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A B S T R A C T

Cyanobacteria blooms, especially those involving Microcystis, are an increasing problem worldwide. Complex
pathways between temperature and nutrient loads are thought to be the major drivers leading to Microcystis
dominance in freshwater systems. In this paper, Microcystis dominance in a Mediterranean hypereutrophic re-
servoir is studied over a period of three years. A Structural Equation Model (SEM) was developed to delineate the
main pathways responsible for Microcystis dominance. The model results showed that direct temperature effects
appear to be the primary driving force behind Microcystis growth and dominance. Nonetheless, indirect tem-
perature effects, captured through pathways representing water column stratification and internal nutrient re-
lease, also influencedMicrocystis. While direct nutrient pathways were significant; they were less important than
temperature effects, likely due to the eutrophic nature of the reservoir and Microcystis’ high affinity and storage
capabilities for phosphorus. Internal nutrient loads were shown to be the main driver sustaining high nutrient
concentrations in the reservoir. The model was able to explain 50% of the observed variability in Microcystis
biovolume, 81% of the variation in surface TP, and 46% of the variation in stratification magnitude.Overall, the
developed SEM proved to be an effective tool towards capturing and quantifying the complex causal relation-
ships leading to the dominance of Microcystis in a hypereutrophic semi-arid Mediterranean reservoir.

1. Introduction

Recent decades have seen a dramatic increase in reported blooms of
cyanobacteria species in fresh waterbodies worldwide, particularly in
response to increased eutrophication and a warming climate
(Carey et al., 2012; Kosten et al., 2012; Paerl and Paul, 2012;
Schindler, 2006; Smith et al., 2006; Strumpf et al., 2012). Although
naturally occurring, cyanobacteria tend to out-compete other algae
groups when conditions are amenable, particularly at higher tempera-
tures and in waters with sufficient nutrient inputs (Davis et al., 2009;
Dokulil and Teubner, 2000; Downing et al., 2001; Elliott, 2012;
O'Neil et al., 2012; Paerl and Otten, 2013; Robarts and Zohary, 1987).
Microcystis species in particular have been reported as successful com-
petitors in freshwater systems under high temperature conditions
(Blottière et al., 2014; Carey et al., 2012; Kosten et al., 2012;
Paerl et al., 2011; Robarts and Zohary, 1987), reducing diversity in the
algae community and leading to deteriorated conditions of the affected
waterbodies on a global scale. Of primary concern are impacts related
to lowered oxygen concentrations and hypoxia, fish kills, noxious

odors, and an increase in toxins release by Microcystis and other cya-
nobacteria into the environment (Carpenter et al., 1998; Dittmann and
Wiegand, 2006; Dodds et al., 2009; Falconer, 1996; Merel et al., 2013;
Niamien-Ebrottie et al., 2015; Paerl et al., 2001, 2011).

Much is known about the key environmental factors that generally
promote the growth and dominance of Microcystis, including high op-
timal growing temperatures, a stable water column, long water re-
sidence times, and high nutrient concentrations, particularly phos-
phorus (Jacoby et al., 2000; Jiang et al., 2008; Michalak et al., 2013;
Molot et al., 2014; Paerl and Otten, 2013; Robarts and Zohary, 1987;
Schindler, 2006). Moreover, its strong competitive abilities in relation
to other freshwater algae groups are also known to be important fac-
tors; these include its ability to buffer pH above neutrality, to live in
high temperature environments, to uptake and internally store nu-
trients, to regulate buoyance in order to reach different water column
layers, to inhibit the growth of other algae species through allelopathic
effects, and to form colonies and toxins that both limit predation
(Carey et al., 2012; Chaffin et al., 2012; Chung et al., 2014; Dokulil and
Teubner, 2000; Miller et al., 2013; Niamien-Ebrottie et al., 2015;
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Paerl et al., 2011; Wagner and Adrian, 2009).
Studies to date have focused on assessing the direct effect of en-

vironmental variables on Microcystis proliferation, including tempera-
ture (Carey et al., 2012; O'Neil et al., 2012; Robarts and Zohary, 1987;
Wagner and Adrian, 2009), nutrients (Downing et al., 2001;
Trimbee and Prepas, 1987; Xu et al., 2010, 2015) and light
(Chaffin et al., 2012; Dokulil and Teubner, 2000; Jiang et al., 2008).
Yet, accounting for the complex direct and indirect interactions be-
tween these variables has often been suggested to be an important step
towards better understanding Microcystis dynamics (Bista et al., 2014;
Dokulil and Teubner, 2000; Kosten et al., 2012; O'Neil et al., 2012). The
use of a Structural Equation Modeling (SEM) framework
(Jӧreskog, 1973; Keesling, 1972; Wiley, 1973) provides an opportunity
to adopt a systems-based approach towards examining the relationship
between interrelated response variables and their predictors through a
network of direct and indirect pathways. SEMs have gained increasing
prominence within the limnological field over the last decade, with a
number of studies using this method to model eutrophication
(Arhonditsis et al., 2007, 2006; Liu et al., 2010; Salmaso, 2011;
Stomp et al., 2011).

