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Abstract

Many freshwater bodies worldwide that suffer froarmful algal blooms would benefit for
their management from a simple ecological moddi tbquires few field data.g.,for early
warning systems. Beyond a certain degree, addimgepses to ecological models can reduce
model predictive capabilities. In this work, we ess whether a simple ecological model
without nutrients is able to describe the successib cyanobacterial blooms of different
species in a hypereutrophic reservoir and help nstaled the factors that determine these
blooms. In our study site, Karaoun Reservoir, LebmancyanobacteriAphanizomenon
ovalisporumandMicrocystis aeruginosalternatively bloom. A simple configuration of the
model Dyresm-Caedym was used: both cyanobactenia smnulated, with constant vertical
migration velocity forAphanizomenon ovalisporymwith vertical migration velocity
dependent on light favlicrocystis aeruginosand with growth limited by light and
temperature and not by nutrients for both spediks. model was calibrated on two
successive years with contrasted bloom patterndighdvariations in water level. It was able
to reproduce the measurements: it showed a goddrpemce for the water level (root mean
square error (RMSE) lower than 1 m, annual vamatb 25 m), water temperature profiles
(RMSE of 0.22 - 1.41 °C, range 13-28 °C) and cyatdria biomass (RMSE of 1 - 57 g
Chl a L%, range 0-206 ug Chi LY. The model also helped understand the succesgion
blooms in both years. The model results suggestthigahigher growth rate d¥licrocystis
aeruginosa during favourable temperature and light conditicafowed it to outgrow
Aphanizomenon ovalisporur®ur results show that simple model configuratinasonly can

be sufficient for theoretical works when few mapocesses can be identified, but also for
operational applications. This approach could b@gposed on other hypereutrophic lakes
and reservoirs to describe the competition betwdeminant phytoplankton species,
contribute to early warning systems or be usedrfanagement scenarios.

Keywords: Dyresm—Caedym; Model simplicity; Cyanobacteriacgssion, water level
variation



1 Introduction

Since eutrophication is still a problem in manydskand reservoirs worldwide (Istvanovics
2010; Smith 2003), ecosystem models remain beaéfad essentially needed to increase the
understanding of the fundamental processes inda&systems (Jgrgensen, 2010; Mooij et al.,
2010; Trolle et al., 2012). Many lake ecosystem et®dhave been developed and published
during the past decades, and a wide diversity gfraggches has been used to model
phytoplankton biomass at the ecosystem scale @amtsal., 2015; Mooij et al., 2010). These
models include Delft3D-ECOLOGY, PROTECH, PCLAKE, HARIM3D-PCLAKE,
MyLake, ALMO, GLM-AED, MELODIA. They are used to semanagement scenarios and
simulate consecutive changes in water temperapimgpplankton groups, zooplankton and
nutrients (Akomeah et al. 2015; Vieira et al. 20k3iemakhem et al. 2013). Up-to-date
ecosystem models often require large input datataldkeir complexity (Bruce et al., 2006;
Gal et al., 2009). However, many freshwater bothesughout the world that suffer harmful
algal blooms do not possess large data sets ofadesmvironmental variables. Beyond a
certain degree, adding processes was shown toeedodel predictive capabilities so that
simple models that use few field data are more tadap meet operational applications
(McDonald and Urban, 2010; Mieleitner and Reiche2)08). Many reservoirs are
characterized by frequent fluctuations in their avalevel (Wantzen et al., 2008). These
fluctuations affect phytoplankton biomass and sgeadomposition through their effect on
mixing processes, biogeochemical processes, oxggeamics, and underwater light climate
(Naselli-Flores and Barone, 1997; Valdespino-Clastdt al., 2014). Their amplitude and
frequency are modified by climate change becausshahges in the occurrence of drought
and heavy rainfall episodes (Callieri et al., 2014 our best knowledge, few studies applied
a model to reservoirs with high fluctuating watevdls: the highest annual variation, 10 m out
of 38 m, is in El Gergal Reservoir in Spain, moe@lwith Dyresm-Caedym (Rigosi et al.
2011).

Few numerical studies with a coupled hydrodynamecallogical model focused on the
succession between phytoplankton groups and spebgesm-Caedym was applied to
simulate phytoplankton succession, in Lake Kinndgt&al et al., 2009) and in El Gergal
Reservoir (Rigosi et al. 2011). However, the biadag model was highly complex and
contained many parameters to simulate not onlygutghkton but also nutrients, dissolved
oxygen, pH, zooplankton and bacteria. Rigosi e(24111) proposed a calibration strategy for
Dyresm-Caedym to reproduce the seasonal successitiee phytoplankton groups of El
Gergal Reservoir using large data set and noteasplecies level. All the previously quoted
studies that applied Dyresm-Caedym either simulgihgtoplankton groups rather than
species or used a complex model configuration andwstanding data set unreachable to
most lake managers. Neither are there any apgitatof hydrodynamic-ecological models
on lakes and reservoirs in the Middle East exceplLéke Kinneret (Gal et al., 2009; Fadel
2014).

In this paper we use a comparatively simple oneedsional ecosystem model, coupled to a
hydrodynamic model, to investigate the factors thetermine the succession of two bloom-
forming cyanobacteria species in an artificial resg in Lebanon with high water level
variations. We start by presenting the study sitee data set including our field
measurements, and the model configuration. Ingkelts section, we present the thermal and
biological simulations and the controlling factafsthe succession betweé&phanizomenon
ovalisporumandMicrocystis aeruginosaccording to the model. We then discuss the model



performance, the influence of the water level w@rmaand the implications of our results for
hypereutrophic reservoir management.

