 2012 coincided with a decrease in tempexragind irradianceCeratium
hirundinella was then detected in June, July and August 201Bglstable water column,
highest irradiance (240 W:f high water level and high water temperature irmipetween
20 and 25 °C However, it appeared in small bioreds during this period and was most

prevalent at 5 m depth.
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Table 6 List of phytoplankton species identified irKaraoun Reservoir in 2012 and 2013

Diatoms Dinophyta

Cyanobacteria Chlorophyta

Kirchneriella obesa
Oscillatoria tenuis
Dictyosphaerium pulchellum Diatoma vulgare
Microcystis aeruginosa
Desmodesmus communis Fragilaria ulna
Microcystis ichthyoblabe
Botryococcus braunii Navicula menisculus
Microcystis viridis
Haematococcus pluvialis Navicula cryptocephala
Microcystis botrys Ceratium hirundinella
Closterium acutum Cymatopleura elliptica
Aphanizomenon ovalisporum
Coelastrum microporum Nitzschia gracilis
Anabaena spiroides
Pediastrum duplex Melosira varians
Anabaena circinalis
Volvox aureus Aulacoseira granulata
Radiocystis geminate
Staurastrum manfeldtii
Pilgeria brasiliensis
Pediastrum boryanum
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3.3.6 Zooplankton community

Nine zooplankton species were found in the lak2dh2 and 2013 (Kamal Slim’s data): two
rotifers (Asplanchna periodontaand Keratella cochleariy three cladoceransChydorus
sphaericusDaphnia magnandMoina rectirostrig and four copepod€(diaptomus drichji
Mesocyclops ogunnus, Mr. leuckaaind cyclopoid naupli. No studies on the zooplankton
microfauna have been done in Lebanon so far. Tikisid not exhaustive, more frequent
monitoring must be done in the coming years toeclbg gap and understand the fluctuations

of the zooplankton community.

3.3.7 Trophic level and diversity index

The Carlson trophic state index (CTSI) and itslaites for Karaoun Reservoir over a period
of two years calculated according to section 2& presented in Table 7. CTSI ranged
between 52 and 74 and had an average of 61 in Bi$23verage increased to 65 in 2013 but
the range was narrower, between 59 and 70. T§Irg®ged between 50 and 64 and had an
average of 57 in 2012, this average stayed constiimt7 in 2013 but the range was wider,
between 47 and 65. TSI (CHL) ranged between 4838nand had an average of 68 in 2012,
this average decreased to 63 in 2013 and the naagenarrower, between 57 and 71. TSI
(TP) ranged between 47 and 76 and had an averd&$inf2012, this average increased to 75
in 2013 and the range was narrower, between 6538nd S| (CHL) was greater than TSI
(TP) in 2012 while TSI (TP) was greater TSI (CHh)2013. In 2012 and 2013, TSI (CHL)
was greater than TSI gpexcept for 20 November 2012. Large positive difeee between
the index values were encountered during bloomsaaje phytoplankton species in 16
October 2012 durind\phanizomenomvalisporumbloom and in 07 November 2013 during

Ceratiumhirundinellabloom.
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Figure 40 Carlson trophic state index (CSTI) in 202 and 2013.

Shannon diversity index ranged between 0.14 an8 dnd had an average of 0.76 in 2012,
this average increased to 1 in 2013 with a randeden 0.44 and 1.73. Lowest diversity
index of 0.14 was encountered whaphanizomenon ovalisporuspecies consisted more
than 90 % of the phytoplankton composition in 2heJ2012. Highest diversity index was
encountered when more than three species consisteel than 20 % of the phytoplankton
composition in 20 July 2013. The relation betweaml€dn trophic state indices and Shannon
diversity index were not close. High and low Shanmiiversity indices occurred at equal

Carlson trophic index values, 30 May and 20 Juri320
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Table 7 Indices of Carlson trophic state and Shannodiversity of phytoplankton in Karaoun Reservoir in
2012 and 2013

Date TSI (SD) TSI (CHL) TSI (TP) CSTI  Hindex
24/05/2012 54.16 63.97 - 59.06 1.17
07/06/2012 54.16 64.29 58.05 58.83 0.95
19/06/2012 64.14 67.03 55.00 62.06 0.80
27/06/2012 50.02 66.79 - 58.40 0.14
14/08/2012 60.00 79.75 57.11 65.62 1.05
28/08/2012 60.00 63.97 55.68 59.88 1.28
12/09/2012 56.79 82.58 76.39 71.92 0.52
01/10/2012 56.79 57.17 47.67 53.87 0.83
16/10/2012 51.94 73.95 50.74 58.88 0.60
07/11/2012 64.14 83.78 74.64 74.19 0.32
20/11/2012 56.79 48.18 52.67 52.55 0.79

Average year

2012 57.18 68.31 58.66 61.39 0.76
25/03/2013 47.39 57.17 80.70 61.75 0.55
26/04/2013 57.37 65.48 81.32 68.06 1.56
14/05/2013 48.01 57.17 72.32 59.16 1.36
30/05/2013 57.37 60.47 73.66 63.83 0.68
20/06/2013 55.15 57.80 76.88 63.28 1.73
08/07/2013 63.21 71.99 76.01 70.41 0.98
30/07/2013 65.14 66.79 72.19 68.04 0.44
20/08/2013 65.14 66.28 65.21 65.54 0.7

Average year
2013 57.35 62.89 74.79 65.01 1
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3.4 Environmental drivers of the succession of phytopkdon
groups in Karaoun Reservoir

3.4.1 Settling of diatoms after establishment of thermastratification
in early spring

Diatoms in Karaoun Reservoir were rare, not onltemms of biovolume, but also in terms of
species number, contributing to low biovolumes nigirihe study period. The reservoir was
not monitored in winter, a season that can be fealda for the growth of this group. There
was no limitation in phosphorus concentration irirgp2013. Silica limitation is possible but
since it was not measured it can not be confirrhllvever,Aulacoseiraspecies tend to sink
out of the euphotic zone at a speed of 0.95'midring persistent thermal stratification
(Sherman et al., 1998). In spring and summer, KaraReservoir was stratified; this may
explain why diatoms biomass which was mainly regmésd byAulacoseira granulatavas
low at the top 10 m in 2012 and 2013.

3.4.2 Disappearance of green algae after nutrient limitabn and
temperature elevation in late spring

Green algae blooms occurred in late spring at teatpes lower than 22 °C and high
phosphorus concentrations. Thermal stratificattoKaraoun was already established in May
2013. This explain the occurrence of vertical migigagreen algae likBotryococcus braunii
that become buoyant by producing and accumulatinfNeehaus et al., 2011; Weiss et al.,
2012) and large colonies dolvox aureughat can traverse 3.6 m in one hour (Sommer and
Gliwicz, 1986). In 2013, green algae were able dmithate the reservoir in spring, for two
months (April and May 2013) taking advantage ofrieat availability and optimal water
temperature. At the end of May nutrient concerdratiecreased due to its consumption by
green algae biomass and a decrease in the Litaer Riflow, the main nutrient influx to
Karaoun Reservoir. Nutrient limitation together lwihe increase in water temperature could
have resulted in a decrease of green algae andrémacement by cyanobacteria. During
long periods of stratification, phosphorus limitettiin the epilimnion is supposed to increase
while the hypolimnion may experience anoxia andseguiently increased P concentrations
due to internal release from the sediments (Nugb&®84). This gives an advantage to

cyanobacteria that can overcome the epilimneticsphorus limitation during stratification
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due to their internal nutrient storage (Pettersstoal., 1993), while green algae cannot persist

due to phosphorus limitation.

3.4.3 Cyanobacteria dominance at high temperature and lomutrient
concentrations between late spring and early autumn

During the 3 years, 2009, 2010 and 2011, cyanobacteminated Karaoun Reservoir in
warm and nutrient-enriched conditions. Results @f2-2013 campaigns show that buoyant
cyanobacteria Aphanizomenon ovalisporurand Microcystis aeruginosa continued to
dominate Karaoun Reservoir in summer and earlynantuEnvironmental conditions and
cyanobacteria physiology allow this group to dortenan other phytoplankton groups in
Karaoun Reservoir. Unlike negatively buoyant diatowhich tend to sink during stable
stratification (Huisman et al., 2004), positivelydyant cyanobacteria likAphanizomenon
ovalisporumand Microcystis aeruginosacan regulate their location in the water column,

floating upward during weak or moderate mixing yRads, 2006c).

The water level decreases continuously from thenpérg of May (the reservoir was full)
until the end of December where the reservoir vaumsually reaches 25 % of the total
volume. The decrease of water volume in the regeivalue to withdrawal for hydro-power
generation. However, this withdrawal does not dgstithe stable thermal stratification.
Precipitation events in Karaoun Reservoir become after the end of April. Rainfall has an
important role in disrupting thermal stratificatioh many reservoirs due to washout (Domis
et al., 2013). Segura et al. (2013) showed thattmepetitive ability of large cyanobacteria
with gas vesicles was highest under low flushintesa The decrease in rainfall in
Mediterranean lakes decreases flushing rates amdase the dominance of cyanobacteria.
Romo et al., (2013) suggested that longer watederse time in dry seasons increased total

Microcystis aeruginos@opulations and microcystin production in the |akaer.

High water temperature between late spring and/ eaflumn is favourable to cyanobacteria
and not to other group#phanizomenon ovalisporutsiooms develop at the beginning of
spring and autumn whil®icrocystis aeruginosdglooms at higher temperature in summer.
Aphanizomenon ovalisporunoptimal temperature is lower than that ®ficrocystis
aeruginosaloptimal temperature: 28 — 32 °C; minimal tempanet 20 °C); this could explain

why A. ovalisporumappears in spring and autumn (Imai et al., 20G@namoto, 2010).
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In 2012, Aphanizomenon ovalisporuwas present in May and Juneen Microcystis
aeruginosa appeared later in August. However, in 20¥hanizomenon ovalisporum
occurred for a short period in March and it wastheplaced by chlorophyta species, then
Microcystis aeruginosappeared earlier in June. In comparison with 98412, surface water
temperature was higher in May 2013 and lower ineJaind July. There is a possibility that
this variation in water temperature and thermoclioeation with other parameters like
nutrient availability, solar irradiation and discga management has prevented a steady
growth phaseAphanizomenon ovalisporuimn May and June 2013 and supported earlier

appearance d¥licrocystis aeruginosa

3.4.4 Dominance of dinoflagellate at low irradiance and \ater
temperature in autumn

Ceratiumhirundinellawas the only dinoflagellate detected in KaraousdReoir. It tended to
develop in late summer during stratified conditiansl had its biovolume peak in late autumn
in a mixed water column. This does not agree withhirundinellapopulations in the close
Lake Kinneret (Israel) that develop in winter—sgr{iPollingher and Hickel, 1991). However,
similarly to some Mediterranean reservoirs in Sp#arez-Martinez and Sanchez-Castillo,
2001),C. hirundinelladominated the phytoplankton assemblages in autamdnduring both
stratified and mixed periods (Pérez-Martinez andcBéz-Castillo, 2001)C. hirundinella
blooms in November 2012 occurred after an incraaseflow volume that could have
increased nutrient concentration in the reservod ked to their bloom. Between June and
July 2013,C. hirundinellain Karaoun Reservoir was more prevalent at 5 midegther than
the surface probably due to the high irradiance dlcaurs in these months. Whittington et
al.(2000) revealed th&eratium hirundinellan Chaffey Reservoir, a subtropical reservoir in
northern New South Wales, Australia, formed sulzm@faccumulations at depths only during
favourable light intensity (212—552mol photons nf s, equivalent to 53 — 138 W.f for
photosynthesis and cell growth. At higher incidémadiance, C. hirundinella migrated

downwards, avoiding high-light-induced.

3.5 Comparison with other Mediterranean lakes and regeirs

Monitored freshwater bodies are rare in the gedgcameighbourhood of the Karaoun
Reservoir, except the closest natural lake, Lake&iet (Sea of Galilee, Israel). Among other
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lakes and reservoirs around the Mediterranean Geaparable phytoplankton succession is
documented in Lakes Trichonis and Lisimachia (GegeEl Gergal Reservoir (Spain) and
Lake Vela (Portugal) (Table 8). This section conegathe morphological and hydrological
characteristics, the eutrophication level, the ppinkton diversity and the bloom-forming

cyanobacteria of Karaoun Reservoir to those ofetlieses and reservoirs.

Table 8 Comparison of the physical and hydrologicatharacteristics of Karaoun Reservoir and other

freshwater bodies around the Mediterranean Sea. (-fata not found

Karaoun Lake Lake Lake El Gergal Lake

Reservoir Kinneret Trichonis Lisimachia Reservoir| Vela

Mean depth (m) 19 24 30 4 15.7 1.]
Max depth (m) 60 43 58 9 375 2.1
Area (knf) 12 167 97 13.2 2.5 0.7
Volume (x 16m°) 224 4000 2600 53 35x10| 0.8
Altitude at max.
860 -210 18 16 63.5 50
level (m)
Annual level
_ 23 5 2 - 8.5 -
fluctuations (m)
Water residence
_ 0.77 5.1 9.4 - - -
time (years)

3.5.1 Morphological and hydrological characteristics

Lake Kinneret located 85 km to the South of KaraBaservoir has been intensively studied.
Lake Kinneret is a warm monomictic lake locatedarthern Israel at an elevation of 210 m
below mean sea level (Serruya, 1978). It has &water volume of 4 x Tom®, a maximum
depth of 43 m, a mean depth of 24 m, and a waséllg@ece time of 5.1 years (Table 8). Lake
Kinneret is used for power generation and domestater usages. About 12% of the
maximum lake volume is pumped annually into theidvetl Water Carrier system (Zohary,
2004). Annual fluctuations of the water level inkeaKinneret reach 5 m, with a maximum
water level of -208,8 m and a minimum observed ll@fe-214,9 m in November 2001

(Zohary, 2004).
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Lake Trichonis, the largest natural lake in Greéz@, deep warm monomictic lake situated in
Aetoloakarnania Province (central western Greedt) asmaximum depth of 58 m, a surface
area of 97 krfy an approximate volume of 2.6 x°13° and a residence time of 9.4 years
(Zotos et al., 2006). Annual water level fluctuasan Lake Trichonis reach 2 m (Dimitriou
and Moussoulis 2010). Lake Lisimachia is locate&@lkin to the west of Lake Trichonis, with
a surface area of 13.2 kmand a maximum depth of 9 m (Tafas and Economoiliam
1991).