In this paper, a SEM is developed to predict Microcystis biovolume
changes in a semi-arid hyper-eutrophic reservoir in relation to mea-
sured physiochemical drivers. The model is then used to assess the 1)
the importance of direct and indirect temperature effects on Microcystis
biovolume, 2) the interaction between temperature and nutrient inputs,
and 3) the relative importance of allochthonous and autochthonous
nutrient loads in sustaining growth. Moreover, the SEM model high-
lighted important processes specific to semi-arid water bodies, parti-
cularly the impact of water level fluctuations on reservoir nutrient cy-
cling.

2. Materials and methods

2.1. Study area

Qaraoun Reservoir (33°34′N, 35°42′E, altitude = 840 m), is the
largest freshwater body in Lebanon. It was constructed in 1959 to
provide water for hydroelectric power generation, irrigation, recrea-
tion, and domestic water. Recreational activities along the shores pro-
vide income to local communities, and a small fishing community also

exists on the reservoir. The reservoir is situated in the semi-arid Bekaa
Valley of central Lebanon (Fig. 1). The major source of water into the
reservoir is the Litani River, the longest internal river in the country and
Lebanon's most economically important river (Development
Alternatives Incorporated, 2005; Earth Link Advanced Resources
Development, 2011).

The climate of the area is typical of the Mediterranean, with hot and
dry summers contrasting moderately cold and wet winters. Average
precipitation within the basin is 600 mm/year, falling mostly in the
winter months (December to March). Snow also accumulates on the
mountains on either side of the Bekaa Valley and contributes to the
Litani River flow. The average flow of the Litani River over the entire
study period was 2.5 m3/s, with the highest flows (up to 30 m3/s) oc-
curring in the spring season and flows decreasing to zero during late
summer and early fall. The mean water residence time in the reservoir
is around 0.77 years (Fadel et al., 2014). Meanwhile, the size of the
contributing catchment to the reservoir is around 1600 km2 .The re-
servoir's surface area fluctuates between 4 and 11 km2, sometimes
within a single year, depending on the seasonal precipitation patterns,
seasonal water recharge, and dam discharge rates (Deutsch and
Alameddine, 2019). Given the semi-arid nature of the area, the drai-
nage ratio (i.e. the ratio of catchment area to surface area) of the re-
servoir is higher than what is typical for man-made reservoirs
(Walter et al., 2020). Reservoir depths vary spatially, with the deepest
section (near the dam) exceeding 45 m. Median lake depths fluctuate
between 10 and 20 m, depending on seasonal water level changes.

The Qaraoun reservoir has suffered from eutrophication starting in
the mid-1980s; yet median summer chlorophyll-a concentrations have
more than doubled since then (30 µg/L in the 1980s to 150 µg/L post
2010), while the mean Secchi disk depth (SDD) dropped from 1.5 m in
the early 1990s to less than 0.75 m post 2010 (Deutsch and
Alameddine, 2019). During the study period, we observed that surface
water temperatures in the reservoir ranged between 7.0 and 31 °C.
Surface orthophosphate (PO4) levels showed large spatio-temporal
variability, with levels varying between below 0.01 to as high as
0.38 mg/L. Bottom PO4 concentrations were generally elevated during
the summer due to internal loading from anoxic sediments. Their levels
in the summer reached values as high as 0.68 mg/L. Surface TP con-
centrations ranged between 0.01 and 4.7 mg/L, while bottom TP levels
varied between 0.01 and 4.5 mg/L. Bottom TP levels were generally

Fig. 1. Map showing the location of Qaraoun Reservoir relative to other Mediterranean countries, and its location within Lebanon.
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higher than those at the surface, particularly during summer stratified
periods. Chlorophyll-a concentrations in Qaraoun ranged from as low as
3.5 µg/L in the winter up to 5502.1 µg/L recorded during a summer
Microcystis bloom. Blooms were primarily caused by cyanobacteria
species, namely Microcystis aeruginosa and Aphanizomenon flos-aquae.
Microcystis and to a lesser extent Aphanizomenon dominated the algae
community in all but the winter months, suppressing eukaryotic growth
in warmer seasons. Microcystis formed monospecific blooms during all
three summers of the study period. Aphizominon blooms were also
common especially in early Spring and late Fall.