2 Materials and Methods
2.1 Study Site

Karaoun Reservoir, located in the Southern Bekalewabetween the two Lebanese

mountain chains, is the largest freshwater bodyeimanon (Figure 1). The reservoir, used for
hydropower and irrigation, was constructed betwE@s8 and 1965 on the Litani River (170

km length). Table 1 presents its morphometric agdrdiogic characteristics. The 25 m

average annual water level variation makes thavesen interesting study case in a poorly
studied region (Fadel et al., 2015).
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Figure 1 Karaoun Reservoir and sampling site .

Table 1 Karaoun reservoir morphometric and hydrologc characteristics.

Surface area at full capacity 12 km
Maximum storage capacity 224 x5193
Maximum depth 60 m
Mean depth at full capacity 19m
Altitude of maximum water level (spillway 860 m
Altitude of water withdrawal 810 m
Catchment area 1 600 km

There are about one million inhabitants as webZ3 knt of cultivated farmland and several
industries in the catchment of Karaoun Reservdie Titani River receives domestic sewage
and agricultural drainage containing nutrients yaar long. As a result, the reservoir is
hypereutrophic. Toxic cyanobacteri®licrocystis aeruginosaand the nitrogen fixing
cyanobacteriunAphanizomenon ovalisporuatternatively bloom in the reservoir and trouble
irrigation and hydropower production by cloggingnas and turbines (Fadel et al., 2014a;
Slim et al., 2014; Temsah et al., 2016). KaraouseRair represents an interesting study case
to assess the performance of a simplified modetidscribe the seasonal succession of
cyanobacterial blooms, with a limited databaseahdhly varying water level.
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2.2 Sitedata
2.2.1 Hydrological data

The bathymetry of Karaoun Reservoir was determiwdgth sonar in Spring 2012 by the
Litani River Authority.

The Litani River Authority weekly monitors the watevel. The main reservoir input is the
inflow from the Litani River (Figure 2). The infloWlle of Dyresm-Caedym includes daily
temperature, salinity and nutrient concentrationtereng the reservoir through the river
inflow. However, since such daily river water gtyaldata is not always available, daily
values were linearly interpolated between weekly Bimonthly samplings.

The reservoir withdrawals are used for hydropowenegation and for irrigation. The
reservoir hydrologic balance also includes inflosnfi underwater springs, evaporation,
precipitation and infiltration due to the karstieayogical environment. More details about the
reservoir functioning and hydrology are presente(Fadel et al., 2014b).
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Figure 2 Litani River inflow rate into Karaoun Reservoir during 2012 and 2013
2.2.2 Meteorological data

Meteorological data, required as input to the modelre taken from the closest functioning
meteorological station in Tal-Amara. The stationosated in the Bekaa valley (33° 51’ 50”
N, 35° 59’ 06” E), at an altitude of 905 m, 40 krarbh of Karaoun Reservoir. Daily averages
were used for solar radiation, air temperaturegtingd humidity and wind speed as well as
daily rainfall (Figure 3). Due to the absence afud cover measurements, daily values were
considered as 1 when it rained during the dayse.e&fapour pressure was calculated from
relative humidity and air temperature using the MagTetens formula (Tennessee Valley
Authority, 1972).
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Figure 3 Daily average meteorological data used asput to the model (January 2010—August 2013). Data
were obtained from Tal-Amara climate station. a) skar radiation, b) air temperature, c) vapour pressue
calculated from the measured relative humidity andair temperature, d) wind speed and e) rainfall

2.2.3 Field measurements

Water temperature was continuously measured, edchmibh with temperature sensors
(Starmon mini, Star-Oddi) at the spillway locatitm limit the vandalism risk. Sensors,
attached to a buoy, were located at 1, 4, 7, 1016&nd 19 m depths. The sensor measuring
range is -2 to 40 °C with an accuracy of 0.05 °@e Tower temperature sensors were
progressively removed when the water level decrkase

All other measurements and samples were taken fihenmiddle of the lake (33° 34’ 05N,
35° 41’ 44’E). Campaigns were performed bi-weektween 11:00 and 13:00. Water
transparency was measured with Secchi disk. A subbbe fluorometer (TriOS microFlu-
blue) was used to measure fluorescence profilephgtocyanin, a pigment specific to
cyanobacteria. It is equipped with ultra-bright ndéDs, of excitation wavelength 620 nm,
detection wavelength 655 nm and band-width 10 ntngives a linear response to
phycocyanin concentration up to 200 pg @hl? with an accuracy of 0.02 pg ChalL™.
Measurements were performed every half meter betwlee surface and the bottom of the
reservoir by descending the cable manually.

Water samples were collected using borosilicategglaottles at 0.5 m depth from May to
November 2012 and at 0.5, 5 and 10 m depths fromciM August 2013 with a vertical
Niskin bottle of 2.2 L capacity (Wildco 1120-D4Bamples were stored at 4°C until further



processing in the laboratory. Different volumes dmaltles were used for phytoplankton
identification and counting.