El Gergal Reservoir, located in the south-west i, is the last in a chain of reservoirs
(Aracena, Zufre, La Minilla and El Gergal Reserspion the Rivera de Huelva. El Gergal
Reservoir is a canyon-type reservoir with a surfaea of 2.5 kif) a volume of 35x10m®, a

maximum depth of 37.5 m, a mean depth of 15.7 maendlevation of 26 m above sea level
(Moreno-Ostos et al., 2008). Large seasonal aret-aninual volume variations are due to
irregular inflows (Cruz-Pizarro et al., 2005). 167, the water level fluctuation was 8.5 m,
with a maximum elevation of 63.5 m (full capacitycorded in March and a minimum

elevation of 55 m recorded in August (Rigosi ane@u2012).

Lake Vela is a shallow eutrophic freshwater bodgated in Quiaios, Figueira da Foz
Province (Western Central Portugal). It has a sertrea of 0.7 kirand a maximum depth of
2 m (Pereira et al., 2005).

These lakes and reservoirs present much lower watexl fluctuations than Karaoun
Reservoir, less than 10 m (Table 8). Large voluareswithdrawn from Karaoun Reservoir
between May and October during a drought perioth Vatv inflows. This often reduces its
volume to 30 % of its capacity at the end of eaehry(Figure 13), and results in a 23 m

decrease of its water level.

3.5.2 Eutrophication level and integrated water managemen

Karaoun Reservoir is more eutrophic than the nhtakas to which we compare it, and has
nutrient concentrations comparable to El GergaleRasr (Table 9). In 2005, P-RO
increased to 0.95 mg/l, N-NG6.3 mg/l and N-NH 0.48 mg/l in Karaoun Reservoir. The
nutrient concentrations in the top 10 m of Laken€ret were always below 2 xi@ng/l for
P-PQ, 0.16 mg/l for N-NQ and 0.23 mg/l for N-Nk| during the period between 1997 and
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2003 (Gal et al., 2009). In ElI Gergal Reservoirfween 1979 and 2003, nutrient
concentrations reached 2.92 mg/l for P;P®28 mg/l for N-NQ and 7.39 mg/l for N-Nk
(Moreno-Ostos et al., 2007). In Lake Vela, betw2604 and 2005, nutrient concentrations
reached 1.30 mg/l for P-RO2.8 mg/l for N-NQ, and 0.76 mg/l for N-Nk(Abrantes et al.,
2009) There are no recent studies about the nutrientesdrations in Lake Trichonis, but it

has been considered as an oligotrophic lake wiOPalways below 0.014 mg/l, and N-NO
below 0.147 mg/l (Skoulikidis et al., 1998). Duririgpe same studied period, nutrient

concentrations in the Karaoun Reservoir were coaiparto that of EI Gergal Reservoir, and

much higher than in the natural lakes except fétdp-concentration that wdswer than in

Lake Vela.

Table 9 Comparison between maximum nutrient concemations measured in Karaoun Reservoir and

other freshwater bodies around the Mediterranean S& (-): data not found

Maximum Karaoun Lake Lake El Gergal Lake Vela
concentrations Reservoir Kinneret Trichonis Reservoir (2004-2005)
(mg/L) (2005)  (1997-2003) (before 1998) (1979-2003)
P-PO4 0.95 0.002 0.014 2.92 1.30
N-NO3 6.3 0.16 0.147 5.28 2.8
N-NH4 0.48 0.23 - 7.39 0.76

3.5.3 Phytoplankton diversity

Between 2009 and 2013, Shannon'’s diversity indeX#&yaoun Reservoir phytoplankton was

always below 1.7 (Table 5 and Table 7).This indes wot computed for the other mentioned

lakes and reservoirs, except Lake Kinneret, wheeediversity index was mostly higher than

1.5 (Ostrovsky, et al. 2012). The phytoplanktadlof Karaoun reservoir (30 genera, Table
6) is not as rich as in Lake Kinneret (74 geneRyelke et al., 2007) and Lake Trichonis (46
genus found in the species list of Tafas and EcansAmilli (1997)) but comparable to El

Gergal Reservoir (24 genera found in the specs¢®li (Hoyer et al., 2009)).

Intense rainfall and seasonal climatic oscillationsotal radiation and water temperature are

known to increase the ecosystem diversity (Figuerad Giani, 2001). We believe that in

Karaoun Reservoir, low or no precipitations betwdtay and October, simultaneous with a
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large water level decrease, thermal stratificat{@®im et al., 2013) and high nutrient
concentrations result in a low biodiversity. El Gar Reservoir presents comparable high
nutrient influx and ecological behaviour: surfadgah blooms occur during calm and dry

periods and limit the reservoir phytoplankton biasity (Cruz-Pizarro et al., 2005).

Amongst the presented lakes and reservoirs, thergetiend of phytoplankton succession in
Karaoun Reservoir agrees best with the typical esgion observed in El Gergal Reservoir
(Hoyer et al., 2009): diatoms, green algae, cyactebia, and finally dinoflagellates. Karaoun
Reservoir (Table 6) and El Gergal Reservoir shate génera: diatomsA(lacoseira,
Fragilaria, Melosira), green algae Qoelastrum, Pediastrum, Volvox, Staurastyjum
cyanobacteria Aphanizomenon, Microcystis, Oscillatoriaand dinoflagellatesCeratium)
(Hoyer et al., 2009).

The hydrological functioning of Karaoun and El GarBeservoirs has more in common than
that of the presented Mediterranean natural lakes could explain why the phytoplankton
composition and succession in Karaoun Reservoichmatore with those of El Gergal

Reservoir.

3.5.4 Toxic cyanobacterial succession

In spite of different altitudes, hydraulic managetand nutrient concentrations, Karaoun
Reservoir and the presented Mediterranean lakesemaavoir share annual potentially toxic

cyanobacterial blooms @fphanizomenon ovalisporuamdMicrocystis aeruginosa.

Between 2009 and 2011, these cyanobacteria spdomsnated the algal population of
Karaoun Reservoir in warm and nutrient-rich comais. Cyanobacterial blooms are a new
phenomenon in Karaoun Reservoir compared to Laked€et, and yet Lake Kinneret is less
eutrophic than Karaoun Reservoir. As early as #te 1960s, Winter and Spring blooms of
cyanobacteriumMicrocystis sp. were reported in Lake Kinneret (Pollingher8@09 while
nitrogen-fixing cyanobacteriaAphanizomenon ovalisporumand Cylindrospermopsis
raciborskii were first detected in September 1994 and Sumr@8,1respectively (Berman
and Shteinman, 1998; Pollingher et al., 1998).

Aphanizomenon ovalisporuand Microcystis aeruginosavere found to occur not only in

Lake Kinneret but also in other Mediterranean fvestier bodies. Aphanizomenon
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ovalisporumwas reported for the first time in July 1999, e twarm monomictic lakes
Lisimachia and Trichonis in GreecA&phanizomenon ovalisporumiominated at a water
temperature range of 29 to 31 °C, constituting eespely 99 and 58% of the total
cyanobacterial biomass in lakes Lisimachia andhbmes (Gkelis et al., 2005). In Lake Vela
(Central Portugal), blooms @fphanizomenosp.occurred early in May 2010 and were then

followed by blooms oMicrocystis aeruginosan June 2010 (de Figueiredo et al., 2006).

3.6 Conclusion

Carlson trophic state index and Shannon diversitlex applied on Karaoun Reservoir in
2012-2013 have confirmed that it is eutrophic vattow biodiversity.

The information presented in this chapter incretds® knowledge about phytoplankton
dynamics in Mediterranean region and guide safetewasage in Karaoun Reservoir.
Phytoplankton community of Karaoun Reservoir hagasonal pattern of spring chlorophyta
blooms, summer-early autumn cyanobacterial bloonaslate autumn dinoflagellate blooms.
Variation in controlling factors and mainly watentperature results in different successions.
Thermal stratification established in spring reduttee growth of diatoms that sink out of the
euphotic zone. High nutrient availability duringrislg promotes green algae blooms at high
water level and light intensity, stratified condiis and water temperatures lower than 22 °C.
Increase in water temperature (25 °C) promotes alyacteriumMicrocystis aeruginosa
blooms during stratified and high irradiance coiodié in summer. Unlike their growth
conditions in other lakes and reservoirs, cyanaash Aphanizomenon ovalisporum
dominated at temperature lower than 23 °C in weakigtified conditions in early autumn
and dinoflagellateCeratium hirundinelladominated in mixed conditions, at low light

intensity in late autumn at 19 °C.

Except for Lake Kinneret, little or no studies weerformed on other lakes and reservoirs in
the Middle East region. We compared the environalestate of Karaoun Reservoir to other
lakes and reservoirs around the Mediterranean Bea.environmental status of Karaoun
Reservoir matched more with El Gergal ReservoBpain than with natural lakes like Lakes
Kinneret in Israel and Trichonis in Greece. CompgriKaraoun Reservoir to other

Mediterranean freshwater bodies revealed that taiservoir suffers from a lower
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phytoplankton biodiversity and higher nutrient cenirations, and shares with them toxic
cyanobacterial blooms @&phanizomenon ovalisporuatcurring in Spring and Autumn, and
Microcystis aeruginosan Summer. Unlike in these other lakes and resesythe yearly
water level fluctuations are very large in Kara®eservoir. The large decrease in water level
in the dry season with others factors like a highriant influx, the absence of rain and
thermal stratification result in a very poor phyamkton diversity. This makes Karaoun
Reservoir a very interesting example of what wooddthe response of the phytoplankton
community to decreases in water levels due to dropgriods in other lakes and reservoirs in

a Mediterranean climate.

Reservoir managers in Karaoun Reservoir can takardage of this repetitive succession
pattern and use a hydrodynamic-ecological modehtmse the most appropriate hydraulic
management and water quality monitoring strateies/oid or reduce the long steady state
of these blooms.
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Chapter 4 Competition between two cyanobacterial
speciesAphanizomenon ovalisporumand Microcystis
aeruginosain Karaoun Reservoir, Lebanon

This chapter presents in details the competitiotwéen the two dominant cyanobacterial
species,Microcystis aeruginosand Aphanizomenon ovalisporunit also presents results

about the presence of cylindrospermopsin toxit@wvater of Karaoun Reservoir.

4.1 Introduction

Within freshwater bodies, cyanobacterial speciesmpmie between them and with their
neighbours for resourcesAphanizomenon ovalisporums a toxic bloom-forming
cyanobacterium that was reported in several fresvenvironments mainly in Australia and
around the Mediterranean Sea (Gkelis et al., 200&5sineo et al., 2010; Pollingher et al.,
1998; Quesada et al., 2008phanizomenon ovalisporuis a planktonic nostocalean that can
colonize freshwater bodies due to different conieti strategies. Its eco-physiological
characteristics are presented in Table 10. Inadifsd water column, its gas vacuoles enable
it to migrate between surface layers with high tligkiailability and deeper layers with high
nutrient availability (Reynolds et al., 1987). ¢tslonies are characterized by thick wall cells
called heterocysts, dedicated to atmospheric retrofixation during nitrogen limitation
periods (Reynolds, 2006c). Moreover, its filamestouorphology and colony size offer
protection against grazing (Kardinaal and Visse®05). Aphanizomenon ovalisporum
produces cylindrospermopsin (CYN), a toxin that geosserious threats to human and

environmental health.

Microcystis aeruginosais another cyanobacterium that is much more widegp than
Aphanizomenon ovalisporumdicrocystis aeruginos# a single-celled species with spherical
cells, pale blue-green in colour and about 4-6 prdiameter. It can form colonies linked by
mucilage that reach 600-900 um diameter. It is @inthe most widespread and extensively
studied harmful species (Davis et al., 2009; Gunitual., 2009; Oberholster et al., 2004; Te
and Gin, 2011; Wang et al., 2010b), known for s@ogemicrocystin.
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Table 10 Eco-physiological characteristics oAphanizomenon ovalisporunand Microcystis aeruginosa

Aphanizomenon Microcystis
Parameter . .
ovalisporum aeruginosa
28+ 2 30-3
33+2 27.5
Laboratory optimal growth 32.8+0.9 32
temperature (°C) 26+ I° -
0.3 0.46
0.87
Maximum growth rate at optimal 0.36
temperature (dal)
. . } 0.4-11 for colonies o
Filament flotation rate (mH <0.04 diameter 0.5-3 mkn
Optimal irradiation (W 1) 80" 29 — 143

Source®(Hadas et al., 2002)(Cirés et al., 2011f(Mehnert et al., 2010f(Quesada et al., 2006fPorat et al.,
2001),(Imai et al., 2009a)%(Nicklisch and Kohl, 1983)'(Watanabe and Oishi, 198%jZheng et al., 2008),
J(Chu et al., 2007)¥(Humphries and Lyne, 1988YAbelovich and Shilo, 1972) cited by (Oberholstéerak,
2004)

Understanding the mechanisms and processes théablctime growth and succession of
cyanobacterial species is of great concérnovalisporumblooms followed byMicrocystis
aeruginosablooms were first reported in Karaoun ReservoirMay 2009 (Chapter 3).
Aphanizomenon ovalisporunwas documented in some water bodies around the
Mediterranean Sea but its growth dynamics was ndficently studied. As well,
cylindrospermopsin toxin profiles andphanizomenon ovalisporuncompetition with
Microcystis aeruginosavere poorly studied in the field. In this chapttre dynamics and
controlling factors of these blooming cyanobacteaa well as cylindrospermopsin
distribution in the water column of Karaoun Res@raoe described.

4.2 Results
4.2.1 Physico-chemical conditions

During 2012 and 2013, subsurface water temperatufaraoun Reservoir ranged from 13 to
26 °C (Figure 41). Comparison between water tentpega at 1 and 10 m in 2012 and 2013
showed that the reservoir was stratified from Maytgust. The water was weakly stratified
(less than 1 °C) or fully mixed in September, OetoAnd November 2012. The water level
ranged from 837 to 859 m above sea level. Thevesewras full at the beginning of May in

2012 and 2013. Then the water level decreased by 2ile to small inflows and regular
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withdrawals in the dry season, between May and l@cto Subsurface orthophosphate
concentration was close to detection limit (0.01Png?) in 2012. In 2013, it decreased from
0.95 mg ! in March down to under the detection limit in suemnTotal phosphorus varied
greatly between campaigns and some of its peake warelated with total phytoplankton

biovolume peaks. Nitrate nitrogen did not exceédrg L* except on 16 October 2012 (0.47
mg L) (

Figure42). TN:TP ratio did not exceed 22:1 during the stpdyiod.