2.2. Data collection and analysis

In situ data from the reservoir were collected between July 4, 2013
and October 6, 2015, at intervals of approximately three weeks (for a
total of 34 sampling dates). Sampling frequencies were lower in the
winter months due to poor weather conditions on the reservoir.
Initially, the sampling stations were positioned along the north-south
and east-west axes of the reservoir in order to capture any spatial
variability in water quality variables (Fig. 1). Starting September 9,
2014, samples were only taken along the north-south center line of the
reservoir due to drought conditions and reservoir area shrinkage. Two
additional sampling points were added along the north-south center-
line of the reservoir from this date. Recently, an ultrasonic cyano-
bacterial treatment system has been deployed on the reservoir, making
more recent data from the reservoir not representative of its natural
conditions.

Two water samples were taken from each monitoring station with a
depth greater than 10 m: one 10–20 cm below the water surface and
one 4 m from the bottom of the reservoir (using a Van Dorn depth
sampler and a YSI EXO2 sonde). Only surface samples were collected
from shallow stations. Given the observed temporal changes in re-
servoir water level, station depths (m) were recorded for each sampling
date. Water temperature ( °C) was measured in the field. The YSI EXO2
Sonde was used to capture complete vertical temperature profiles across
stations. Vertical temperature profiles were used to determine the
mixed layer depth (zm). The magnitude of lake stratification at each
station was defined in terms of the difference between surface and
bottom water temperatures ( °C). Dissolved oxygen (DO) (mg/L) was
measured in the field, initially with a Hanna HI 9143 AutoCal Dissolved
Oxygen Meter and then with the YSI EXO2 Sonde. Water pH was
measured using an Orion Researcher Micro Processor pH Meter. Total
dissolved solids (TDS) and conductivity were both measured using a
portable Cole-Palmer TD/Conductivity Meter. Additionally, Secchi disk
depth (SDD) (m) was measured at each station and was converted to
euphotic zone depth (zs) by multiplying the measurements by the 2.81
(French et al., 1982). Reservoir volume (m3) for each sampling date was
estimated using the bathymetry data and georeferenced Landsat 7 and 8
images (Deutsch and Alameddine, 2019). Litani River flows (m3/s)
were obtained from the Litani River Authority, with the mean flow of
the 14 days prior to the sampling date used in the subsequent analyses.

Laboratory analyses of both surface and bottom water samples were
completed within 48 h of sample collection. Nutrient analyses were
conducted colorimetrically for ammonia (NH3), nitrate (NO3) and ni-
trite (NO2), orthophosphate (PO4) and total phosphorus (TP) using a
HACH DR.−4000 Spectrophotometer. All laboratory procedures were
performed in accordance with the Standard Methods for the
Examination of Water and Wastewater (Baird et al., 2012). The degree
of phosphorus limitation in the reservoir was determined based on the
threshold ratio reported by Bergstrӧm (2010) for dissolved inorganic
nitrogen to total phosphors (DIN:TP). The DIN:TP ratios corresponding
to a 25% and 75% probability of P limitation were defined at ratios of
1.5 and 3.4 respectively.

For phytoplankton analysis, 500 mL water samples were taken at
approximately 10 – 20 cm below the water surface at each sampling
station. Samples were immediately preserved using 5 mL of Lugal's

solution (Baird et al., 2012). The algae were then sedimented inside
sampling chambers for at least two weeks to concentrate them. Su-
pernatent was siphoned off, leaving 25 – 30 ml of concentrated sample
that was stored in vials for up to 6 months. For microscope analysis, two
0.1 ml subsamples were removed from these vials and placed on each of
the two counting grids of a Marienfeld Malasez counting chamber.
Using 400x magnification, three 0.25 mm by 5 mm strips were counted
per grid (six strips total per sample) with the algae organism (not
colony) used as the unit of measure (adapted from Baird et al., 2012).
Identification was made to the genus level. Organism volume per genus
was then calculated using Eq. (2), where O= the number of organisms
counted per genus per sample, L = the length of each strip in mm,
D= the depth of each strip in mm,W= the width of each strip in mm,
and S = the number of strips counted per sample.

= ×
× × ×

Organisms ml O
L D W S

/ 1000 mm3

(2)

As the single-celled Microcystis units were difficult to count when
they were in colony formation, vials were placed in a tube shaker for
one minute to break colonies apart (Joung et al., 2006). Samples were
then placed into a Bio-Rad TC10 Automated Cell Counter, producing
results in organisms/mL. All phytoplankton results were converted to
1000 organisms/mL for subsequent analysis to limit differences in
variance between algae biovolume and all other variables.