The subsamples used for phytoplankton counting Weee by formaldehyde (4% of sample
volume) and preserved at 4 °C. The phytoplanktatigs were determined on the sampling
day according to taxonomic keys based on cell siracand dimensions, colony morphology,
and mucilage characteristics (Koméarek and Anagdissti1999, 2005). Microscopic
identification and enumeration were carried outarnd phase contrast microscope (Nikon
TE200, Nikon, Melville, NY, USA), under a x40 obje® and using a Nageotte chamber that
accepts 100 pL on 40 bands. The number of countuds depended on sample
concentration. Each subsample was counted indaiai

2.3 Model

We used in this study a one-dimensional verticallrbgtynamic and ecological model,
Dyresm-Caedym, designed by the Centre for Watee&teh (CWR, Australia) (Imberger
and Patterson, 1981; Hamilton and Schladow, 1981®.the most used ecological model for
lake ecosystems (Trolle et al., 2012). The moded westly applied on lakes with stable
water level like Lake Ammersee in Germany (Weinkem@nd Vetter, 2012), Lake Constance
(Rinke et al., 2010), but also on many freshwatadids throughout the world that share
comparable physical characteristics or phytoplamktommunity with Karaoun Reservoir,
e.g., Lake Pusiano in Italy (Copetti et al.,, 2006), SReservoir in Spain (Takkouk and
Casamitjana, 2015), Terauchi Dam in Japan (Asaédd.,e2001), ElI Gergal Reservoir in
Spain (Rigosi et al., 2011), Lake Mendota in USAal& et al., 2012), Shahe Reservoir in
China (Cui et al., 2016), and Lake Kinneret (Gaalet 2009; Rinke et al., 2010; Yeates and
Imberger, 2003).

Dyresm simulates the vertical distribution of temgbere, salinity and density in the water
column (Imberger, 1978; Imberger, 1981; Yeates lamuerger, 2003). Caedym can simulate
C, N, P, Si and dissolved oxygen cycles, inorgasuspended solids, zooplankton and
phytoplankton dynamics (Hipsey, 2007Robson and Hamilton (2004) and Romero et al.
(2004) gave a detailed description of the modeh&quos.

2.3.1 Simplified model configuration

We configured Dyresm-Caedym to simulate changegiter level, water temperature and the
biomasses of two cyanobacteria species at point(FBgure 1). Figure 4 presents the
conceptual diagram of the simple hydro-dynamic @gichl model applied to Karaoun

Reservoir based on weather and water flow inputisi@itial measured profiles.

The equations of the biological model selected aedym are presented in Table 2. The
dynamics of two cyanobacteria groups was simulated.

In winter, the average nutrient concentrations he Litani River inflow into Karaoun
Reservoir are 9mgtlt for nitrate, 1.9 mgit for ammonium and 1.1 mglL for
orthophosphate. In summer, concentrations are highh 9.6 mg ! for nitrate, 3.7 mg £
for ammonium and 2.1 mg'Lfor orthophosphate (USAID 2012). This results amtinuous
availability of both nitrogen and phosphorus in teservoir (Fadel et al., 2014b): nutrients
can be regarded as non-limiting factors of phytokian growth. That is why the phosphorus
and nitrogen limitations were deactivated in Caedgyn setting the Michaelis-Menten
constants for nitrogen and phosphorus to 0, anchbgsing the following values for internal
nutrient concentrations: POmg /mg Chla for minimal nitrogen and phosphorus
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concentrations and 9 mg /mg Chlfor maximal nitrogen and phosphorus concentrations
With such a configuration, simulations are indegaridrom nutrients.

Both cyanobacteria are subject to photoinhibition.

water level
weather
. temperature
inflows )
: turbulence profiles
withdrawals :
light
transparency

2 cyanobacteria species
concentration profile

Figure 4 Conceptual diagram of the simple hydro-dyamic ecological model applied to Karaoun Reservoir

A vertical velocity dependent on light was used pi@sent the upward and downward
migration of Microcystis aeruginosa.A constant small rising velocity was used for
Aphanizomenon ovalisporum

Due to the absence of precise data about zooplartktumass in Karaoun Reservoir, the
effect of zooplankton grazing on phytoplankton weé simulated explicitly; however, its
contribution to phytoplankton mortality was inclauden the model through a loss term that
also included respiration and excretion.

Table 2 Equations selected in CAEDYM after simpliftcation

Biomass of cyanobacterium spedied aC (zt) _ 0C. (zt)
depthz =, (L) -LM)C 20 +y T
Cyanobacteriunn growth rate My (1LT) = e T1(1) 9,(T)
Light limitation factor | |
fi (l ) =|—ex 1_|—
Temperature limitation factor g (T)=6" T -5 41
Vertical migration velocity of v, =c¢,f,(1)-c
Microcystis aeruginoséndex 1):
Vertical migration velocity of constant rising speed
Aphanizomenon ovalisporufimdex 2)
Loss rate L(T) =k, & ™
Light extinction
1(z) = 0451 (0) ex;{—(KO +2 Kepi G j z}

Where Cis thebiomass of cyanobacterium speciesgj, its growth rate, Lits loss rate, nts vertical migration
velocity, pmaxithe maximum growth rate at standard temperattigg?D °C);
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I(z) is the photosynthetically active radiatiomehing depth z and ithe saturation irradiance, at which growth
is maximal;

the parameters,ka and b are solved numerically to satisfy the followingnddions: ¢(Tsig) = 1 at the reference
temperature &q¢ dg /dT(Top,)=0, at the optimal temperaturepli, g(Tmax) = O at the maximum temperature
Tmax.; 0 is the constant for temperature limitation (1.07);

vi, cyanobacterium migration velocity of speciessi,niegative for settling and positive for buoyancyis a
constant background settling velocity in this moetatfiguration without nutrients and a calibrated coefficient
for light dependence;

ki is the loss rate coefficient of species i (incliddfect of mortality and excretion) anfl; its temperature
constant ;

Ko is thebackground light extinction coefficient,ef the specific light extinction coefficient due toegies i (for
Dyresm simulations alone, there is no shading lanopacteria and the extinction coefficient is cangt

2.3.2 Model calibration and verification

Simulations were set up with a 1-day time stepifigut and output variables. Daily mean
water temperature profiles measured at the spillaray cyanobacteria concentration profiles
measured in the middle of the reservoir were usegrovide the initial conditions of the
model.