4.2.2 Replacement ofAphanizomenon ovalisporurby Microcystis
aeruginosaat high temperature

Aphanizomenon ovalisporum Karaoun Reservoir was already blooming at thginning of
the survey on 15 May 2012 with a biovolume of 82t in a sample taken at the edge of
the reservoir (§ Figure 41). At that time, the reservoir was fiiis bloom had disappeared
a week after the water level had begun to decrems®4 May 2012.Aphanizomenon
ovalisporumbloomed again in June but disappeared in July.s@tdce nitrate nitrogen
concentration was 0.16 mg N'land water temperature 25 °C at that titheovalisporum
was not detected from August to September 2012 whenreservoir was dominated by
Microcystis aeruginosahat had a maximum biovolume of 6.7 rhin* on 12 September
2012. In mid October 201Microcystis aeruginosavas not detected and was replaced by
Aphanizomenon ovalisporugolonies with trichomes of 150 + 7&m without heterocysts
(Figure 43a). It was a destratification period,hoghosphate concentration was close to
detection limit (0.01 mg P 1), nitrate concentration was 0.47 mg N, lwater level was low
(10 m at &, 841 m above sea level), daily average irradiamas 120 W i and water
temperature was 22 °C. After 2 weelks, ovalisporumwas not detected anymore and was

replaced by dinoflagellat€eratium hirundinellavhich bloomed in November.
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Figure 41 Daily mean values of physical variablestahe sampling dates: water level, irradiance, wate
temperature at 1 and 10 m, and biovolumes of totgdhytoplankton and Aphanizomenon ovalisporunand
Microcystis aeruginosain 2012 and 2013 at % in Karaoun Reservoir, except on 15 May 2012 where
sample were taken at &
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Figure 42 Concentrations of total phosphorus, orthphosphate phosphorus and nitrate nitrogen and
TN/TP ratio in 2012 and 2013 at § in Karaoun Reservoir.

In 2013,Aphanizomenon ovalisporuwas observed in March and July but its biovoluhes
not exceed 1.3 minL™. In March, Aphanizomenowvalisporumtrichomes of 130 + 5Qm
showed a visible heterocyst (Figure 43b), whileaté nitrogen concentration was 0.15 mg N
LY. Microcystis aeruginosappeared earlier than in 2012, on 20 June 201&nitinated the
reservoir between July and August 2013 and hadxénmuan biovolume of 7.8 mfiL™ on 08
July 2013 during a strong stratification period°(2 difference between 1 and 10 m), at an
orthophosphate concentration (0.02 mg®, la nitrate concentration (0.04 mg N)la high
water level (22.5 m at\§ 853.5 m above sea level), a high daily averagelimnce (246 W

m?) and a high water temperature of 25 °C.

To sum up, during both year&phanizomenon ovalisporumas seen both at high and low
water levels, during stratified and destratifiechditions, in a wide range of daily average

irradiance (100-260 W 1). Microcystis aeruginosavas also seen at high and low water
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levels, during stratified and destratified condigp and always at water temperature above

24 °C.

& 40 pm

B

Figure 43 Aphanizomenon ovalisporumat Karaoun Reservoir a) colony on 16/10/2012 b)sible heterocyst
on 25/03/2013

Figure 44 presents the phycocyanin profileg\phanizomenon ovalisporuand Microcystis
aeruginosameasured in 2012 and 2013. The relative proportbreach cyanobacterial
species with respect to the total biovolume of oymtteria group was calculated using
microscopic counting. This proportion was then ugedcalculate their corresponding
phycocyanin values given by Trios fluoremeter. Rityanin profiles show the seasonal
variation ofAphanizomenon ovalisporuandMicrocystis aeruginosarofiles. In late spring,
May and June 2012, when daily irradiance rangedvdet 230 and 270 W fn
Aphanizomenon ovalisporumas present in the top 5 m, in the euphotic zdnKasaoun
Reservoir, and was concentrated between 1 and 3nmautumn, in October 2012, when
irradiance was 100 + 20 W MAphanizomenon ovalisporuexhibited a surface bloom. In
summer, in August and September 2012, when da#gisnce ranged between 150 and 170
W m’, Microcystis aeruginosavas concentrated in the top 5 m on August andbételi a
surface bloom on September 2012. In spring andreem2013 Microcystis aeruginosavas
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present in the top 10 m and concentrated betwesmd 2 m when daily irradiance was about
200 + 30 W nif.
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Figure 44 Phycocyanin fluorescence profiles, proxse of Aphanizomenon ovalisporumand Microcystis
aeruginosaconcentrations in the water column at SM in Karaom Reservoir in 2012 and 2013

4.2.3 Cylindrospermopsin detection

Subsurface concentrations of CYN in Karaoun Reseranged from 0.38 to 1.72 pg'lin
2012 and 2013 (Figure 45). The lowest concentraf@B88 pg [') was recorded at the
beginning of anAphanizomenomvalisporumbloom on 15 May 2012. This concentration
showed an increasing trend in the first 4 campa{@bsMay, 24 May, 07 June and 19 June
2012). The highest concentration (1.7 yY was recorded both on 28 August 2012 and 26

April 2013, in the absence #phanizomenonvalisporumin the water column.
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Figure 45 subsurface CYN concentration and biovolus ofAphanizomenon ovalisporunn 2012 and
2013 at & in Karaoun Reservoir, except on 15 May 2012 whergamples were taken at

4.2.4 Comparison betweenA. ovalisporumand CYN distribution in the
water column

Aphanizomenonovalisporumwas the only CYN producing cyanobacteria spe@esnded in
the reservoir in both 2012 and 2013. We therefaesl tto compare the distribution of the
cyanobacterium and of the toxin in the water coluim2013,A. ovalisporumwas first
observed on 25 March. It was not detected in Aptdy and June 2013 but it reappeared on
July 2013 at a low biovolume (Figure 46). On 25 8maf013, CYN concentrations were
higher than 1 pgt at the surface and at 5 m and 10 m depths. Onl 2pi3, it increased at
the surface and remained constant at 5 m and 1@pth.dOn 14 May 2013, it started to
decrease at the surface and to increase at 5 @r. diat a gradual decrease at the surface and
at 5 m depth is observed, accompanied with an aserat 10 m depth (30 May 2013); CYN
disappeared down to 5 m depth and remained at towentrations at 10 m depth (20 June
2013). The toxin was not detected on 08 July 2@it3vas present at low concentration at 5

m depth (30 July 2013) following. ovalisporumappearance (08 July 2013).
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Figure 46 Vertical profiles of A. ovalisporumbiovolumes (10*° mm® L™) and CYN concentrations (ug L)
in Karaoun Reservoir during the year 2013. Error-bas are the standard deviations on the runned
triplicates.

4.2.5 Absence of correlation between Cylindrospermopsin
concentration andA. ovalisporumbiovolumes
To measure the strength of the linear relationfigpveenA. ovalisporumbiovolumes and
cylindrospermopsin concentrations, Pearson's @iroel coefficients were computed on 31
samples taken at 0, 5 and 10 m depths in 2012 @h8. 2 negative low value of = -0.05
showed the absence of any correlation between Cuifentrations and\. ovalisporum
biovolumes. AlthoughA. ovalisporumbiovolumes in 2013 was 8 times lower than in 2012,

cylindrospermopsin was as high as in 2012.

4.3 Discussion

4.3.1 Aphanizomenon ovalisporurblooms in Karaoun Reservoir
Cyanobacterial blooms are a new phenomenon in Kar&eservoir compared to the near
Lake Kinneret, 80 km to the south of Karaoun Resierin Lake Kinneret, winter and spring
blooms of Microcystis sp were reported since 1960s (Pollingher, 1986). Ao intense
bloom of Aphanizomenon ovalisporuoccurred for the first time in the summer of 1994

(Pollingher et al., 1998). Although there is noedir evidence for this, viable cells of

123



Chapter 4 Competition between two cyanobacterietigs, Aphanizomenon ovalisporum and
Microcystis aeruginosa in Karaoun Reservoir, Leloano

Aphanizomenon ovalisporuand Microcystis aeruginos&ould have been transported from
Lake Kinneret to Karaoun Reservoir by migratorydbijrand could have bloomed when

environmental conditions became favourable.

Horizontal displacement, nitrogen availability an@ter temperature could be the factors
controlling the growth and successionAgdhanizomenon ovalisporuim Karaoun Reservoir.

In mid May 2012 Aphanizomenon ovalisporudominated in samples taken at the edge of the
reservoir. Its concentration greatly decreased iwittD days. Profiles oAphanizomenon
ovalisporumon 24 May 2012 show that it was concentrated énttip 5 m. Between 14 and
24 May 2012, the reservoir was full and overflowetbrizontal transport of buoyant
Aphanizomenoty wind and current can have caused their logs #fiey exit the reservoir
through the spillway. Horizontal displacement ipracess that was documented in many
studies; Walsby et al. (1989) considered it as litmiting factor that caused the loss of
floating colonial cyanobacteria in Lake RotongalMeWw Zealand) through outflow. It was
also reported to be the main reason affecting trezdntal distribution of phytoplankton,
especially buoyant cyanobacteria, in Lake TaihuefCht al., 2003) and in four Andalusian
reservoirs in Spain (Moreno-Ostos et al., 2006).

Nitrogen limitation is a factor that can promdtphanizomenon ovalisporugnowth (Whitton

et al., 2002). The bloom &phanizomenon ovalisporum October 2012 was preceded by a
period of very low nitrogen levels and N:P ratibattdid not exceed 22:1 during the study
period. According to Smith et al. (1995), lake waldN:TP ratios below 22:1 favour the
dominance of BHixing cyanobacteria (Smith et al., 1995). Simikdfects of low N:P ratios
have been seen in Lake Kinneret where the invasidhe nitrogen-fixing cyanobacterium
Aphanizomenon ovalisporumas consistent with the trend towards increasindelciency

in the water column (Gophen et al., 1999).

Aphanizomenon ovalisporunn Karaoun reservoir disappeared and was not able
dominate at water temperature higher than 25 °C, iclwh favoured

Microcystis aeruginosa Aphanizomenon ovalisporumoccurred at different water
temperatures in other freshwater bodies. In Jul@91%Aphanizomenon ovalisporum
dominated at a subsurface water temperatures bet2@and 31 °C, in the warm monomictic

Lakes Lisimachia and Trichonis in Greece (Gkelisakt 2005). Laboratory experiments
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showed thatAphanizomenon ovalisporuof Lake Kinneret has an optimal temperature of
26 — 30 °C (Hadas et al., 2002). In Arcos Reseniphanizomenonvalisporumdominated

in October and September at a subsurface temperait@6 °C (Quesada et al., 2006). Unlike
the temperature conditions that were associated biitoms ofAphanizomenownvalisporum

in Lakes Kinneret, Lisimachia, Trichonis and Ardeeservoir, Aphanizomenowvalisporum

in Karaoun Reservoir peaked in October 2012, withaximum biovolume of 9.8 mi™,
when water temperature was 22 °C. Although theeeddference in the water temperature at
which Aphanizomenonvalisporumblooms in Lake Kinneret and Karaoun Reservdimate
change is thought to be a driver Ayphanizomenomwvalisporumblooms. Slim et al. (2014)
revealed that changes in climate regime, increasaii temperature and decrease In
precipitation between 2000 and 2010 have alteredadtan Reservoir biodiversity and
resulted in low diversity dominated bgpphanizomenonovalisporum and Microcystis
aeruginosablooms. In Lake Kinneret, Hadas et al. (2012) pegal that the appearance and
establishment ofAphanizomenorovalisporumsince 1994 was linked to increased water
temperature and limited nitrogen availability. Ugia temperature based model, Mehnert et
al. (2010) hypothesized a future northward expansioA. ovalisporumn Europe under the
global warming scenario. In Karaoun Reserviphanizomenon ovalisporubloomed at a
water temperature of 22 °C. This supports the pdigi of A. ovalisporumblooms in
European lakes in which subsurface water temperatam exceed 22 °C like Lake Bourget in
France (Vingon-Leite et al., 2014), Lake Gardatalyl Lake Mondsee in Austria (Wu and
Hahn, 2006), and Lake Zurich in Switzerland (Pee¢tral., 2002).

As in Cobaki Village Lake in Australia (Everson at, 2009),A. ovalisporumin Karaoun
Reservoir was present in the epilimnion with thghleistcell concentrations occurring at a
depth of 2-=3 m in spring 2012 when irradiance wa® 2 20 W n¥. Its highestcell
concentrations then occurred at top 1 m when iaregi was 100 + 20 W mA. ovalisporum
in Karaoun Reservoir is probably also sensiblehotpinhibition as in Lake Kinneret where
the rate of photosynthesis Aphanizomenon ovalisporureaches maximum at about 80 W

m? and declines at higher irradiance, due to photbitibn (Hadas et al., 2002).
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4.3.2 Competition betweenMicrocystis aeruginosand Aphanizomenon
ovalisporum

Microcystis aeruginos&an outpacéphanizomenon ovalisporuat high temperature due to
its higher growth rate and competition for lightltilough nitrogen limitation promotes
Aphanizomenon ovalisporyrwe think that it is a minor controlling factor @omparison to
water temperature and the competitive eco-physyolddVlicrocystis aeruginosan Karaoun
Reservoir. Nitrogen limitation is not enough fAphanizomenon ovalisporuto outgrow
Microcystis aeruginosghat can also survive in nitrogen limiting condiits. Imai et al (2009)
showed thatMicrocystis aeruginosavas able to grow in nitrogen limited culture ansl i
concentration was half the concentration reachégl 42 days in culture without nutrient
limitation (Imai et al., 2009b). The availability bght has a major impact on the dynamics
and structure of phytoplankton communitiddicrocystis has a slightly lower critical light
intensity thanAphanizomenanHuisman et al. (1999) demonstrated that when theye
placed in mixed culture to compete for ligMjcrocystis strainoutpacedAphanizomenon.
Laboratory experiments on the growth ratédviiérocystisand Aphanizomenostrains of Lake
Mendota (Wisconsin) showed thisticrocystishad an apparent doubling time of 2 days in
culture while Aphanizomenon needed 5.5 days (Koaapkd Brock, 1978). Other laboratory
experiments showed thAphanizomenon ovalisporuhas a maximum growth rate below 0.4
day* (Hadas et al., 2002; Mehnert et al., 2010), lotlian that oMicrocystis aeruginosshat
can reach 0.8 d&dy(Chu et al., 2007; Zheng et al., 2008).