2.3. Structural equation modeling

There are many modeling options that can be used to model
Microcystis in addition to SEMs. These include numerical models
(Chung et al., 2014; Robson and Hamilton, 2004; Rowe et al., 2016),
neural networks (Chan et al., 2007; Jeong et al., 2006; Li et al., 2007),
regression-based analysis (Yu et al., 2014), agent based modeling
(Wang et al., 2017), Bayesian Networks (Moe et al., 2016), and en-
semble models (Shamshirband et al., 2019). In this paper, we opted to
use the SEM with observed variables (path modeling) method to de-
velop a statistical model that predicts Microcystis biovolume in the
study area. SEMs are theory oriented and capable of representing hy-
potheses about causal networks, while permitting for model inter-
pretation even in the presence of a large number of predictors and re-
sponses with complex causal connections (Grace et al., 2010). SEM is an
a priori method, where our knowledge of a system's structure is used to
pre-conceptualize a model based on hypothesized underlying mechan-
isms between the modeled variables. This is particularly important for
systems that are poorly monitored, where a priori knowledge from other
systems is used to provide an initial candidate model that is tested and
refined by the collected system-specific data. Perhaps the most distin-
guishing feature of SEM is its emphasis on estimating causal effects
through the study of path relations. As such, it focuses on under-
standing and simultaneously evaluating both direct and indirect path-
ways within the complex network of interacting environmental vari-
able. These features make SEMs well suited for exploring multiple
hypotheses about the different processes operating in a system
(Grace et al., 2010). The null hypothesis (H0) in SEM assumes that the
covariance matrix implied in this conceptual model Σ(θ) is equal to the
observed covariance matrix of the data itself Σ(θ), or:

=H : ( )0 (3)

where θ is a vector of model parameters. As such, in SEMs we strive to
accept the null hypothesis, which confirms the model`s ability to ex-
plain the patterns observed in the data (Grace, 2006; McCune and
Grace, 2002). The model was fit by minimizing the difference between
the model-predicted covariances and the data-implied covariance
structure. Exogenous variables in the SEM are similar to independent
regression variables, while endogenous variables are dependent and
have their values predicted by the exogenous variables within the
model. SEMs have been used both in confirmatory and exploratory
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approaches (Grace, 2006). Exploratory analysis, as used in this paper,
includes alteration of the initial theoretical model to improve the fit
between the model and the data (Grace, 2006; McCune and
Grace, 2002).

An initial SEM conceptual model was developed based on the ex-
isting literature and on initial data exploration (boxplots and regression
analyses); it is shown in Fig. 2. The model includes direct paths from
surface temperature and surface TP to Microcystis biovolume. Both
water temperature and surface TP are known to directly increase Mi-
crocystis growth and reproduction rates in freshwater systems
(Bista et al., 2014; Bridgeman et al., 2012; Carey et al., 2012;
Davis et al., 2009; Dokulil and Teubner, 2000; Downing et al., 2001;
Jacoby et al., 2000; Kosten et al., 2012; Michalak et al., 2013;
Robarts and Zohary, 1987; Schindler, 1977; Xie et al., 2003; Xu et al.,
2010). Note that phosphorus is expected to play a more critical role
than nitrogen in limiting Microcystis growth in Qaraoun Reservoir,
given that the reservoir is mostly phosphorus limited (88% of sample
points showed a >75% chance of P-limitation based on Bergstrӧm's
equation (Bergstrӧm, 2010), versus 3% of sample points that showed a
>75% chance of N-limitation). The choice of the phosphorus species
that best represents phosphorus loads in the model is a function of the
temporal scale of the study. While soluble reactive phosphorus (SRP or
PO4) represents instantaneous bioavailable phosphorus, the lag time
between Microcystis response and changes in PO4 levels shows a weak
correlation. For instance, during most Microcystis blooms, PO4 con-
centrations in the reservoir will be close to zero given that the available
PO4 would have been taken up by the bloom. TP, on the other hand,
better represents the amount of phosphorus available within the system
over a longer time period. As such, it tends to correlate better with the
algae growth response. Nevertheless, the use of TP as a predictor suffers
from the intrinsic correlation between TP and algae biovolume given
the presence of the former within the algal cells. The use of PO4 to
model algal growth is often limited to mechanistic models that are run
on fine time-steps (Burger et al., 2008; Lindim et al., 2015). In the
Qaraoun Resevoir, the correlation between surface water temperature
and the Microcystis biovolume was found to be strong and statistically
significant (0.41, p-value = <0.05), while the correlation between

surface TP and Microcystis biovolume was weaker (0.14, p-
value = 0.08).