The performance of the hydrodynamic model Dyresrsiimulating the reservoir water level
was assessed on the years 2010, 2011 and 2012hion water level measurements were
available: the model was calibrated on 2012 andi@édron 2010 and 2011 separately. The
calibration was based on trial-and-error manualistdient of model parameter values until
the model simulations matched the observed valudés Mwest root mean square error
(RMSE).

The hydrodynamic model Dyresm was first calibrai@abtain a correct water balance and
water temperature profiles. Water temperature stiarls were compared to measurements at
1,4,7,10, 13, 16 and 19 m depths at the spillway

The maximum and minimum layer thicknesses were sagljuto reproduce correctly the
thermocline. The light extinction coefficient waalibrated to control heat transfer to the
deeper layers and the vertical mixing coefficienrt hixing the hypolimnion. Default values

were used for all other parameters. Wind speetetveather station, 40 km to the north of
Karaoun Reservoir, close to the mountains, was @ggdeo be lower than on the lake in the
middle of the valley. Therefore, it was correctgdan additional calibration factor in order to
improve the mixing in the lake epilimnion as in Hong (2002) on Lake Constance (Table
3).

The coupled hydrodynamic and biological model Dyré&Saedym was calibrated on a 6-
month period between 24 May and 20 November 2012 vamified on a 3-month period
between 15 May and 21 August 2013. Both model were initialized with a set of observed
temperature and cyanobacteria measurements. Thesedg in which we performed
biological, cover both increases and decreasesaterwevel and biomass of cyanobacterial
species. Cyanobacterial simulations were comparguhycocyanin fluorescence measured at
1, 5 and 10 m at pointyS Modelled biomass values are expressed in pgadnt. The
phycocyanin to chlorophyll-a stoechiometric raamges between 1 and 1.66 Microcystis
aeruginosaand other cyanobacterial species (Watras and BaR&8). For comparing model
results to measurements, we converted phycocyawoimcentrations to chlorophyll-a
concentrations by multiplying it with a factor of3B with an uncertainty of 30%. The
biological parameters were calibrated within rangjgen by literature (Table 4).



Table 3 Parameter values used for DYRESM to simulat&araoun Reservoir water level and temperature

Parameters (unit) Assigned References
values
Mean albedo of water (-) 0.08 Patten et al., 1975
Bulk aerodynamic transport coefficient (-) 0.0019 tull5 1988
Emissivity of a water surface (-) 0.96 Imberger &adterson, 1981
Effective surface area coefficient 10 Yeates and Imberger, 2003
Critical wind speed (Mm% 3 Default
Wind stirring efficiency (-) 0.9 Default
Potential energy mixing efficiency (-) 0.2 Spigebé, 1986
Shear production efficiency (-) 0.08 Spigel et 8986
Vertical mixing coefficient (-) 2500 Calibrated
Wind multiplication factor (-) 1.3 Calibrated
Minimum layer thickness (m) 0.25 Calibrated
Maximum layer thickness (m) 1.7 Calibrated
Light extinction coefficient in 2012 (4 0.2 Calibrated
Light extinction coefficient in 2013 (1) 0.5 Calibrated

Table 4 Parameter values used in CAEDYM to simulateyanobacteria concentration in 2012 and 2013

Parameter (unit) Parameter description Assigned vales

Microcystis Aphanizomenon
Hmax.i(day?) Maximum potential growth rate at 20 °C 0.85 0.55
lsi (LE m? s?) Light saturation for maximumroduction 550 250
Tsta,i (°C) Standard temperature 20 20
Topti (°C) Optimum temperature 29 18
Tmaxi (°C) Maximum temperature 40 28
Krai (day?) Respiration rate 0.065 0.06
9i () Constant for the loss rate 1.03° 1.08°
Vi (m s?) Constant rising velocity 510
cs (msh) Coefficient for the light dependence of the 1.4 104 -

migration velocity

cs (ms?) Constant background settling velocity 4510 -
Kepi (Mt.ug! ChlaL) Specific light attenuation coefficient 0.005 0.01

Sources? Robson and Hamilton, 2004
2.3.3 Indicators of model performance

The root-mean-square error (RMSE), the coefficiehtdetermination (R and the mean
absolute percentage error (MAPE) were used to atalthe performance of the Dyresm-
Caedym by measuring of the differences betweeneggtmedicted by a model and the values
actually observed. The RMSE, MAPE antidRe calculated as the following:

n _ 2
RMSE:\/ijl(xsim.j xobsj)

n




Z —1(X5|mj - xObS,J)
Z _1(XObS,j obs)

1 n Xsim'_xo j
MAPE:Eijl‘ >J< bsl‘

obs, j

whereXobs,, andXsim,j are time-averaged observed values and simulateds/at day and
Xobs is the mean of the observed data on the simulagdogofn days

3 Results

We wanted to assess the performance of this simptiel configuration to reproduce the
succession betweeviicrocystis aeruginosandAphanizomenon ovalisporuom two
contrasted years and to understand the drivingfadteach bloom.