In Karaoun Reservoidphanizomenon ovalisporublooms occurred in spring and autumn at
surface water temperature below 22 °C, wiMrocystis aeruginosalooms occurred in
summer at 24 - 27 °C. This succession can be exquaby the fact that the growth of
Microcystissp. stops below 20 °C and is optimal at a wateptratures ranging from 27.5 to
32 °C (Imai et al., 2009; Robarts and Zohary, 198vV¥ontrastAphanizomenosp. is able to
outgrow Microcystis sp. at lower temperatures (Miller et al., 2013peTcompetitive eco-
physiology of Microcystis aeruginosat high temperature could be the reason for which
Aphanizomenon ovalisporublooms never occurred at water temperature hitirer 23 °C

in Karaoun Reservoir.
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4.3.3 Relation between cylindrospermopsin concentrationand A.
ovalisporum
CYN is partitioned into two fractions, extra- andracellular. The extracellular fraction can
exceed the intracellular fraction (Griffiths andk&ga 2003). The low correlation between
CYN concentrations and. ovalisporumbiovolumes can be explained by the ability of this
cyanobacterium to liberate high levels of CYN tha&mains stable even after the
disappearance of the cyanobacterium from the vealemn. CYN is relatively stable under a
variety of conditions; it decomposes slowly in tergiures ranging from 4 to 50 °C at pH 7.
After 10 weeks at 50 °C, cylindrospermopsin degdaite57% of the original concentration
(Chiswell et al.,, 1999). According to PreufRel et €009), several temperature—light
combinations which constitute physiological stresseem to trigger CYN production and
particularly CYN release from cells (Preul3el et 2009). Shaw et al. (1999) found that the
extracellular cylindrospermopsin fraction was aske85% in Ocean Park ponds and Palm
Lakes in Australia, indicating th#t. ovalisporunreleases cylindrospermopsin to water. For
that, analyses based oAphanizomenon ovalisporuneell counts cannot tell about

cylindrospermopsin concentration because it doésake into account extracellular CYN.

4.3.4 Disappearance of CYN from water column by degradatn or
sedimentation
Vertical profiles of cylindrospermopsin in  KaraourReservoir showed that
cylindrospermopsin concentration decreased at tinlace and increased at deeper depths
during summer. Information about the vertical dottion of cylindrospermopsin and its
disappearance from the water column in other freséwbodies are scarce. Settling after
adsorption to organic material or degradation mayehresulted in the disappearance of

cylindrospermopsin.

In situ Photodegradation of cylindrospermopsin has beeaerobd, but rate is affected by
both the turbidity of the water and the depth @& fiotic zone (Chiswell et al., 1999). Little
information is available at present regarding tffect of temperature on the biodegradation
of cyanobacterial toxins (Ho et al.,, 2012). There a&onflicting reports regarding the
efficiency of the biodegradation of these metabsliln water bodies (Ho et al., 2012). For
example, Smith et al. (2008) documented biodegi@uat water supplies that had a history

of toxic Cylindrospermopsis raciborskilooms in North Pine Dam in Queensland, Australia,
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while Wormer et al. (2008) did not observe any bmdation of cylindrospermopsin
produced byAphanizomenon ovalisporuiin Santillana Reservoir in Spain. The profiles
presented on Figure 46 represent both intracella@ad extracellularAphanizomenon
ovalisporumtoxins. A large fraction of cylindrospermopsin itoxvas in extracellular form
when it started to disappear at 1 m depth bec&penizomenon ovalisporumas not
detected. Extracellular toxins may adsorb to clayd organic material in the water column
(Environmental Protection Agency, 2012). The sagtivelocity of cylindrospermopsin toxins
was about 1 m per week which means that it migle lelsorbed on organic material rather
than clay that needs months to settle. In Cobakad® Lake, Australia, the maximum toxin
concentration was present in the hypolimnion duang\phanizomenon ovalisporubioom
(Everson et al., 2009). This supports the posslili cylindrospermopsin settling in Karaoun

Reservoir but at the same time does not negleqidlsibility of its degradation.

4.4 Conclusion

This chapter described the conditions in whigbhanizomenon ovalisporutsiooms were
reported in Karaoun ReservoiAphanizomenorovalisporumis an ecologically plastic
species, it was observed in all seasons, both glp@miods of stratification and mixing, in a
wide range of water levels, daily average irrademnand water temperatures. Among the
main hypotheses for explaining its disappearanag lass in Karaoun Reservoir water
temperature higher than 25 °C and horizontal trarisgnd withdrawal must be considered.
Water temperature higher than 25 °C favours cyactebiam Microcystis aeruginosahat
outgrowsAphanizomenon ovalisporuim summer. Unlike high temperature conditions whic
were associated with blooms Aphanizomenowovalisporumin lakes located in the Middle-
East or in Southern EuropAphanizomenomvalisporumin Karaoun Reservoir bloomed at
water temperature of 22 °C. Lakes in which watergderature exceeds 22 °C are susceptible
to blooms of Aphanizomenon ovalisporun®ur results suggest that within a period of a
month, CYN produced by. ovalisporumdisappeared from the water column either by
sedimentation or degradation. It also shows thaN@®¥ncentrations were not correlated with
Aphanizomenon ovalisporubiovolumes and it can be observed at high conatotrs even

long after the end dhphanizomenonvalisporumblooms.
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On the local level, it shows that Karaoun Reserveas experimentally found to contain
cylindrospermopsin. Presence of cylindrospermopeing after blooms ofA. ovalisporum
requires regular monitoring of cylindrospermopsinKiaraoun Reservoir before driving this

water to the capital Beirut, to avoid health promdeby Karaoun water consumers.
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Chapter 5 Modelling the seasonal competition between
toxic cyanobacteriaMicrocystis aeruginosand
Aphanizomenon ovalisporum

In this chapter, we present the calibration of mpdeé hydrodynamic-ecological model that
can be used to test management scenarios to re&fluogalisporumand M. aeruginosa
blooms in Karaoun Reservoir. We also implement thaglel to understand details about the

competition between these cyanobacterial species.
5.1 Introduction

Ecosystem models applied recently demand largetsngata due to their complexity (Bruce

et al., 2006; Gal et al., 2009). However, manyHvester bodies throughout the world that
suffer harmful algal blooms do not possess larda dslats of several environmental variables.
Beyond a certain degree, adding processes was dloorgduce model predictive capabilities

(McDonald and Urban, 2010; Mieleitner and Reich2008).

Few studies were conducted to investigate modefenpeance in simulating the succession
between phytoplankton groups and species. Rigosal.e{2011) proposed and tested a
calibration strategy for DYRESM-CAEDYM to reprodudke seasonal changes in the
functional composition of the phytoplankton groumst not cyanobacterial species in El
Gergal reservoir located in Seville, Spain. Studaplied DYRESM-CAEDYM either

simulated phytoplankton groups excluding cyanobact& used a complex configuration on

a long-term period.

DYRESM-CAEDYM was mostly applied on lakes with dwbwater level like Lake
Ammersee in Germany (Weinberger and Vetter, 2002e Constance (Rinke et al., 2010)
and Lake Kinneret. To our best knowledge, therditike publications that apply DYRESM-
CAEDYM to a high fluctuating water level lake orseevoir in Mediterranean climate: the
highest annual variation, 10 m out of 38 m, is InGergal reservoir in Spain. Neither are
there any applications of hydrodynamic-ecologicaldels on lakes and reservoirs in the

Middle East except for Lake Kinneret in Israel.
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In Karaoun Reservoir, 25 m annual water level \emma occurs and cyanobacteria
Aphanizomenon ovalisporuiand Microcystis aeruginosalternatively bloom (Chapter 3).
For all the reasons presented above, Karaoun Reseepresents an interesting study case.
In this chapter, we assess the performance of plsioonfiguration of DYRESM-CAEDYM

to describe the seasonal succession of cyanokaldieyoms in Karaoun reservoir.

5.2 Description of input data to DYRESM-CAEDYM
The input data necessary for running DYRESM-CAED¥MI their origin are presented in

Table 11. The daily average meteorological daBaktAmara meteorological station from

January 2010 to August 2013 are plotted on Figidre 4

Dyresm-Cadeym output simulation of cyanobacteraariaiss is in g Chlorophyll-a per litre.
Phycocyanin to Chlorophyll-a ratio ranges betweeand 1.6 (Watras and Baker, 1988). We
converted measurements of phycocyanin pigment karabhyll-a by multiplying it with a

factor of 1.33 and adopted a deviation of 30 %.

Table 11 Description of data used in DYRESM-CAEDYMapplication on 2012 and 2013.

Bathymetry of Karaoun reservoir . .
(done on 2012) Litani River Authority
Inflows, outflows and water level Litani River Awtty

Daily meteorological data (solar Tal-Amara station, 40 km North of Karaoun

radiation, air tempe.rature, wind Reservoir, (33° 51 50” N, 35° 59’ 06" E)
speed and rainfall)

Calculated by Magnus-Tetens formu{@ennessee
Valley Authority, 1972)

S Tri0S microFlu-blue based on their proportions

Vapour pressure

Cyanobacteria species concentratig
(1g phycocyanin /L)
Water temperature at different depths Fixed temperature sensors gt Sear the dam

‘e :R‘“'mexp{z.soz({ 7.oTa +0'785£ﬂ where g (hPa) is vapour pressure, Rhum (%) is relative itiityn
* 100 Ta+2373

and Ta (°C) is air temperature

® The proportion of each cyanobacterial species wétipect to the total biovolume of cyanobacteri@ugrwas

calculated using microscopic counting. This projportwas then used to calculate the corresponding

phycocyanin pigment from Trios microFlu-blue fluoreter.
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Figure 47 Daily average meteorological data used @put to the model (January 2010—August 2013). Dat
were obtained from Tal-Amara climate station. a) star radiation, b) air temperature, c) vapour pressue

calculated from the measured relative humidity andair temperature, d) wind speed and e) rainfall

5.3 DYRESM-CAEDYM configuration

DYRESM-CAEDYM was configured to simulate changesniater level, water temperature
and cyanobacterial biomass in Karaoun Reservoie fhiermal and biological model was
calibrated for a 6 months period between 24 May a@dNovember 2012 and verified
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between 15 May and 21 August 2013. These periodsylich measurements are available,

cover both increases and decreases in water leddbiamass of cyanobacterial species.

Simulations were set up with a 1-day time stepirfiput and output. Water temperature and
cyanobacteria concentration profiles performedhat simulation starting date by Starmon
thermistance sensors and Trios microflu-blue wasl us present the initial conditions in the

model.

The calibration of DYRESM-CAEDYM parameters wereséad on trial-and-error manual
adjustment of model parameter values until the msitieulations match the observed values

within acceptable and lowest RMSE values.

Dyresm parameters calibration included maximum amdimum layer thickness, light
extinction coefficient and vertical mixing coefféeit. Wind speed measurements supplied by
the weather station were multiplied by a seconibiaion factor to trigger heat diffusion in
the model (Table 12).
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Figure 48 Conceptual diagram summarising the DYRESMCAEDYM configuration used for Karaoun

Reservoir.

Table 12 Parameter values used for DYRESM configutéon at Karaoun Reservoir

Assigned
References

Coefficient (unit)

values

Mean albedo of water (-) 0.08 (Patten et al., 1975)

Bulk aerodynamic transport coefficient (-) 0.0019 Stull, 1988)

Emissivity of a water surface (-) 0.96 (Imberger and  Patterson,
1981)

Effective surface area coefficient 1.0E+07 (Yeated Imberger, 2003h)

Critical wind speed (m9 3 Default

Wind stirring efficiency (-) 0.9 Default

Potential energy mixing efficiency (-) 0.2 (Spigelal., 1986)

Shear production efficiency (-) 0.08 (Spigel et 4986)
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Following calibrations

Vertical mixing coefficient (-) 2500 Calibrated

Minimum layer thickness (m) 0.25 Calibrated
Maximum layer thickness (m) 1.7 Calibrated
Wind multiplication factor 1.3 Calibrated

Model was run in the presence of many processese3wocesses (eg. nutrients limitation)
were then deactivated to decrease the calibratewanpeters and input data. The equations
selected in Caedym are presented in Table 13. yih@ncics of two cyanobacteria groups was
simulated. Both cyanobacteria were configured toshéject to photoinhibition. Since
Karaoun reservoir is eutrophic (Chapter 3), theient limitation was deactivated by setting
the Michaelis-Menten constarits;andKp to 0 (Table 14), and by choosing.Nand IR, as
10° mg /mg Chl a and INxy and IRax 9 mg /mg Chl a (Table 14). A vertical velocity
dependent on light was used to present the migratnal settling oMicrocystis aeruginosa
and constant buoyancy model was used Aphanizomenon ovalisporunThe effects of
zooplankton grazing on phytoplankton were not sated explicitly; however, their
contribution to phytoplankton mortality was includen the model through a phytoplankton
loss term that also included respiration and elamefThe biological parameter values were
assigned based on literature values or were ctdibbraithin ranges given by literature values
(Table 14).