An indirect link between temperature and Microcystis was also in-
cluded in the model in the form of a pathway mediated by both the
magnitude of stratification and surface TP; this path represents the
mechanism of restricted internal nutrient loading under a stratified
water column, which can in turn lead to nutrient depletion in epi-
limnion waters (Elliott, 2012; Wagner and Adrian, 2009; Wetzel, 2001;
Zohary and Ostrovsky, 2011). Further, surface TP concentrations were
predicted as a function of both bottom TP (representing internal loading
mechanisms) and river flow (representing external loading). Although
surface TP and bottom TP can be highly correlated in shallow areas
and/or in regions with no stratification, a strong thermocline is ex-
pected to reduce this association. Under stratification, nutrients from
the sediment are released into the hypoxic waters, with the rate of
diffusion across the thermocline governed by the intensity of stratifi-
cation. River flow in the model was calculated as the mean flow for 14
days prior to the sampling date in order to account for time lag effects
on external nutrient inputs.

Also typical of semi-arid zone water bodies, the reservoir showed
significant variability in reservoir volume and depth over the study
period, particularly in 2014 during severe drought conditions, where a
number of sample stations shifted from being stratified and deep to
shallow and mixed over the course of the summer season. As such, a
binary station depth variable was included in the model. The decision
to introduce station depth as a binary variable was driven by the fact
that stations that were deeper than the thermocline experience strati-
fication, which increases the depletion of surface water nutrients. While
stations with shallower depths have a well-mixed water column. Note
that considering station depth as a continuous variable would have
assumed that its impacts on the endogenous variables were linear in
nature. Station depth, as a binary exogenous variable, is coded and
interpreted as a dummy variable in SEM (Arhonditsis et al., 2006;
Grace, 2006), with their covariance assessed using Pearson's formula
(Rosseel, 2012). Pearson's correlation between a dichotomous and a
continuous variable is commonly referred to as the point–biserial cor-
relation (Chalmers, 2018; Crocker and Algina, 1986; McDonald, 2013).

Fig. 2. SEM conceptual model for predicting Microcystis bio-
volume in Qaraoun Reservoir. Boxes indicate observed vari-
ables, where x variables are endogenous and y variables are
exogenous. Arrows represent path coefficients relating exo-
genous with endogenous variables (γ), or between en-
dogenous variables (β). ζ represent errors of the predicted
(endogenous) variables.
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Other options for assessing correlations include the use tetrachoric or
polychoric correlation coefficients. Yet, both were not suitable for our
SEM model given that we only had one categorical variable and the
model lacked any endogenous categorical variables. Stations located in
shallow waters (less than 10 m) were coded as “0,” and stations in
deeper sections (10 m or greater) were coded as “1″. A direct link was
included from station depth to stratification to highlight the role that
fluctuating station depths plays in determining stratification. A directed
link was also added from station depth to surface TP as we expect larger
fluxes of nutrients reaching surface waters in shallow areas. Shallow
lakes that are highly productive often experience localized bottom hy-
poxia due to high rates of decomposition of sedimented organic mate-
rial (Kosten et al., 2012; Visser et al., 2016), which, when combined
with the higher bottom temperatures in the shallow sections, are re-
sponsible for increased nutrient release into the water column through
temperature stimulated mineralization (Sondergaard et al., 2003;
Wagner and Adrian, 2009). Finally, a direct pathway from station depth
to Microcystis biovolume was added, as shallow areas are expected to
have a more favorable balance between nutrients from internal loading
and the light environment, thereby increasing productivity
(Chung et al., 2014; Miller et al., 2013; Wagner and Adrian, 2009).