3.1 Water balance and temperature modelling

The model was run separately on four successivesyfram January®ito December 31. It
was calibrated with 2012 measurements and verdie@010 and 2011 for water level and
2013 for water temperature. Simulations with thetbgerformance were obtained for a
maximum layer thickness of 1.7 m, minimum layerckimess of 0.25 m, vertical mixing
coefficient of 2500 and a wind multiplication cdeiént of 1.3 (Table 3). In 2010 and 2011
Secchi depth measurements were missing and theldefdue of 0.3 nt for the light
extinction coefficient was used. In 2012, the ligktinction coefficient was adjusted to 0.2 m
1 and in 2013 to 0.5 1) consistent with Secchi depth average measurenetis reservdir.
There were little or no rain events during the datian period. This made the phytoplankton
as the main factor affecting the light extinctiarefficient.

The water level computed for the years 2010, 20id 2012 separately are presented in

Figure 5. The water level variation was of aboutn2®ach year. The RMSEs were smaller
than 1 m in each of the three years, 0.39 m on,20¥3@ m on 2011 and 0.36 m on 2012.
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Figure 5 Simulated (red line) and observed (blue ds) water levels in Karaoun Reservoir in 2012 (mode
calibration), 2010 and 2011 (verification).

Regarding water temperature, in 2012 and 2013, gagikement was found between
simulations and observations during both stratificaand mixing periods (Figure 6, Table
5).

On Figure 6, model simulations and daily averagticad temperature profiles are compared
every week of the simulation period in 2012, duroagh stratification and mixing periods. It
shows how the model was able to localize the thelim® during the stratification period.
However, the simulated thermocline spreads oveeta@mperatures and is steeper than the
measured thermocline. The water temperatures sietllpetween 1 and 7 m depths were
comparable to the observed temperatures with a RMS&&Ethan 1 °C (Table 5). The lowest
deviations between simulated and measured tempesatccurred at 19 m depth with a
RMSE of 0.22 °C. The highest discrepancies maiglyuaed at the thermocline, between 10
and 16 m, where the model underestimated tempes(Qr8 to 1.3 °C).
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Figure 6 Measured (blue stars) and simulated (redife) daily average temperature profiles in Karaoun
Reservoir in 2012 (dates in Julian days).

The model configuration was also verified on a 3athgoeriod in 2013 covering an increase
in water temperature, with the same parameter gsadgan 2012 (Figure 7). Good agreement
was found between the simulated and the observegei@tures measurements (Table 5).
RMSEs ranged from 0.63 °C at 16 m to 1.41 °C anilQTable 5). The simulated water

temperatures were overestimated at 1 m depth bet@wBeJuly and 15 August 2013 and

underestimated at 7 m between 15 May and 30 Jul.2Highest discrepancies between
simulated and measured temperature again occutrd ahermocline between 7 and 13 m
depths.

The hydrodynamic model gave good results and cbaldised coupled with the biological
model for cyanobacteria biomass simulations.
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Figure 7 Observed (blue stars) and simulated (redrie) daily average temperature profiles in Karaoun
Reservoir in 2013 (dates in Julian days); profileare represented at a time interval of one week.

Table 5 RMSE (°C) and R between daily mean water temperature measuremengd daily simulations
at different depths in 2012 (24 May to 21 Novembe2012, 6 months) and 2013 (15 May to 21 August 2013,
3 months). (-): no measurements.

Year 2012 Year 2013

Depth RMSE R RMSE R
1m 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 1.41 0.96
13 m 1.21 0.91 1.02 0.97
16 m 0.78 0.99 0.63 0.96
19m 0.22 0.99 - -

3.2 Cyanobacterial seasonal succession modelling

The model simulations were compared to biomass ueants at 1, 5, 10 m and to the
average of the 3 depth measurements, hereafteddalb 10 m.
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In 2012,Aphanizomenon ovalisporubloomed twice, in June and October wherocystis
aeruginosabloomed once between August and September. Thelmas able to catch the

first peak ofAphanizomenon ovalisporumomass in June and the decrease between July and

September with correct magnitude and timing betwieand 10 m depth (Figure 8 and Figure
10). The model did not catch precisely the secAptanizomenomloom in October but it

showed thatAphanizomenon ovalisporumiomass increased again between October and
November. MAPE ranged between 19 % at 1 m and 22 20 m depth (Table 6).

The simulatedMlicrocystis aeruginas biomass was comparable to the observed biomdss at
5, 10 m and in the top 10 m (Figure 8 and Figurg With low RMSE and high correlation
(R>>0.85).

at 1 min 2012 at 5min 2012
300 300
o 200
_
g
100
oA el o
24/05 01/08 01/10
at 10 min 2012
300
- 200 Model
- O M. aeruginosa
(@)
= 100 | Model _
% * A. ovalisporum
== S
24/05  01/08 01/10

Figure 8 Observed (symbols) and modelled (lines) agobacterial concentrations at different depths in
Karaoun Reservoir in 2012. Error bars represent theuncertainty on the conversion from phycocyanin to
chlorophyll-a.

In 2013, the model showed good performance on #rdication period that covered a
Microcystis aeruginoséloom in the absence éjphanizomenon ovalisporu(frigure 9) The
model was able to catch the low concentratiod\ptfianizomenon ovalisporuat 1, 5, 10 m
(Figure 10 and Figure 9). The RMSE ranged betw&dnand 5 ug Cha L. R? ranged
between 0.43 at 10 m depth and 0.64 at 5 m depiiPBAvas around 25 % (Table 6).

The model simulated thdicrocystis aeruginoséloom with correct magnitude and timing at
1 m. However, it underestimated thkcrocystis aeruginosgeak at the end of July 2013 at
5m depth. The RMSE was low and ranged betweennt658 pg Chla L. R? ranged
between 0.56 at 10 m depth 0.77 at 5 m depth. MBEaround 20% (Table 6).
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Figure 9 Observed (symbols) and modelled (lines) agobacterial succession at different depths in
Chlorophyll-a.