Table 13 Equations selected in CAEDYM

Cyanobacteria biomass at depih(% Phy=(y, -L +Al)Phy
z

Cyanobacteria growth rat@l, , 1) = ., F (1) (T )

Light limitation factor: f(I) = Il—exr{l—ll—j

S S

Temperature limitation factorg(T) = 8" = — 6" +p

Vertical migration, only foMicrocystis aeruginosav =c,f (I)-c;
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Loss rate Ly, =k 3

(T)

Phycyanobacteria biomags,, growth ratel, loss ratey, vertical migration velocity;(z, layer thickness

Hmax Maximum growth rate at the reference temperalygel, incoming irradiancels, saturation irradiance at

which growth is maximal;

k, a andb are parameters solved numerically to satisfy tilewing conditions g (Ts) = 1 at the reference

temperaturdlsg dg /dT(Tp)=0, at the optimal temperatuiy; g(Tmay = 0, at the maximum temperatutg,a

v, cyanobacteria migration velocity, negative fatlgey, positive for buoyancy;s¢ calibrated coefficient for the

here deactivated nutrient dependence of the migrattlocity; ¢, calibrated coefficient for light dependence;

K., loss rate coefficient (includes effect of mottaland excretion)f, s, constants for the growth and loss

rates.

Table 14 Parameters used in CAEDYM to simulate cyarbacteria concentration in Karaoun Reservoir
during 2012 and 2013 (no subscript: calibrated vales)

Parameter (unit) Parameter description Assigned values

Microcystis | Aphanizomenon
Hmax(day™) Maximum potential growth rate 035 0.58
Is (LE m*s?) Light saturation for maximum productiof 550 250
Kep (Mg chla L'm’ | Specific attenuation coefficient 0.005 0.01
p)
Tsta (°C) Standard temperature D2 20°
Topt (°C) Optimum temperature 29 18°¢
Tmax (°C) Maximum temperature 40 28°
Kra (day) Respiration rate 0.065 0.06
O (-) constant for the loss rate 103 1.08'
cs (m HY coefficient for the light dependence of the 0.499 -
migration velocity
cs (m hY) coefficient for the deactivated nutrignt 0.128 -
dependence of the migration velocity
Vs(m s%) Constant buoyancy velocity - 5:40
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Sources®(Chu et al., 2007 (Mehnert et al., 2010§;(Oberholster et al., 2004(Imai et al.,
2009a) (Robson and Hamilton, 2004)

5.4 Thermal model calibration and verification

The overall model performance in simulating theeresir water level was assessed on the
years 2010, 2011 and 2012 separately (Figure 48 .water level variation was of about 25
m each year. The model was calibrated on 2010 anfied on 2011 and 2012. RMSE
between the weekly measurements and the simuledtst Vevels was less than 1m in each of
the three years, 0.39 m on 2010, 0.73 m on 201D&&Im on 2012 (Figure 49).
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Figure 49 Comparison of simulated (red line) and oferved (blue dots) water levels in Karaoun Reservoi
in 2010 (model calibration), 2011 and 2012 (verifation).
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Good agreement was found between simulated andrva@lagseéemperature measurements
during both stratification and mixing periods in120and 2013(Table 15). Simulations with
the lowest RMSEs were obtained for a maximum ldlyekness of 1.7 m, minimum layer
thickness of 0.25 m, light extinction coefficienalves of 0.2 m (consistent with values
calculated from Secchi depth measurements), veriocang coefficient of 2500 and a wind

multiplication coefficient of 1.3.

The simulated water temperatures between 1 andi@ptins were comparable to the observed
temperatures with a RMSE smaller than 1 °C. Theekivdeviations between simulated and
measured temperature occurred at 19 m depth wWiRM&E of 0.22 °C. The highest
deviations between simulated and measured temperatere mainly restricted to the
thermocline between 10 and 16 m, where the moddenestimated temperatures (0.8 to
1.3°C).

Figure 50 presents model simulations and dailyayewvertical temperature profiles over the
top 20 m, each week during both stratification amding period. It shows how the model

was able to localize the thermocline during thatgtcation period. Figure 51 presents the
correlation between water temperature measurensrassimulations at different depth in

2012. This correlation shows that model simulatiosese slightly underestimated at 16 and
19 m depths.
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Figure 50 Measured (blue stars) and simulated (reline) temperature profiles in 2012
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Figure 51 Comparison between water temperature measements and simulations at different depth in
2012. The red line represents the 1:1 line with dape of one and an intercept of zero, indicating perfect
fit.

Table 15 RMSE (°C) and R between water temperature measurements and simulans at different depth
in 2012 (24 May to 21 November 2012, 6 months) a2®13 (15 May to 21 August 2013, 3 months). (-):

depth not simulated

Year 2012 Year 2013

Depth RMSE R RMSE R
Im 0.86 0.94 1.28 0.85
4m 0.63 0.97 0.79 0.93
7m 0.96 0.95 1.11 0.94
10 m 1.33 0.89 141 0.96
13 m 1.21 0.91 1.02 0.97
16 m 0.78 0.99 0.63 0.96
19 m 0.22 0.99 - -

Dyresm was also validated on periods of 3 month&0h3 covering an increase in water
temperature, with the same parameter values a®1i8.2500d agreement was also found

between the simulated and the observed temperatueasurements (Figure 52, Figure 53,
Table 15).
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The model was able to simulate water temperaturheste depths with low error. RMSE
ranged from 0.63 °C at 16 m to 1.41 °C at 10 m [@4b). The simulated water temperatures
were overestimated at 1 m depth between 15 Julyl&n@flugust and underestimated at 7 m
between 15 May and 30 July. High deviations betwspnlated and measured temperature
also occurred on the thermocline between 7 and 1&8epths due underestimation by the
model.

Figure 52 compares model simulations and daily ayewvertical temperature profiles over
the top 20 m, with a time interval of one week ©il3. The errors at the thermocline are
smaller than in 2012.
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Figure 52 Observed (blue stars) and simulated (relihe) daily average temperature profiles in Karaoun
Reservoir during 2013
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Figure 53 Comparison between water temperature measements and simulations at different depth in

2013. The red line represents the 1:1 line with dape of one and an intercept of zero, indicating perfect
fit.

5.5 Biological model calibration and validation

During 2012, Aphanizomenon ovalisporurhbloomed twice, in June and October while
Microcystis aeruginosdloomed once between August and September. Thelmat able

to catch the first peak oAphanizomenon ovalisporutmiomass in June and the decrease
between July and September with correct magnitudk teming at 1 and top 10m depths
(Figure 54 and Figure 55). The model did not cagiokcisely the seconfiphanizomenon
bloom in October but it showed thaphanizomenon ovalisporubiomass increased between
October and November. Correlation ranged betweéf a4t 10 m depth and 66 % at 5 m

depth. The mean absolute percentage error (MARedbetween 19 % at 1 m and 22 % at
10 m depth (Table 16).

The simulatedMicrocystis aeruginas biomass was comparable to the observed biomass at
the three simulated depths, 1, 5, 10 m and top 1Figure 54 and Figure 55), with low
RMSE and high correlation (86% at 5 m depth 91 %0Q@mh depth). MAPE ranged between
14 % at 1 m and 58 % at 10 m depth (Table 16).
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Figure 54 Observed (symbols) and modelled (linesyanobacterial concentrations at different depths in

Karaoun Reservoir in 2012. Error bars represent eror from phycocyanin conversion to Chlorophyll-a.
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Table 16 RMSE (ug LY), MAPE (%) and R? between cyanobacterial biomass measurements and
simulations at different depth in 2012 (24 May to 2 November 2012, 6 months) and 2013 (15 May to 21
August 2013, 3 months). Uncalculated (-).

Year 2012 Year 2013

M. aeruginosa A. ovalisporum M. aeruginosa A. ovalisporum
RMSE| R® | MAPE |RMSE| R® | MAPE |RMSE| R* | MAPE | RMSE| R® | MAPE
ng L % | pgL?t % | pgL?t % | pgL?t %
1m 26 | 087 14 38| 0.50 19 56 | 0.69 22 04 | 053 25
5m 14 | 0.86] 19 21| 0.66 21 56 | 0.77] 24 5 | 043 27
10 m 13 | 0.91] 58 18| 0.7 22 16 | 0.56 24 25 | 064 -
Topl10| 12 | 0.94| 11 21 | 0.5p 22 38 | 0.66 19 2 05| 27
m

The model showed good performance on the validggeriod of 15 May - 21 August 2013 (3
months) that covered cyanobacterial bloom domindigdVicrocystis aeruginosan the
absence oAphanizomenon ovalisporublooms (Figure 56)The model was able to catch the
low concentration or the absenceAgthanizomenon ovalisporubloom at 1, 5, 10 m and top
10 m (Figure 55 and Figure 56). The RMSE was betvie¢ and 5 pg . Correlation ranged
between 43 % at 10 m depth 64 % at 5 m depth. MAPBed between 25 % at 1 m and 192
% at 10 m depth (Table 16).

The model simulated thdicrocystis aeruginosdloom with correct magnitude and timing at
1 m. However, it underestimated thkcrocystis aeruginosgeak on the end of July at 5 m

depth. The RMSE was low, between 16 and 56 figdorrelation ranged between 56 % at 10
m depth 77 % at 5 m depth. MAPE ranged between 2 %m and 24 % at 5 and 10 m

depths (Table 16).
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Figure 56 Observed (symbols) and modelled (linesyanobacterial succession at different depths in
Karaoun Reservoir during 2013. Error-bars representerror from phycocyanin conversion to

Chlorophyll-a.

5.6 Succession of Aphanizomenon ovalisporum and Micrstiy
aeruginosa according to DYRESM-CAEDYM

Changes in the growth and successionAphanizomenon ovalisporurand Microcystis
aeruginosaat 1 m in response to water temperature, lightraridents are presentedfigure

57 and Figure 58. | In 201Aphanizomenon ovalisporumitial concentration was about 35
g Chl-a * while Microcystis aeruginosavas less than 5 pg Chl-&Lin the first month (24
May and mid Junefphanizomenon ovalisporumas not limited by temperature and light
and its production was at maximum (0.55 as chosérable 14). This resulted in an increase
in its concentration to about 100 pg Chl-&. [Between mid June and mid September,
stronger limitation by temperature accompanied \pighods of light limitation resulted in a
continuous decrease Aphanizomenon ovalisporucencentration down to 10 pg Chl-# In
mid SeptemberAphanizomenon ovalisporuthen increased again to 25 pg Chl-aih the

end of October when water temperature became fabti(Figure 57).
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Figure 57 Variation of daily average cyanobacteridiomass and its growth rate at 1 m based on limitéin
by different variable during 2012; presented data ee from Caedym output file (CYANO.WC)

In the first two weeksMicrocystis aeruginosavas not limited by temperature and light, this
allowed an increase in its production (Figure 37ght limitation due to photoinhibition or
competition with Aphanizomenon ovalisporummay have decreased its production. Good
growth conditions resulting from favourable temperas and few light limitation periods
resulted in the increase M. aeruginosaconcentration that reached its maximum in the end
of August. Microcystis then continuously decreased to less than 5 pgaCht- when
temperature became less favourable between Septeamuok October (Figure 57). The
production rate oAphanizomenois lower than that oMicrocystisbut it dominated in June
because its initial concentration in 24 May washhighile that ofMicrocystis aeruginosavas

below detection limit.
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Figure 58 Daily average simulated concentrations ahgrowth limitation factors of Aphanizomenon

ovalisporumand Microcystis aeruginosan 2013

Between mid May and 10 June 2013, temperatureightiwere not limiting and resulted in
maximum production for both cyanobacteria that wadrgery low concentration, 2 ug Chl-a
L™ in mid May (Figure 58). Higher maximum productiohMicrocystis aeruginosaesulted
in its dominance during favourable temperature layid conditions. The lower growth rate of
Aphanizomenon ovalisporumid not permit it keep up wittMicrocystis aeruginosait
reached a maximum at 5 pg Chl-3, lthen it decreased due to temperature limitatidgute
58).

5.7 Model performance

DYRESM-CAEDYM model simulations of water level, veatemperature and cyanobacterial
biomass were satisfactory. Differences between lstedi and observed water levels ranged
between 0.4 and 0.7 m during the study period. RM&SE of simulated water temperature at
different depths ranged between 0.2 and 1.4 °C.théenal model performance was mostly

comparable to, and sometimes better than, previopsblished applications of Dyresm
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(Table 17). RMSEs of 1.4 °C and 0.9 °C were rembimethe epilimnion and hypolimnion of
Lake Ravn, Denmark (Trolle et al., 2008); 0.48 ACEIl Gergal reservoir, Spain (Rigosi et al.,
2011); around 1 °C at surface and bottom in LakenKret, Israel (Gal et al., 2003) and 2 °C
at the bottom of Lake Pusiano, Italy (Copetti et 2D06) and 2 °C as well in Clearwater
Lake, Canada (Tanentzap et al., 2007) (see Table 17

Table 17 Dyresm water temperature RMSES in previodg published applications. (-): not found.
Lake name RMSE at epilimnion RMSE at References

°C hypolimnion °C

Lake Ravn, Denmar 14 0.9 (Trolle et al., 2008)
El Gergal reservaoir, 0.48 - (Rigosi et al., 2011
Spain
Lake Kinneret, Israe 1 1 (Gal et al., 2003
Lake Pusiano, Italy - 2 (Copetti et al., 2006)
Clearwater Lake, - 2 (Tanentzap et al.,
Canada 2007)

DYRESM-CAEDYM was already applied, on a long periodabout 7 years, to simulate
annual succession betwe&phanizomenon ovalisporuamdMicrocystis aeruginosan Lake
Kinneret, Israel (Gal et al., 2009). In their apption, CAEDYM configuration was highly
complex and contained many parameters to simulateonly phytoplankton but also
nutrients, dissolved oxygen, pH, zooplankton anctdya. Also, the correlation coefficients
between model simulations and measurements of dheeatrations averaged over the top
10 m were 31 % foMicrocystisand 50 % forAphanizomenoiiGal et al., 2009), lower than
in our application that uses simplified Caedym pgses: 66 % - 94 % fdicrocystisand
50 % - 56 % forAphanizomenofirable 16).

5.8 Model limitations

The differences between the model simulations dsg¢twed measurements can be attributed
to the meteorological data measured at a 40 krat&ion, errors in observed measurements,
the one-dimensionality of DYRESM-CAEDYM and the deeation of some model

processes.
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The model simulated changes in water level withdgprecision (error less than 1 m for an
annual variation of 25 m) even though the dataredténto the model were not complete.
They did not include the leakage discharges thrdkiglaoun dam, ground water seepage,
evaporation and additional inflows by springs a¢ thottom of Karaoun. Error due to

evaporation is minor; calculated evaporation in s@nwas negligible in comparison to

inflow and withdrawals (Chapter 3). Also, severald and technical errors could have
increased the RMSE. Technical errors made duriegctimstruction of the bathymetric map
can increase the RMSE. Errors made while notingewétvel values at the graduated
spillway could have participated in increasing RMSE. A 1 cm error for a reservoir of 12

km? corresponds to an average daily inflow of 1.5sth This error can increase up to 5 cm

by waves during windy weather.