Prior to analysis, skewness (McCune and Grace, 2002) tests were
run to assess the distributional assumptions of the variables. Microcystis
biovolume as well as both surface and bottom TP were natural loga-
rithm transformed to improve the fit of the linear relationships assessed
in the SEM. Given the presence of zero values in the Microcystis bio-
volume, it was square-root transformed. The model was fit using the
lavaan package (Rosseel, 2012) in the software R (R Core Team, 2015).
Other SEM software that could have been used include LISREL, EQS,
MPlus, and AMOS. All lavaan model runs were also mimicked under
MPlus to guarantee concurrence of results. The Maximum Likelihood
estimator was used to fit the model by minimizing the differences be-
tween the observed data covariance and the model-predicted covar-
iances. Given that SEM is an a priori method, acceptance of the null
hypothesis was set at p-value > 0.05. P-values > 0.05 indicate that the
model-implied covariance matrix and the data-implied covariance
structure are sufficiently similar (McCune and Grace, 2002). This is
generally tested with the χ2 statistic when sample size is less than 200
(Schumacker and Lomax, 2004). Several fit indices were also used to
ensure model adequacy (Kline, 1998). These included: 1) the Com-
parative Fit Index (CFI), which compares the specified model with a
baseline model where all variables are assumed to be uncorrelated
(good model fit when CFI > 0.9); 2) the Tucker-Lewis Index (TLI),
which is similar to the CFI but has a stronger penalty for model com-
plexity (good model fit when TLI > 0.9); and 3) the Root Mean Square
Error of Approximation (RMSEA), which estimates the fit of the model
relative to a saturated model of the population (good model fit when
RMSEA < 0.1). Once the initial model was tested, modification indices
were used to assess possible solutions to any discrepancies between the
initial model and the data. Modification indices are calculated based on
the expected decrease in the χ2 statistic given the addition of new
model pathways (Grace, 2006; McCune and Grace, 2002). Modifica-
tions were only considered if they did not contradict ecological theory
(Arhonditsis et al., 2006). Once the final model was established, in-
dividual path significances were determined by dividing the path
coefficient by its standard error, with the resulting values tested using
the t-test. Path coefficients with t-test p-values < 0.05 were considered
significant. Non-significant paths were retained if the model itself
showed adequate fit to the data (Grace, 2006). Finally, bootstrapping
with 1000 boostrap draws was performed to assess the robustness of the
overall model fit.

3. Results

The initial conceptual SEM did not adequately fit the data
(χ2=30.7, df=6, p-value<0.0001; CFI=0.94; TLI=0.85;

RMSEA=0.17, n = 139). Modification indices showed a need for a
negative direct pathway from stratification magnitude to Microcystis
biovolume and another negative pathway from Microcystis biovolume
back to surface TP. The suggested negative link between stratification
magnitude and Microcystis is at odds with several studies that reported
that Microcystis benefits from stratification through its ability to reg-
ulate buoyancy and thus migrate between high light surface waters and
nutrient rich bottom waters under stable water column conditions
(Bonnet and Poulin, 2002; Carey et al., 2012; Chung et al., 2014;
Heo and Kim, 2004; O'Neil et al., 2012; Thomas and Walsby, 1985).
Nonetheless, there is evidence that several physical factors can reduce
the effectiveness ofMicrocystis buoyancy regulation (Chung et al., 2014;
Dokulil and Teubner, 2000; Visser et al., 2016; Wagner and
Adrian, 2009). The ratio of the mixed layer depth to the euphotic depth
(zm/zs) has been established as an important factor impacting the ad-
vantage incurred by Microcystis’ buoyancy regulation in stratified sys-
tems (Chung et al., 2014; Dokulil and Teubner, 2000; Visser et al.,
2016). If the mixed layer is too deep or if the euphotic depth is too
shallow, as is the case in highly productive waters, Microcystis will be
exposed to large fluctuations in photon irradiance, which negatively
impacts its growth (Reynolds et al., 1987). Several studies have pointed
to a zm/zs threshold of 2.5 – 3, above which light limitation reduces
cyanobacterial biovolume in stratified areas (Heo and Kim, 2004;
Visser et al., 2016). In the Qaraoun Reservoir, analysis of the vertical
temperature profile showed that 83% of the stratified stations had a
zm/zs > 2.5. We also found that mixed layer depth had a significant
negative correlation with Microcystis biovolume in our study
(r = −0.44, p-value = 0.03). Additionally, several studies have re-
ported that turbulent mixing by winds can hinder the vertical migration
of buoyant Microcystis by disrupting the water column stability, and
therefore can induce light or nutrient limitation to the Microcystis de-
pending on their position in the water column (Cha et al., 2014;
Chung et al., 2014; Heo and Kim, 2004; Huisman et al., 2004;
Scavia et al., 2014; Visser et al., 2016). Wind speeds as low as 2 – 4 m/s
have been reported to impair Microcystis bloom formation in many
systems (Blottière et al., 2014; Chaffin et al., 2012; Chung et al., 2014;
Reynolds et al., 1987). In the reservoir, average daily summer wind
speeds regularly exceed 6 m/s, with maximum daily winds often ex-
ceeding 11 m/s (data obtained from Houche al Oumara weather station
35 km north of Qaraoun Reservoir), suggesting a high degree of
summer turbulent mixing in the upper water column. Given the ob-
served patterns of zm/zs, mixed layer depth, and wind speed, we con-
clude that stratification conditions in the reservoir were largely not
amenable towards fully realizing the buoyance regulation advantage for
Microcystis. As such, the proposed negative SEM pathway from strati-
fication magnitude to Microcystis biovolume was accepted and inter-
preted as an indication of increased light limitation and difficulty in
maintaining the right balance between light and nutrient require-
ments.”