Karaoun Reservoir during 2013. Error-bars representerror from phycocyanin conversion to

top 10m in 2012 top 10 m in 2013
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Figure 10 Observed (symbols) and modelled (linesyanobacterial succession averaged over the top 10m
Chlorophyll-a.

in Karaoun Reservoir in 2012 and 2013. Error-bars epresent error from phycocyanin conversion to
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Table 6 RMSE (ug Chla L-1), 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).

Year 2012 Year 2013

M. aeruginosa A. ovalisporum M. aeruginosa A. ovalisporum
RMSE R? MAPE | RMSE R? MAPE | RMSE R? MAPE | RMSE R? MAPE

ug L* % |pglt % | pglt % | upglt %

1m 26 | 0.87 14 38 | 0.50 19 56 | 0.69 22 04 | 053 25

5m 14 | 0.8 19 21 | 0.66 21 56 | 0.77 24 5 0.43 27

10 m 13 | 0.91 58 18 | 0.07 22 16 | 0.56 24 25 | 0.64 -
Top10m| 12 | 0.94] 11 21 | 0.56 22 38 | 0.66 19 2 0.5 27

3.3 Controlling factors of the succession between Aphanizomenon
ovalisporum and Microcystis aeruginosaaccording to Dyresm-
Caedym

The dynamics and succession between cyanobactpeales was assessed by analysing the
time evolution of the growth rate, light and tengtare limiting factors at 1 m depth (Figure
11 and Figure 12). In late May 2012phanizomenon ovalisporumitial concentration was
about 35 pg Chh L™ while Microcystis aeruginosavas much smaller, less than 5 pg @hl

L (Figure 1.

According to the model, in May and June 20Aghanizomenon ovalisporuwas not limited

by temperature and moderately limited by light &sgroduction was high (0.55 ddy This
resulted in an increase in its concentration touad®0 pg Chla L in mid June. Between
mid June and mid September 2012, stronger limiabyg temperature accompanied with
periods of light limitation resulted in a contindecrease idphanizomenon ovalisporum
concentration down to 10 pg CalL? in mid September 2012phanizomenon ovalisporum
then increased again to 25 pg @HL? in the end of October 2012 when water temperature
became favourable (Figure 11).
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Figure 11 Variation of a) Aphanizomenon ovalisporum daily average biomass b) its growth rate c)
temperature (green) and light (blue) limitation at1 m and d)Microcystis aeruginosa daily average biomass
e) its growth rate f) temperature (green) and light(blue) limitation at 1.5 m in 2012 as explained by
caedym.

RegardingMicrocystis aeruginosa@rom the end of May to the beginning of June 20tl&as
not limited by temperature and moderately limitgdlight. This allowed an increase in its
production (Figure 11) up to around 150 pg €HL! at the end of August 2012d.
aeruginosathen continuously decreased to less than 5 p@CHiwhen temperature became
less favourable between September and October &dj2e 11).

Higher initial concentration oAphanizomenon ovalisporuat the beginning of the simulation
allowed it to dominate in June 2012. Althoulficrocystis aeruginoséas a higher growth
rate, it reaches a maximum concentration only ingust because of very low initial
concentration. At the end of June 2012, the iner@dMicrocystis aeruginosaoincided with
the decline oAphanizomenon ovalisporum
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Figure 12 Variation of a) Aphanizomenon ovalisporum daily average biomass b) its growth rate c)
temperature (green) and light (blue) limitation at1 m and d)Microcystis aeruginosa daily average biomass
e) its growth rate f) temperature (green) and light(blue) limitation at 1.5 m in 2013

At the beginning of June 2013, both cyanobactesizcentrations were below 3ug GhL™.
The higher maximum growth rate bficrocystis aeruginosaesulted in its dominance under
favourable temperature and light conditions. Theelo growth rate ofAphanizomenon
ovalisporumdid not permit it to keep up witWicrocystis aeruginosait reached a very low
maximum value of 5 pg Clal L'* (mid July 2013), then nearly vanished (Figure 12).

4 Discussion
4.1 Model performance for water balance and water temperature

Dyresm-Caedym model simulations of water level, avaemperature and cyanobacterial
biomass were satisfactory. Differences between lsitedi and observed water levels ranged
between 0.4 and 0.7 m during the study period. §bed performance for simulating
accurately the reservoir water balance and watesl lkuctuation is a strength of the model.
In arid regions like the Middle-East, during sevemughts, the water level can drop to
critical depths due to intense use. A good prealicof the water level is mandatory for
tackling the water crisis and developing efficieemergency plans (Kozhevnikova &
Shveikina, 2014). Water level fluctuations, caud®d monsoonal climate and artificial
drawdown can alter the hydrological conditions arftlence light and nutrient availability,
influencing phytoplankton succession (Tian et &1%). The decrease in water level can
indirectly affect the physical-chemical and biolcgi characteristics of freshwater bodies,
mainly through mixing enhancement (Valdespino-Qlasét al. 2014). Extreme decreases in
reservoir water level can affect the thermal striteetof the water column (Zohary and
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Ostrovsky 2011). The amount of energy required b time water column increases as the
water level increases (Kling 1988). The increasmaximum depth of Lake Elsinore from 5
to 10.5 m increased the stability of its water amtuby four times (Lawson and Anderson
2007).

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 thra{aylaoun dam, ground water seepage, and
additional inflows by springs at the bottom of Kaua. The error due to evaporation is minor;
calculated evaporation in summer was negligibleamparison to inflow and withdrawals
(Fadel et al., 2014b). Also, several field and tecél errors could have increased the RMSE.
Technical errors made during the construction eflihthymetric map may be another cause
of uncertainty. With an imprecise geometry, the glad not able to represent precisely the
physical processes of transport and mixing (Rigosi Rueda, 2012).