Some deviations existed between simulated and widewater temperatures. At certain
depths, the water temperature was underestimated geriod of a month then overestimated
in the next month. Another marked deviation is tinelerestimation of water temperature at
higher depths (13, 16 and 19 m), which can beeadlti the position of the sensor chain at the
spillway, several meters above the reservoir degpast. The thermocline is known to be
located a bit closer to the surface close to thek®ahan in the middle of a lake. The
meteorological conditions can differ considerablgtween the reservoir and Tal-Amara
station located 40 km in the North, especially wapéed which has a major impact on water

temperature simulations.

A similar observation of temperature overestimatiorthe surface and underestimation in
deep layer between 10 - 30 m was reported in Lakestance due to a lack in diffusion in the
hypolimnion and metalimnion (Hornung, 2002). Inr&@un Reservoir, water temperature
simulations were highly underestimated at the b&gum of the calibration. The introduction
of a wind multiplication factor and the increasetbé vertical mixing coefficient highly
improved our simulations by increasing heat diffnsio the deep layers. The default value of
vertical mixing coefficient in the model is 200,dDin Lake Constance (Rinke et al., 2010),
200 in Lake Kinneret (Gal et al., 2003) and 400_ake Rotorua (Burger et al., 2008). A

vertical mixing coefficient of 2500 worked best #&araoun Reservoir.
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Errors in reservoir geometry entered to the mod®y tve another cause of uncertainty. With
imprecise geometry, the model will not represemteztily the physical processes of transport
and mixing which may be linked to the lake geoméRigosi and Rueda, 2012)

Phytoplankton represent an important feeding sofocenany herbivores that inhabit water
bodies as the zooplankton, zebra mussels and plardis fish. Grazing can cause a loss in
the phytoplankton groups including cyanobacteriaaig/ et al., 2010a; Zhang et al., 2009).
The effect of zooplankton grazing on cyanobactdsiaimass was partly compensated in the
model by increasing the loss rate, but this is sudficient as zooplankton biomass and
grazing rate varies greatly with time and can dffeganobacteria biomass. Large-sized
Daphinacan consume small-sizddicrocystiscolonies with a diameter generally less than 50
um but they have difficulties in ingesting largezesl colonies. The ingestion rate of
Microcystis aeruginosadepends on the duration of the applicationDafphnia and the
presence of fish that affect the process of grag8agnelle, 2007). It is a complex process,

dependent on the colony size and presence of fish.

Intense wind speed can destroy the thermal statiéin, homogenize the water column and
decrease surface cyanobacterial biomass (Huismah, &004). Inaccuracies in wind speed,
already mentioned, could have resulted in someatievis between simulations and observed

cyanobacteria biomasses.

DYRESM-CAEDYM is a one-dimensional model which coess only vertical variation of
temperature and phytoplankton biomass, supposebeta@onstant on the horizontal. A
decrease or increase in cyanobacterial biomaskingsfitom horizontal transport is not taken
into account by the model. (Humphries and Lyne,8)98und that high rising velocities of
Microcystis aeruginos&ould concentrate them near the surface, and fes@mum formation
and thus losses from wind-driven advection to tbdges. Visible scums at the edges of

Karaoun Reservoir were previously reported by (Atdal., 2013).

Another cause of deviation between simulations aredsurements can be an error in the
measurements. We use the phycocyanin probe torpeffeld measurements and compare
them to model simulations. The used phycocyani@roas a background noise of 0.6 ug
phycocyanin [* (Bastien et al., 2011). The phycocyanin probe measthe phycocyanin

pigment and not chlrorphyll-a as given by modelidations. Phycocyanin measurements are
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then converted to chlorophyll-a pigment using astant phycocyanin to chlororphyll-a
conversion ratio to be compared with cyanobactéi@mass unit given by the model.
Phycocyanin to chlororphyll-a ratio in cyanobaakwells varies due to physico-chemical
variation in their growth mediums (Foy, 1993). Esralue to conversion of phycocyanin
pigment and phycocyanin probe measurements incrtb@seeviation between simulations

and measurements.

The complexity and diversity of environmental preses and their variability within and
between species represents an enormous challengaddels attempting to forecast the
occurrence of cyanobacterial blooms at the scalehole waterbodies. Currently, models can
capture only a subset of the processes and speeaiemmeters necessary to predict
successional sequences within and between cyamoiahcpecies and other phytoplankton.
Thus capturing the seasonal succession of cyaraimdhrough a growing season still
remains a challenge for the foreseeable futureafpuwatic ecosystem models attempting
quantitative predictions of cyanobacterial bloorivkdels that incorporate the collapse of
blooms when mediated by biotic factors (e.g. inéectand or grazing) will be particularly
useful (Trolle et al., 2012). Furthermore, life l&ystrategies of overwintering and akinete
formation and germination are mostly poorly capduesd yet are critical to the survival
strategy of many cyanobacteria (Sommer et al., R0Qantitative modelling of the
environmental triggers for benthic life cycle stage largely unexplored and should be
addressed for a more complete understanding dfitgers leading to cyanobacterial blooms
(Catherine et al., 2013).

5.9 Conclusion

Unlike most complex model configurations that siataltotal chlorophyll concentrations or
test scenarios, a simplified version of DYRESM-CARD was applied to simulate the
succession between cyanobacterial species. Dynesuatased variation water level and water
temperature with high precision. A simplified Caedyersion, based on water temperature,
light limitation and cyanobacteria vertical migati simulated cyanobacterial biomass with

correct magnitude and timing.
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The model results suggest that higher maximum ptoolu of Microcystis aeruginosauring
favourable temperature and light conditions allow#dto outgrow Aphanizomenon
ovalisporum It will help to test management scenarios to cedolooms ofA. ovalisporum
and M. aeruginosain Karaoun Reservoir. This modelling approach ddm¢ transposed on
other eutrophic lakes and reservoirs to describe tompetition between dominant
phytoplankton species, contribute to early warrsgygtems or be used to predict the impact of
climate change and management scenarios.
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General conclusion

The objectives presented at the beginning of thewusaipt, aimed to increase the
understanding of the dynamics of cyanobacterialom® through the analysis of field

measurements and hydrodynamic ecological modeliage been met.

Karaoun Reservoir that strongly stratifies betwbky and August was found eutrophic with
a low biodiversity, only 30 phytoplankton specie2D12-2013. Changes in its phytoplankton
community were found to be a result of interplayween water temperature, stratification,
irradiance and nutrient availability. Thermal dfreation established in spring reduced the
growth of diatoms and resulted in their replacem®ntmobile green algae species during
high nutrient availability and water temperaturesvér than 22 °C. Cyanobacterium
Microcystis aeruginosalooms occurred during summer at water temperatigker than
25 °C and low nutrient concentrations. At water penature lower than 23 °C and after a
period of nitrogen limitation, blooms of cyanobaaien Aphanizomenon ovalisporum
dominated in weakly stratified conditions in eadytumn. Unlike its growth conditions in
subtropical reservoirs, dinoflagella@eratium hirundinellabloomed in mixed conditions, at

low light intensity in late autumn at 19 °C.

Comparing Karaoun Reservoir to other Mediterranashwater bodies, its environmental
status matched more with El Gergal Reservoir (9phemn with natural lakes, Lakes Kinneret
in Israel and Trichonis in Greece. Karaoun resergaifers from a lower phytoplankton
biodiversity and higher nutrient concentrationsd amares with them toxic cyanobacterial
blooms of Aphanizomenon ovalisporummccurring in spring and autumn, aiicrocystis
aeruginosain summer. The yearly water level fluctuations kEmger in Karaoun Reservoir
than in these other lakes and reservoirs. The ldegeease in water level in the dry season
with others factors like a high nutrient influx ethow rainfall rate and thermal stratification
result in a very poor phytoplankton diversity. Thisakes Karaoun Reservoir a very
interesting example of what would be the resporis¢he phytoplankton community to
decreases in water levels due to increasing dropgdds in other lakes and reservoirs in a

Mediterranean climate.
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Detailed analysis of 2012 — 2013 campaign resthitsved thatAphanizomenonvalisporum

is an ecologically plastic species that was obskmeall seasons. Water temperature higher
than 25 °C favours cyanobacteriudicrocystis aeruginosahat outgrowsAphanizomenon
ovalisporumin summer. Unlike the high temperatures, abové@6which is associated with
blooms ofAphanizomenownvalisporumin Lakes Kinneret (Israel), Lisimachia and Trickgon
(Greece) and Arcos Reservoir (SpaiAphanizomenomvalisporumin Karaoun Reservoir
bloomed in October 2012 at water temperature of °€2 during weak stratification.
Cylindrospermopsin was detected in almost all seampéven whenAphanizomenon
ovalisporum was not detected. Aphanizomenon ovalisporum biovolumes and
cylindrospermopsin  concentration were not correlatth = 31, B = - 0.05).
Cylindrospermopsin reached a concentration of 7L, higher than the drinking water
guideline value of 1 ugt of the World Health Organization. The toxin veafiprofiles
suggest its possible degradation or sedimentagsalting in its disappearance from water
column. The field growth conditions djphanizomenonvalisporumin Karaoun revealed that
it can bloom at subsurface water temperature asdew22 °C, increasing the risk of its

development and expansion in temperate lakes aedvars.

Unlike highly complex hydrodynamic models that riegs large input data; in this work we
applied a simple model that requires only initipisfiles of temperature and cyanobacterial
biomass to be run. The applied simplified versibD¥RESM-CAEDYM on years 2012 and
2013 gave good results of water level, thermalctting and succession between the two
cyanobacterial specieblicrocystis aeruginosandAphanizomenon ovalisporunihe model
performance was satisfactory and sometimes béider, previously published applications of
DYRESM-CAEDYM. Based on model outputs successiotwbenMicrocystis aeruginosa
and Aphanizomenon ovalisporumvas highly dependent on growth rate and water
temperature. Higher growth rate of allowMicrocystis aeruginosato outgrow
Aphanizomenon ovalisporum summer when water temperature higher than 2%a%Gurs

Microcystis aeruginosand limitsAphanizomenon ovalisporum

Unlike Lake Kinneret that contains a rich databasethe evolution of its water quality,
phytoplankton dynamics and ecological modellingyrd€an Reservoir was poorly studied
since its construction. This is the first study ttlhaports phytoplankton dynamics and

calibrates a hydrodynamic-ecological model on Karaorhe results of this thesis provide
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important background data for the Lebanese wateragement authorities who aim to use
high volumes from this reservoir for drinking watamoduction and irrigation. Continuous
changes in Karaoun Reservoir hydrology, industaald agricultural activities in its

catchments affect their quality. Thus, continuousnitoring of the trophic state and

phytoplankton community in Karaoun Reservoir igical for its management and to follow
its evolution. The toxin cylindrospermopsin wasedé¢d in Karaoun Reservoir. However, a
precise quantification of microcystin was not agbi Monitoring of these toxins and
characterisation of the genetic sequenceAphanizomenon ovalisporumnd Microcystis

aeruginosawvould be of a great value in the future.

In this thesis, we just mentioned the dominant fdfon species that was detected in 2012-
2013 campaigns. A regular monitoring and estimatiérthese microorganisms is highly
recommended to estimate their potential to causs late of phytoplankton species in

Karaoun Reservoir.

One of the research limitations in this thesis wees low frequency of field monitoring. A
biweekly monitoring did not allow catching detadé nutrient and phytoplankton dynamics.
We recommend a future application of high frequemmnitoring as in Grangent Reservoir
using an autonomous buoy that performs meteorabgieasurements and profilers of water
temperature and phytoplankton biomass. Details tathigi system are presented in Appendix
A.

The hydrodynamic-ecological modelling of Karaours&woir is not finished; a list of further

work can be done. We suggest to:

e Simulate other phytoplankton groups, zooplankt@zigig and toxin production,

« Couple DYRESM-CAEDYM to a catchment model that csimulate nutrient
influxes,

e Test which management scenarios (mechanical déstst regulated withdrawal,
reduced nutrient influx, etc) can improve waterlgya

* Evaluate how Karaoun Reservoir will respond to desnin its environmental (higher
nutrient influxes) and climate (longer drought pds, higher temperature, etc),
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* Apply a 3D model on 2012 — 2013 Karaoun measuresremd using a spatially more

complete database when available.
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Appendix A: Field measurement and laboratory amslysotocols

Appendix A: Field measurement and laboratory analkygrotocols

I. Chlorophyll-a analysis

Chlorophyll-a analysis consists of filtration, exdtion, and spectrophotometer absorbance
measurement.

Chlorophyll-a filtration

This step should be carried out as much as possildiev temperature and in dim light to
prevent photodecomposition, also all the glasswshmild be clean and acid free in order to

prevent the chlorophyll —a- degradation into pheoiph

Rinse the Erlenmeyer flask by sample water

- Take a volume and note it, this taken volume camgeafrom (50 to 1000 ml),
depended on the sample concentration.

- Filter using GF/C filters (porosity 0.45 um). Yoarcuse cellulose acetate as well.
Cellulose acetate is easily dissolved in acetonét lsauses the filter is blocked during
filtration while GF filter does not get block

- Wrap the filter and place it in 15 ml Falcon tube

- Wrap the tube by aluminium foil to avoid photo-dadmtion of Chlorophyll-a

- Freeze it at -20°C until extraction by acetone 90%

Chlorophyll-a extraction

Several reagents can be used for extraction inoduanethanol, dimetil-sulphate and acetone.
However acetone is the best choice since it prevéme increase of the chlorophyll-a
degradation products

- Add 10ml of 90% acetone (100 mL of distilled wabeought to 1 L in a volumetric
flask with pure acetone).