The second suggested link by the modification indices is the addi-
tion of a negative reciprocal pathway from Microcystis to surface TP.
This addition changes the model from recursive, with causal links all in
one direction, to non-recursive, where two endogenous variables are
determined from each other. A closer examination of the bidirectional
pathway, shows that the positive path from surface TP to Microcystis is
stronger in magnitude than the negative path from Microcystis to sur-
face TP (refer to Fig. 3 in the paper and to Table 2). These two pathways
capture two different mechanisms. The positive path represents the
natural affinity of Microcystis to capture and store phosphorus, which
leads to higher algae cell growth. Meanwhile, the negative pathway
from Microcystis to TP represent the net impact of sedimentation losses
on surface nutrient concentrations through the sinking of dead Micro-
cystis cells and their byproducts following blooms. Microcystis are also
known to have superior phosphorus storage mechanisms (Carey et al.,
2012; Dokulil and Teubner, 2000; Whitton, 2012) and to undergo re-
latively little cell decomposition during the sedimentation process
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(Oliver et al., 1985; Reynolds et al., 1981; Takamura and
Yasuno, 1988), thereby effectively removing stored phosphorus from
the euphotic water column. Microcystis cell sedimentation rates are
generally a function of nutrient and light limitations (including self-
shading during bloom events), competition, and other adverse en-
vironmental factors that contribute to cell death in the water column
(Reynolds, 2006; Sigee et al., 2007), with the magnitude of loss rates
increasing both during and after a bloom event (Cires et al., 2013;
Sigee et al., 2007; Takamura and Yasuno, 1988; Verspagen et al., 2005;
Wormer et al., 2011; Zohary et al., 2012). Additionally, the recursive
link between Microcystis biovolume and surface TP supports the con-
sideration of defining a joint distribution for the two variables rather
than to describe them individually through univariate distributions.
The advantages of defining bivariate distributions for highly correlated
variables was highlighted by Cha et al. (2016) across several freshwater
and estuarine systems. SEMs are constrained to the adoption of uni-
variate distributions for all endogenous variables. Note that this re-
cursive link is also an artifact of the intrinsic correlation between TP
and algae biovolume given the presence of the former within the algal
cells.

The fit between the modified SEM and the data proved satisfactory
for predicting Microcystis biovolume (χ2=7.85, df=4, p-value=0.1;
CFI=0.99; TLI=0.96; RMSEA=0.08, n = 139). There was generally a
strong agreement between the model-predicted covariance matrix and
the observed data covariance matrix (Table 1), with 25 of the 28 matrix
moments demonstrating low residual covariances (< 1) in their stan-
dardized form (residual covariances divided by their standard error
(Arhonditsis et al., 2006)). The bootstrap results also confirmed the
robustness of the model. The overall p-value on the bootstrapped Chi-
squared tests for model fit was 0.01, indicating that 99% of all boot-
strapped models had Chi-square test statistics smaller than or as large as
the fitted model. Note that a smaller Chi-squared value implies a
stronger evidence that the covariance matrix implied in the conceptual
model Σ(θ) is equivalent to the observed covariance matrix in the data
itself.

Fig. 3 shows the graphical representation of the final SEM model.
All model pathways were found to be significant (p-value < 0.05),

except for the path between river flow and surface TP and the one
linking station depth to Microcystis biovolume. The R2 for each of the
endogenous parameters in Fig. 3 was calculated as 1 minus that stan-
dardized error variances, where the error variances are the portions
(residuals) of each predicted variable not accounted for within the
model (Grace, 2006). In general, the model explained 49.9% of the
observed variation in Microcystis biovolume, as well as 81.0% of the
variation in surface TP, and 45.5% of the variation in stratification
magnitude. Fig. 3 also displays the standardized path coefficients for
the SEM pathways. Standardized coefficients are generated by multi-
plying the unstandardized path coefficients obtained from the SEM
estimation procedure by the ratio of the standard deviation of the ex-
planatory variable to the standard deviation of the predicted variable
along each pathway (Arhonditsis et al., 2006). Standardized coefficients
are therefore expressed in standard deviation units and thus are more
easily comparable for assessing the relative strength of different SEM
pathways (Grace and Bollen, 2005).