The RMSE of simulated water temperature at diffedspths ranged between 0.2 and 1.4 °C.
The thermal model performance was mostly comparatleand sometimes better than,
previously published applications of Dyresm. RMSE4.4 °C and 0.9 °C were reported in
the epilimnion and hypolimnion of Lake Ravn, Denknéfrolle et al., 2008); 0.48 °C in El
Gergal reservoir, Spain (Rigosi et al., 2011); abd °C at surface and bottom in Lake
Kinneret (Gal et al., 2003) and 2 °C at the bottdrhake Pusiano, Italy (Copetti et al., 2006)
and 2 °C as well in Clearwater Lake, Canada (Taagnet al., 2007).

The differences between the model simulations ds#¢rwed measurements can be attributed
to the following factors: meteorological data meaguat a 40 km far station, errors in
observed measurements, and the one-dimensionlityresm-Caedym.

Errors made while noting water level values at ¢naduated spillway could have also
increased the RMSE. A 1 cm error for a reservoit 2kn?t corresponds to an average daily
inflow of 1.5 n¥s?. This error can increase up to 5 cm due to wauesg windy weather.

Some deviations exist between simulated and obdeve¢er temperatures. At certain depths,
the water temperature was underestimated for @g@f a month then overestimated in the
following month. Another marked deviation is thederestimation of water temperature at
higher depths (13, 16 and 19 m), which can beeélti the position of the sensor chain at the
spillway, in a region where the water depth is leyesal meters shallower than in the
modelled area, the deepest part of the reservbe. thiermocline is known to be shallower
close to the banks than in the middle of a laker(hert and Sommer 2007).

Intense winds can destroy the thermal stratificatibomogenize the water column and

decrease surface cyanobacterial biomass (Zhou 20Hb; Huisman et al. 2004). Inaccuracies
in wind speed, due to the 40-km distance betweenvidather station and the lake, could have
resulted in some deviations between simulations cbyskrved cyanobacteria biomasses. A
similar observation of temperature overestimatiotha surface and underestimation in the
deep layer between 10 and 30 m was reported in Cakestance and attributed due to a lack
in diffusion in the hypolimnion and metalimnion time model (Hornung, 2002). In Karaoun

Reservoir, simulated water temperatures were hightjerestimated at the beginning of the
calibration period. Temperature measurements vadentat the spillway, near the outlet. The
total discharge capacity of this outlet can resulnixing that increase water temperature at
bottom layers. The introduction of a wind multiglion factor and the increase of the vertical
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mixing coefficient highly improved our simulatioty increasing heat diffusion to the deep
layers. The default value of vertical mixing coeiént in the model is 200. However, this
coefficient can range from 1 to 7200 dependinghengeometry of the lake (Hornung, 2002).
A value of 1000 was adopted for Lake Constancek@&et al., 2010), 200 for Lake Kinneret
(Gal et al., 2003), 400 for Lake Rotorua (Burgerakt 2008) and 7200 for Sau Reservoir
(Takkouk and Casamitjana 2015). A vertical mixingeficient of 2500 worked best for
Karaoun Reservoir, within the range of experimeugdlies estimated in field studies (Yeates
and Imberger, 2003). More details about the vdrtinxing coefficient are presented in
Yeates and Imberger (2003) and Hornung (2002).

4.2 Model performance for cyanobacterial biomasses

The model succeeded in capturing the main pattefnslicrocystis aeruginosaand the
cyanobacterial succession in Karaoun reservoilitR2and 2013. Looking at the growth rate
of both cyanobacteria species and their limitatewstors helped us in identifying the driving
factors of the cyanobacterial succession. BetweeahMay and mid-September 2012,
ovalisporumis limited by high water temperature (> 24°C) (Elagk al., 2014a). Temperature
can become damaging if it exceeds the optimal teatywe for cyanobacterial growth (Rigosi
et al.,, 2015). In laboratory conditions, optimaimfeerature is around 29°C for most
cyanobacteria (Liurling et al. 2013). Unlike otheediterranean lakes where blooms Aof
ovalisporumare observed when water temperature is around Z&Kelis et al., 2005;
Pollingher, 1998), in Lake KaraouA, ovalisporumis able to grow at lower temperatures
(around 22°C). Water temperatures higher than 2&lk@wved Microcystis aeruginosdo
outgrowAphanizomenon ovalisporum

Dyresm-Caedym was already applied to simulate dyacterial succession, in Lake Kinneret
(Gal et al., 2009). However, Caedym configuratiaswighly complex and contained many
parameters to simulate not only phytoplankton Hsb awutrients, dissolved oxygen, pH,
zooplankton and bacteria. The simulation period magh longer than ours, about 7 years.
The model succeeded in simulating annual variatiohscyanobacterial species. The
coefficients of determination for the concentrasi@veraged over the top 10 m were 0.31 for
Microcystis and 0.50 forAphanizomengnlower than in our application with simplified
Caedym processes: 0.66 to 0.94 Nticrocystisand 0.50 to 0.56 foAphanizomenoiiTable

6).