- Place each tube in an ultrasonic bath, which haa Ipeeviously filled with water and

ice, for 20 minutes.
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- Shake the samples well because this is very impor(and easily forgotten),
otherwise the extract will remain concentrated acbthe filter.
- To reduce the turbidity, you can choose betweenammns:
1. Filtration: the extract is filtered, with glass sge before pouring it in the
cuvette to analyse filter the entire contents ofigie through a GF/C (47 mm)
filter, directly into cuvette used for analysis.
2. Centrifugation: After extraction, the tube was cénged at 3500 rpm for 10
min to eliminate suspended particles.
- In our case we have performed tf& @tion, centrifugation.
Intensity measurement using Spectrophotometer
- Turn on the spectrophotometer, and select the selkdophyll-a method with
two wavelengths at 665nm and 750nm.
- Perform auto-zeroing by the extract of a cleareffif90 % acetone). After the
auto-zero, perform a measurement and you musteget an both wavelengths
(665nm and 750nm).
- Pour the extracted chlorophyll sample (should reotusbid) in a clean cuvette (2
mL), measure and note the values detected on bawelengths. After noting the
values, add 50 pl of 0.1 N HCL and Read it ohbesavelengths (665nm and
750nm).
- Clean the cuvette by acetone to remove acid trdcgsu are using the same
cuvette for all samples.
Chlorophyll-a calculation method
Lorenzen method are used for calculation of chloytipa and pheophytin-a estimated by
spectrophotometer.

Ca = 27[(As665-A750)-(AB65-A750)]*(V/L*V), Where:
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* C,is the concentration of chlorophyll-a in microgaper liter in the analysed water
sample.

* Ay665 and A750 are the absorbance at 665nm and 750 nm befoliécation.

* A 665 and A750 are the absorbance at 665nm and 750 nm aitification.

* vis the volume of the solvent initially used fottraction, in millilitres.

* Vs the volume of filtered water, in liters.

» L is the optic course of the cuvette used, in ceeties.

* 27 is afactor determined experimentally.

Pa = 27*[1.7*[(A665-A,750)-(A665-As750)]*(V/L*V), Where:

* P, is the concentration of Pheophytin-a in micrograes liter in the analysed water
sample.

e A665, A750, A665, A750, v, L and V are the same as in the chloropdyll-
determination equation.

* The 1.7 is a coefficient determined experimentally.

[I. Nutrient analysis

Nitrogen analysis by Palintest
- Fill a tube with the filtered sample to the 20 ndnig

- Add one spoon of nitratset powder and one nitragdset, do not crush the tablet,
add a cap to the 20 ml tube, shake the tube welbfi@ minute, then allow the

contents to settle,

- Use GF filter paper to filter the solution preparedhe 20 ml into a 10 ml test

tube,

- Take the filtrated 10 ml tube; add one nitrocoleéabrush and mix to dissolve it,

199



Appendix A: Field measurement and laboratory amslysotocols

Wait for 10 minutes,

Prepare 10 ml blank (tested sample without anytimahdi),

Operate the machine, enter the code for nitrogeichwis 23 or the code of nitrate
63, choose a file number, perform auto zero byblhek, then put the sample we

prepared and the result will appear in mg/l .

Phosphorus analysising colorimetric ascorbic acid method

Before beginning, assess the amount of combinegergs required to analyse
samples in duplicate, the standards (8 tests)rakil(0 g / L) and 2 controls (eg
50 mg /L), providing at least two control testepdnding on the set of samples to
be analyzed,

Consider the total phosphorus and particulate gharsgs if the assay should be
performed (it takes 5 mL of combined reagent peaws so in particular provide
the necessary volume of ascorbic acid,

Put the KHPO, powderin the oven in order to dry before the preparatbrhe
phosphate solution used for standards,

Provide glassware, pipettes and the spectrophogrroeli (50 mm).

Needed materials

Volumetric flasks: two 250 mL flasks (one for the@timer solution and another for
daughter solution, two 250 mL flasks for tartramel anolybdate, one 500 mL flask
for H2SO4 (5N), one for ascorbic acid (eg. 100 mlLnwre depending on the
volume of needed ascorbic acid),

Graduated cylinders (for the preparation of comdbireagent)

Beakers and Spatula
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Pipettes / ripettes and accessories for the préparaf the dosage range and
Glass tubes with screw cap and preferably two mamnk&0 and 25 mL

UV-visible spectrophotometer

Required reagents for both orthophosphate and totgbhosphorus samples

Sulfuric acid 5 N, prepared depending on the comagan or content of acid. If
H,SO, 95% (17.822 M), take 70 mL of concentrated acid ditute to 500 mL
with ultrapure water. If 98% 50O, (18.385 M), take 68 mL of concentrated acid
and dilute to 500 mL with ultrapure water. The @uegion of sulfuric acid must
be done with great care by the addition (in sma#riities) the concentrated acid
into the water and not the inverse.

Potassium tartrate and antimony K (SbQH£De.1/2H,0: weigh 0.68575 g and
dissolve in a volumetric flask of 250 mL with ul@e water. The solution is then
stored in a glass bottle at 4 °C.

Ammonium molybdate (NipsMo0,024.4H0: weigh 10 g and dissolve in a
volumetric flask of 250 mL with ultrapure water. @ Bolution is stored in a glass
bottle at 4 ° C.

Ascorbic acid 0.1 N: weigh 1.76 g of ascorbic aamtl dissolve in a volumetric
flask of 100 mL with ultrapure water (this amoumincprepare about 300 mL of

combined reagent). The solution is stable for oeeknat 4 °C.

Combined solution applied to both orthophosphate ah total phosphorus samples

The combined reagent is stable about 4 hours (4 it @ applied to both orthophosphate and

total phosphorus samples. To prepare 100 mL of cwedbreagent, we use graduated

cylinders and pipettes to mix the reagents in tideroshown below:
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- H2SO, (BN): 50 mL
- Potassium tartrate and antimony: 5 ml
- Ammonium molybdate: 15 mL

- Ascorbic acid: 30 mL

Phosphate Mother Solution "SM" (50 mgP / L)

This solution is preferably to prepared at the tiofeemployment, by using the reagent

KH,PQO, (previously dried in an oven).

This mother solution of 50 mgP / L is prepared flaak of 250 mL as follows:

- Weigh 0.0549 g of KH2PO4

- Introduce the mass weighed into a 250 mL flask¢dreful not to lose any of the
weighed KHPO,

- Dissolve the KH2PO4 in ultra-pure water, add 0.2b af H2SO4 (5N) and

complete the remaining volume with ultrapure water.

Daughter solution "DS" or standard phosphate soluton (0.20 mgP / L or 20GugP / L)

This solution of 20QugP / L corresponds to a dilution of 250 times @& thother solution; it

is prepared at the time of use in the following mem

- Fill half a volumetric flask of 250 mL with ultrapel water
- Add using a pipette 1 mL of the phosphate mothkrtiem "SM"

- Complete the remaining volume with ultrapure water.

1 mL of this solution contains ORP.

Determination of ortho-phosphate: Colorimetric ascaobic acid method
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Ammonium molybdate and antimony potassium tartraget in an acid medium with dilute

solutions of phosphorus to form an antimony-phosplodybdate complex which is reduced

to an intensely blue-colored complex by ascorbid.aColor is proportional to phosphorus

concentration.

Preparation of the standard curve

The daughter solution qigP 200 / L is the one used for the preparationhef gtandard

concentration range. An example of a standard rdrayg 0-200ugP / L can be adapted

according to the concentrations measured in theplesmn The table below shows the

procedure for the preparation of this range:

[P-POq4] (ugP/L) | Volume of « DS» (mL) | distilled water volune (mL) | Total volume (mL)
0 0 20 20
5 0,5 19,5 20
10 1 19 20
20 2 18 20
50 5 15 20
100 10 10 20
150 15 5 20
200 20 0 20

It should be noted that the volume of the daugébdution should be collected using pipettes.

While the volumes of ultrapure water can be conggleeither manually or by pipette

depending on the type of the glass tubes:
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- If the glass tube is marked at 20 mL and 25 mL,vbleime of ultra-pure water
can be completed up to 20 mL using a wash botttistiled water.
- If the glass tube has a single mark of 25 mL, thkeiwme of ultra-pure water must

be complete to 20 mL using pipettes.

Determination of the standard concentration curve

Once the volume of the different concentrationshef standards range is made up to 20 ml,

we have to:

- Add 5 mL of combined reagent using a pipette (tbriwme in the tube typically
reaches the mark at 25 mL)

- Close the tube and shake vigorously

- Allow to react

- Read the absorbance or optical density (OD) atr88010 to 30 minutes after the

addition of the combined reagent.

Phosphate standard calibration curve

250

y = 336.85x + 0.1627
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o
©
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o
=
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Figure 59 Example of orthophosphate standard calilation curve
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It should be noted that the spectrophotometer shibelturned on and prepared at least 30 to
60 minutes before the start of measurement. Thetrgpdotometer cell should be rinsed with

the standard concentration you want to measure.

Phosphorus quantification in orthophosphate samples

- Introduce 20 ml of sample previously filtereddbgh filters made of cellulose acetate with a

pore size of 0.45 mm; in a marked glass tube:

= Either directly from the sample bottle to the 20 mhrk, if the tube is marked on 20
mL and 25 mL,

= Or use a pipette, if the tube is not marked

- Add 1 drop of phenolphthalein, and if it turnslredd a drop of 5N $$0, (or necessary

volume) to make the color disappear

- Add 5 mL of combined reagent using a pipette {tbleme in the tube typically reaches the

to 25 mL mark if the tube is marked)

- Close and shake vigorously

- Allow to react

- Read the absorbance or optical density (OD) atr88 between 10 and 30 minutes after the

addition of the combined reagent.

It should be noted that the spectrophotometersteluld be rinsed with the sample at the time
of filling. Thus, in order to check the stability the spectrophotometer in time and prevent a

possible drift, it is advisable to prepare blankd aontrols (eg. a tube with concentration of
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50 ugP / L). Blank would go at the beginning of theiegiand the control sample at the end of

the series.

Determination of total phosphorus: Mineralization o ammonium persulfate in an

autoclave (Colorimetric ascorbic acid method).

This method is a persulfate oxidation techniquepfowsphorus where phosphate is the sole
phosphorus product after acidic conditions areeaahd following further autodecompositon

of the persulfate in the heated oxidation tubes.

Ammonium molybdate and antimony potassium tartreéet in an acid medium with dilute
solutions of phosphorus to form an antimony-phosmiadybdate complex which is reduced
to an intensely blue-colored complex by ascorbid.a€olor is proportional to phosphorus

concentration.

Reagents required for mineralization step

In addition to the colorimetric reagents, we mustpare mineralization reagents as the

following:

- Strong sulfuric acid k8Oy: carefully add 30 mL of concentrated H2SO4 in @0 m
of distilled water and complete it up to 100 mLdgtilled water.

- Ammonium persulfate (N »S,0s 20%: Weigh 20 g of ammonium persulfate,
dissolve in distilled water and complete it up 6InL by distilled water.

- NaOH 10 N: Weigh 40 g of NaOH, dissolve in distllleater and complete it up
to 100 mL by distilled water

- 1% alcoholic phenolphthalein: if you do not haverapared one, prepare it by

adding 1 g of phenolphthalein in 100 mL of 96% atila
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Mineralization of samples

Mineralization is performed on raw unfiltered saa®lin the following manner:

- Used for numbering of tubes a marker that resigt vapors and autoclave.

- Shake the raw sample, if the glass tubes areadask 20 mL and 25 mL, pour 20 mL of
lake sample in the tube up to the 20ml mark. Howeif¢he glass tubes are marked only to

25 mL, add 20 mL of Lake Sample by using a pipsttake each sample before pipetting

- Add 0.5 mL of strong acid using a multipette dfsgible (use a syringe of 12.5 mL, attention

to set the multipette to the desired volume).

- Add 1 mL of ammonium persulfate using a multipettpossible (use a syringe of 12.5 mL,

attention to set the multipette to the desired nay

- Provide 2 blanks with distilled water and 2 coigr(standard concentration: 106P / L) in

the series of test sample.

- Close the tubes without screwing the cap.

- Place the tubes in a metal rack and put in ancéaxe for 45 min at 130 ° C (although check

the level of distilled water in the autoclave befoise)

- Cool tubes before proceeding to the other stépssage.

- Add a drop of phenolphthalein.

- Adding 10 N sodium hydroxide, many times usingmailtipette if possible during

uncontinuous vortexing, until you get a slight potdor
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- Discolor immediately with a drop of strong sulturacid H2SO4using a multipette if

possible

- Complete with distilled water until the 25 ml rkar

Preparation of the standard concentrations range

The daughter solution qigP 400 / L is the one used for the preparationhef gtandard

concentration range. An example of a standard rdraye 0-400ugP / L can be adapted

according to the concentrations measured in thepkssmn The table below shows the

procedure for the preparation of this range:

[P] (MgP/L)

Volume « DS » (mL)

Volume of distilledwater (mL)

Total volume (mL)

0 0 20 20
10 0,5 19,5 20
20 1 19 20
50 2,5 17,5 20
100 5 15 20
200 10 10 20
300 15 5 20
400 20 0 20

It should be noted that the volume of the daugébdution should be collected using pipettes.

While the volumes of ultrapure water can be conegpletither manually or by pipette if the

type of the glass tubes:.
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- If the glass tube is marked at 20 mL and 25 nhie, Yolume of ultra-pure water can be

completed up to 20 mL using a wash bottle of destilvater.

- If the glass tube has a single mark of 25 mL, vbhkime of ultra-pure water must be

complete to 20 mL using pipettes.

- The tubes must be numbered with a marker thatsesutoclave and acid vapour.

Mineralization of the standard concentrations range

It should be noted that the standard concentratiange must be mineralized (even if it
contains only dissolved phosphates) as the cafieeadgamples. Mineralization is carried out

on each volume of 20 mL of standard concentratrange in the following manner:

Add 0.5 mL of strong acid using a multipette if piide (use a syringe of 12.5 mL, attention

to set the multipette to the desired volume).

- Add 1 mL of ammonium persulfate using a multipettpossible (use a syringe of 12.5 mL,

attention to set the multipette to the desired na

- Close the tubes without screwing the cap.

- Place the tubes in a metal rack and put in ancéaxe for 45 min at 130 ° C (although check

the level of distilled water in the autoclave befoise)

- Cool tubes before proceeding to the other stépssage.

- Add a drop of phenolphthalein.

- Adding 10 N sodium hydroxide, many times usingmailtipette if possible during

uncontinuous vortexing, until you get a slight potdor
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- Discolor immediately with a drop of strong sulturacid H2SO4using a multipette if

possible

- Complete with distilled water until the 25 ml rkar

Determination of the standard concentration curve

Once the volume of the different concentrationshef standards range is made up to 25 ml,

the range can be measured after we:

- Add 5 mL of combined reagent using a pipette

- Close the tube and shake vigorously

- Allow to react

Then, read the absorbance or optical density (@B3@ nm between 10 and 30 minutes after

the addition of the combined reagent.

total phosphorus standard calibration curve
450 -
400 1 y= 401.525x +0.2151
— RZ=1
= 350 |
o
= 300 -
S 250 |
2
S 200 -
3
£ 150 -
8 100 |
e
50 -
O T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2
Absorbance
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It should be noted that the spectrophotometer shibelturned on and prepared at least 30 to
60 minutes before the start of measurement. Thetrgpdotometer cell should be rinsed with

the standard concentration you want to measure.

[ll. Phytoplankton counting

The Nageotte chamber contains two gridded courdiegs each containing 40 rectangular
areas. Nageotte chamber accepts 100 mL as a ®@tamL in each grid. Each Nageotte
chamber grid consists of 20 bands. Each band Hasgth of 10 mm, width of 0.25 mm,

height of 0.5 mm, and volume of 1.25 ul (Figure.60)

|
>« 001
10mm

A
A A

10mm

Figure 60 Two gridding counting areas of Nageottehmamber
Counting procedure

- Moisture the edges of the Nageotte chamber (Fi§liyavith water or saliva using
your finger, to ensure good adhesion of the reesabler slip to the nageotte

chamber.
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- Place the cover slip on the edges of nageotte chaar press lightly to ensure

its good adhesion.

Edges of the
’Nageotte chamber

Two gridded
—— counting areas

Figure 61 Nageotte chamber

- Homogenise the subsample taken from sampling Batleifferent depths.

- Use a Pasteur pipette (or equivalent) to inserptb0f the sample on each, the
entire area bounded must be covered by the samgl¢éha suspension should not
overflow into gutters

- Wait about 10 min to allow the sedimentation of goiyankton cells

- Before counting, make an observation on the x1@atije, not only to locate the
grid but also to verify that the cells to be coungge distributed homogeneously,
if homogeneity is deemed insufficient must starbaer again.

- If the sample is homogenous, go to the x40 lerstad count.

- Itis recommended to count phytoplankton cells amed in at least four strips.

- Each strip has a volume of 1.25, counting foupstrs equivalent to 5 pl (1.25 pL
x4 =5 pl).

- It may be necessary to dilute the liquid, do nagéb the dilution factor when

calculating.
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- Count all phytoplankton cells, note down the volucoented (eg. V = 10 pL if 8
bands were counted), and the number of each playtkign species counted in

this volume (10 uL).
Calculation method
The number cells of a phytoplankton species in fitample is calculated as the following:
N=(n/V)d, where

- V: Counted volume (V =5 uL if 4 bands were couted
- n: the number of cells of a phytoplankton specmsted in the volume V

- d: dilution factor (if the sample was diluted)
(eg.ifd=1,n=72,V=5pL), N =(72/5) x 114 cellsfiL

Biovolume calculations

The cell biovolumes means of each phytoplanktoncisgeare measured under upright
microscope. Field samples fixed by 4 % formol wesed for biovolume measurements.
Fixed sample was homogenized and then observedéetalide and coverslip to perform the
necessary measurements (length, width, diameter). ®2arameters to be measured are
defined by the geometry of the species retaine8uy& Liu, 2003.

About 10 measurements are made for each taxonvauasat higher magnification (either x
100 or x 40 objective). The mean volume of eachiqgiignkton species are then calculated in
mm® on an excel sheet listing the different formul8si{ & Liu, 2003) according to cell
shape (cube, cylinder, sphere, etc.).

If we multiply the number of cells found in pL of&h species by its corresponding volume,

we get the species biovolume in fipL.
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Cleaning method

- Immerse 10 to 15 minutes in a water bath
- Rinse with tap water and then distilled water
- Wipe with fine paper towel without rubbing

- Allow to dry in open air for few minutes

- Store away from dust

IV. Cylindrospermopsin analysis by ELISA

The test is a direct competitive ELISA that allotue detection of Cylindrospermopsin. It is
based on the recognition of Cylindrospermopsin fiiscgic antibodies. Cylindrospermopsin,
when present in sample together with a Cylindrospermopsin-HRP aqsocompete for the
binding sites of rabbit anticylindrospermopaintibodies in solution. The cylindrospermopsin
antibodies are then bound bysacond antibody (sheep anti-rabbit) immobilizedhie plate.
After a washing step and addition of thgbstrate solution, a color signal is generateeé Th
intensity of the blue color is inversely propor@nto the concentration of the
Cylindrospermopsin present in the sample. The a@laction is stopped aftersaecified time
and the color is evaluated using an ELISA readée Toncentrations of the samples are

determined by interpolation using the standard ewonstructed with each run.
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1. Cylindrospermopsin ELISA 11. Read absorbance at 450nm by ELISA
(Abraxis) photometer

9. Blue color after addition

4. Add standard, control of color solution 10. Add stop solution
and samples :v

5. Add enzyme ot 1 1] i ,f
conjugate solution o e VT

6. Add antibody solution % 11T

7. Mix for 30 sec then ; ! ,’ I

incubate 45 min
8. Wash by buffer
solution

Materials provided by Abraxis test kit

Microtiter plate coated with a second antibody éghanti rabbit).

Standards (7) and Control (1): 0, 0.05, 0.10, 00250, 1.0, 2.0 ng/mL. Control at
0.75 ng/mL

Antibody solution (Rabbit anti-Cylindrospermopsif)mL
Cylindrospermopsin-HRP, 6 mL

Diluent/zero, 25 mL. Use to dilute samples with camtration above 2 ppb.
Wash Solution 5X Concentrate, 100 mL

Color Solution (TMB), 12 mL

Stop Solution, 2 X 6 mL

Additional needed materials (not delivered by Abrais test kit)

Micro-pipettes with disposable plastic tips (50-280
Multi-channel pipette (50-250L) or stepper pipette with plastic tips (50-2430
Reagent reservoir for multichannel pipettes

Microtiter plate washer (optional)

215



Appendix A: Field measurement and laboratory amslysotocols

- Microtiter plate reader (wave length 450 nm)

- Shaker for microtiter plates (optional)
Test Preparation
Micro-pipetting equipment and pipette tips for ftpey the standards and the samples are
necessary. Use a multi-channel pipette or a stggppette for adding the antibody, enzyme
conjugate, substrate solution, and the stop saluti@rder to equalize the incubations periods

of the standard solutions and the samples on ttie enicrotiter plate.

Adjust the microtiter plate and the reagents tarr@emperature before use.

- Remove the number of microtiter plate strips respliirom the foil bag. The
remaining strips are stored in the foil bag andlagked closed. Store the
remaining kit in the refrigerator (4-8°C).

- The standard, control, antibody solution, enzymgugmate, substrate and stop
solutions are ready to use and do not require anlydr dilutions.

- The wash solution is a 5x concentrated solutionregetis to be diluted with
deionized water. In a 1L container dilute the 5kison 1:5 (i.e. 100 mL of the 5x
wash solution plus 400 mL of deionized water). dHeted solution is used to
wash the microtiter wells.

- The stop solution has to be handled with care esntains diluted E5O,.

Procedure

- Add 50uL of the standard solutions, control or samples the wells of the test
strips according to the working scheme given. Weememend using duplicates or
triplicates.

- Add 50uL of the enzyme conjugate solution to the individuealls successively

using a multi- channel pipette or a stepping pgett
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- Add 50uL of antibody solution to the individual wells sessively using a multi-
channel pipette or a stepping pipette. Cover thésweth parafilm or tape and
mix the contents by moving the strip holder in pidacircular motion on the
benchtop for about 30 seconds. Be careful notitbcgmtents.

- Incubate the strips for forty five (45) minutes@m temperature.

- After incubation, remove the covering and vigorgustiake the contents of the
wells into a sink. Wash the strips four times udimg 1x washing buffer solution.
Use at least a volume of 20 of washing buffer for each well and each washing
step. Remaining buffer in the wells should be reetblyy patting the plate dry on
a stack of paper towels.

- Add 100uL of substrate/color solution to the wells usingnalti- channel pipette
or a stepping pipette.

- The strips are incubated for 30-45 minutes at reemperature. Protect the strips
from sunlight.

- Add 100uL of stop solution to the wells in the same seqeeaxfor the
substrate/color solution using a multi- channekfipor a stepping pipette.

- Read the absorbance at 450 nm using a micropla@Asphhotometer within 15

minutes after stopping the reaction.

V. Phycocyanin quantification by Trios microflu-blu e

Perform the necessary connections:

1. Connect the Trios probe to the RS232 9pin 25 mecabl
2. Connect this cable to the power supply PS101+ Bayu(e 62).
3. Connect the power supply PS101+ box to a USB-Sé&pialommunicate with the

computer
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4. Provide an energy supply for the box to operatdribe probe

Figure 62 Power supply PS101+ box

The power supply PS101+ box is an interface betwieernTrios probe and the computer. In

the front of this box there is 3 LEDS:

1. Power Led lights green to indicate that the systepowered on.
2. CMD LED lights to indicate that the probe is coneelcto the Laptop.

3. Data LED lights to indicate that the data is traittad.

After performing these necessary connections, tieswill produce a red light. However, it

does not perform any measurements before we opgbmtdSDA_XE software.

After we operate the MSDA_XE, we will view a “DeeidMlanager” as shown in Figure 63.
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=|Device Manager

i

| Bl

= On-line
= COmM1

1 0: IPS_482D Control 4_
& 1- MICROFLU_1199

= OFff-line

Properties

[y ]| 2@ (]

Import...

}MCROFLU__11 99 ; Measurement (¥3)

Figure 63 Device Manager Window

If you did not see the Microflu_1199 in online moak in Figure 63, press [scan] or restart

the software.

Mark the newly installed sensor and press [Contmpen the sensors control window.

After pressing control window for microFlu, you Wijet a measurement and control window

as in

Without any further settings the sensor will measo the continuous mode

I=TEY

|MICROFLU_1199 <~ &

Sample | €53 Auto II
|

5.519 ug/I
@ auo | [@ Low @ Hioh |

* [More...]
| Measurement finished |T
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Figure 64 Real time microflu measurement and controwindow

If you need a time-series of the measurement d3gare 65, press the little button in the

upper right of the microFlu control window (in Figu4, marked with a red square).
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- | i Soan | | [MiEROFLL {153 He | DlRol SS JF |l els] Halsls - sl l&
| ¢ ECOH . EE =
g_ ﬁ-'.::ii-‘* — Conkrol Sample | |E5iorn 2 Chary 157, Ganole. Conol insPoing] il
| £ 11
EI © 0 fine | | i1 12
16
= =l | 5.275 pg/1 ]
mpar, || B2 ] [@ 1o @ieh |
» |[Moe .| 3 it
[MessLr=ment frished [- £
a
61 N et [ e e g B e e oopa-or 27
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o ;
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W B 1)
Botom Az - Middie Part - [2010-11-2315:45:11 . 200 0219-23 1 4807 of [2010-11-23 1545:11 ..1\

Figure 65 Time-series measurements on the right

It is preferred to note the phycocyanin concerdratneasurements on your copybook. After

finishing your measurements, you just need toteetMSDA_XE software and disbranch the

connected cables.
Notes:

You should mark the depth on the 25 cable becauss fmicroflu does not contain a

pressure sensor to detect the depth under water.

In case you have a cyanobacteria bloom on the sarfgou can measure the

phycocyanin concentration by keeping the bottoth®fprobe about 10 cm above the

water surface.
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« The MSDA_XE is heavy software, you can expect eoteg shutdown of your

computer.

VI. Starmon temperature sensors, measurement protoc ol

Starmon temperature sensors were installed on ya &udifferent depths, facing the dam and

10 meters on the right side of the spillway (N 38357°; E 35.69165°).

To retrieve the data registered on these sensors:

» Connect the temperature sensors to a USB-seriakected to the Laptop
* Open “Seastar — Starmon” mini program
« In order to recover the measured data, click omeon(in recorder menu)
* And you will get: “The recorder is online, the reder was in sleep mode”
* Press ok.
e Then choose “retrieve data” (in recorder menu)
* And you will get: “Data converted to DAT .file”
e Save the recovered data in a directory you haveerho
* To perform a new series of measurements you camsehone of two methods to start
measurements:
o First method: Choose the “Edit” menu and the “New Measuremegjugece
Definition” command. After the settings have beetested, press the “OK”

button Then choose “Recorder” and the “Start a N@asurement Sequence”

o0 Second method choose the “wizard” menu and then click on “Stadorder”,

choose single interval mode by clicking on “No”.té&f the settings have been

selected, press the “OK” button
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* If you do not want to perform new measurement yan simply perform disconnect

(in recorder) and then disconnect the sensor aindéeaStar program

The sensors start measurements after 3 min, so @asurements will be recorded if we

stopped it before the passage of these 3 min.
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Appendix B: Additional figures & tables

Figure 66 Wildco vertical sampling bottle

Figure 67 Secchi disk
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Figure 68 TriOS microFlu-blue at Karaoun Reservoir

Figure 69 Dissolved Oxygen and Temperature Meter, ANNA instruments.

Figure 70 Olympus phase contrast microscope at CLEfaboratory
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Figure 71 LaboTech UV/VIS spectrophotometer

Figure 72 Palintest Photometer 7000se
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Figure 73 Daily volumes lost by evaporation at Karaun reservoir between 20 June and 08 September
2012
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Figure 74 Thermal model simulations at 1, 4, 7, 13,3, 16 and 19 m in 2012

at 7 min 2012
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Figure 75 Thermal model simulations at 1, 4, 7, 14,3 and 16 min 2013
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Figure 76 A 3D comparison between measured and sinatied temperature during one month period,
October 2011.
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Figure 77 A 3D comparison between measured and sinated temperature in 2012
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Figure 78 A 3D comparison between measured and siatied temperature in 2013
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