Phytoplankton represents an important feeding sofocmany herbivores that inhabit water
bodies as the zooplankton, zebra mussels and plargais fish. Grazing can cause a loss in
the phytoplankton groups including cyanobacteriaaigy et al., 2010; Zhang et al., 2009).
The effect of zooplankton grazing on cyanobactdyiaimass was partly compensated in the
model by increasing the loss rate, but this is sudficient as zooplankton biomass and
grazing rate vary greatly with time and can affe@nobacteria biomass. The average size of
Microcystis aeruginosan Karaoun reservoir is 600 um. Large-sid2aphina can consume
small-sizedMicrocystis colonies with a diameter generally less than 50hunthey have
difficulties in ingesting large sized colonies. Timgestion rate oMicrocystis aeruginosa
depends on the duration of the applicatioaphnia presence of microcystin toxin (Zhu et
al. 2015), and the presence of fish that affecptioeess of grazing (Sarnelle, 2007).

Dyresm-Caedym is a one-dimensional model which idens only vertical variation of
temperature and phytoplankton biomass, supposebteta@onstant on the horizontal. A
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decrease or increase in cyanobacterial biomasHingstrtom horizontal transport is not taken
into account by the model. Humphries and Lyne (3988nd that high rising velocities of
Microcystis aeruginos@ould concentrate them near the surface, and fasmum formation
and thus losses from wind-driven advection to thges. Visible scums at the edges of
Karaoun Reservoir were previously reported by Atwal. (2013).

Another cause of discrepancy between simulationlsna@asurements can be an error in the
measurements. We use the phycocyanin probe torpeffeld measurements and compare
them to model simulations. The used phycocyani@reas a background noise of 0.6 g
phycocyanin ! (Bastien et al., 2011). The phycocyanin probe mme@ss phycocyanin
fluorescence and not the cyanobacteria concemiagiopressed in chlorophyll-a in model
simulations. Phycocyanin measurements are thenectma/to chlorophyll-a using a constant
phycocyanin to chlorophyll-a conversion ratio, inder to be compared with simulated
cyanobacteria biomass. The phycocyanin to chlorbahsatio in cyanobacterial cells varies
with the physico-chemical characteristics of theowgh medium (Foy, 1993). While
phycocyanin probe measurements cause minor diswiEsa errors due to conversion of
phycocyanin can result in major discrepancies betvgmulations and measurements.

The selected time periods for model calibration salkidation started in Spring and did not
include winter season. The model may not be abledd@ecribe the evolution of the
cyanobacteria biomass in winter. High discrepancietween the model and the
cyanobacteria biomass measurements were observidtumn, as shown in Figure 8, for
Aphanizomenon ovalisporumhich might be due to N:P ratio. The model canm@&cisely
simulate cyanobacteria concentration in winter tusome processes that are not included,
like the formation of resting spores. However, thedel importance is in its ability to predict
the biomass and the succession between cyanolsastacies in Spring-Summer period
TN:TP ratio did not exceed 22:1 during the studgque(Fadel 2014). According to Smith et
al. (1995), lake water TN:TP ratios below 22:1 damour the dominance of N2-fixing
cyanobacteria. However, the role of this ratio iman in controlling the succession of both
cyanobacteria in our study due to continuous abgiiia of nutrients for both species and
major control by other factors like light and watemperature. Even if the N:P ratio would
favour the dominance of N2-fixing cyanobacteridmovalisporum it cannot overcomé/.
aeruginosadue to a major controlling factor, water temperatiyl. aeruginosaoutcompetes
A. ovalisporumwhenever water temperature rises above 22 °C.

Management of freshwater bodies to improve thealiuis one of the main uses of such
hydrodynamic-ecological models. However, large dagtarequired by complex models can
complicate such objectivéviost of the recently published articles on ecolagimodelling
covered used complex models to simulate phytoptenktooms(Bruce et al., 2006; Gal et
al., 2009) However, Complex models do not necessarily imprthe precision of simulated
variables (Barbara and Robson 2014). Complex msodslally have fewer restricting
assumptions and exhibit more flexibility; howeveGreasing the level of complexity in the
model leads to an increased sensitivity of the wiutp the input (Paudel and Jawitz 2012).
Due to the complexity of these systems, such maaleloften elaborate and include a large
number of estimated parameters. However, correspglyd large data sets are rarely
available for calibration purposes, leading to medeat may be overfit and possess reduced
predictive capabilities. Mcdonald and urban 201Madestrated that increasing the complexity
of phytoplankton biomass model tend to produce teebenodel fit to calibration data, but
beyond a certain degree of complexity the benefitadding parameters are diminished and
therefore the risk of overfitting becomes greatdre results of our study showed that simple
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model can successfully simulate succession of dyacteria based on few essential
processes.

The simplified model presented in this paper wél used by the local managers of Karaoun
Reservoir. It can help them in diagnosing probleand evaluating alternative solutions for
maintaining the water quality. It can be used foe issessment of the feasibility of the
different management actions in different contdd®re major investments in infrastructure
are considered.

5 Conclusion

Unlike most complex model configurations that siateltotal chlorophyll concentrations or

test scenarios, in this study, a simplified versadbiyresm-Caedym was applied to simulate
the succession between cyanobacterial speciegutraphic reservoir with high water level

variations. Dyresm simulated variations of wateveleand water temperature with high

precision. A simplified Caedym configuration, basad water temperature, light limitation

and cyanobacteria vertical migration governed Iphtlionly simulated cyanobacterial

succession and biomass with correct magnitudeiamadd.

The model results suggest that higher maximum ptoolu of Microcystis aeruginosauring
favourable temperature and light conditions allowgdto outgrow Aphanizomenon
ovalisporumdespite lower initial concentration. This modelliagproach could be transposed
to other eutrophic Mediterranean lakes and resexvoi describe the competition between
dominant phytoplankton species, to contribute tdyeaarning systems or to be used to
predict the impact of climate change and management
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