Based on the model, Microcystis biovolume was found to be most
strongly associated with the direct surface temperature pathway,
showing a standardized regression coefficient of 0.79. Temperature also
showed a relatively smaller indirect impact on Microcystis through its
effect on the magnitude of stratification in the reservoir, which in turn
negatively affected both surface TP and Microcystis biovolume. The
strength of these combined indirect pathways from surface temperature
to Microcystis in standardized units is
(0.30*−0.25) + (0.30*−0.29×0.37) = −0.11, and therefore the
total effects of surface temperature on Microcystis biovolume in our
model is 0.79 + −0.11 = 0.68. The effect of surface TP on Microcystis
biovolume was not mediated by any other variable in the SEM, and the
standardized direct path coefficient of 0.37 is noticeably less than the
calculated total temperature effect. Microcystis also had a reciprocal,
albeit relatively smaller (standardized coefficient = −0.18), effect on
surface TP, such that while it is itself being stimulated by increased
phosphorus loads, it was simultaneously removing TP from surface
waters. It is also apparent that internal loading via bottom TP (stan-
dardized coefficient = 0.82) had a more significant impact on surface
TP concentrations in our model than external loading via river flow.

Fig. 3. Structural equation model for predicting
Microcystis biovolume from surface water tempera-
ture, surface TP, stratification, and reservoir depth.
Lines represent directional relationships between
variables. Nonsignificant paths are represented by
dotted arrows. The thickness of the solid arrows re-
flects the magnitude of the standardized SEM coeffi-
cients. Standardized coefficients are listed in bold next
to each significant path. *Surface TP and bottom TP
are natural log transformed. ** Microcystis biovolume
is square-root transformed.
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Finally, station depth had a stronger positive influence on stratification
magnitude (standardized coefficient = 0.56) than did temperature
(standardized coefficient = 0.30). Station depth also negatively im-
pacted surface TP concentrations (standardized coefficient = −0.11),
largely due to the strong and stable stratification occurring in the
deeper sections of the reservoir. Strong stratification leads to reducing
leakage of nutrients from the hypolimium to the epilimnion. Meanwhile
the relationship between station depth and Microcystis biovolumes was
negative but not-significant. Several studies across several lakes and
reservoirs have reported that shallow areas tend to have higher nutrient
concentrations and greater cyanobacterial growth rates as compared to
deeper sections (Chung et al., 2014; Miller et al., 2013; Wagner and
Adrian, 2009).

Unstandardized path coefficients, which are the subject of the sig-
nificance tests associated with the regression pathways in an SEM, are
shown in Table 2. Unstandardized coefficients are expressed in the
original units of the variables and represent the mean influence of the
predictors on the response variables. Using the notation from Table 2,
Microcystis biovolume can be predicted using the following equation:

= + + +
+ +

Microcystis Temp Depth TP
Stratification Magnitude N

ln( )
; (0, )

i i i surf i

i

3 1 7 9

10 3 3 3 (4)

where

= + + + +
+ +

TP TP Flow Depth Microcystis
Stratification Magnitude N

ln( ) ln( )
; (0, )

surf i bot i i i i

i

2 3 4 5 11

8 2 2 2

and

= + +

+

Stratification Magnitude Temp Depth

N; (0, )
i i i1 2 6

1 1 1

Interpreting Eq. (4) using median observed values for surface TP
(0.23 mg/L), stratification magnitude (2 °C), and surface temperature
(21.5 °C) as model inputs, a temperature increase of 5 °C above the
median (from 21.5 to 26.5 °C) is expected to increase the median

Microcystis biovolume from 19,050 to 40,250 organisms/mL in deep
stations (station depth = 1) and from 26,590 to 50,930 organisms/mL
for shallow stations (station depth = 0). If stratification magnitude is
assumed to increase by 5 °C (from 2 to 7 °C) alongside the 5 °C surface
temperature increase, then the median Microcystis biovolume is pre-
dicted to increase marginally to reach 27,510 organisms/mL in the deep
stations. Finally, holding temperature and stratification magnitude
constant at their median values, a change in surface TP from 0.23 mg/L
to 0.73 mg/L is expected to increase Microcystis biovolume to 28,780
organisms/mL in deep stations and to 37,910 organisms/mL in shallow
stations. The combination of the higher temperature (26.5 °C) and
elevated surface phosphorus concentrations (0.73 mg/L) is predicted to
yield a Microcystis biovolume of 66,210 organisms/mL in shallow sta-
tions.

4. Discussion

4.1. General phytoplankton and reservoir dynamics

Qaraoun Reservoir has experienced cyanobacteria blooms across all
seasons over the three years of this study. This is a clear continuation of
a pattern first reported by Atoui et al. (2013). It signals deteriorating
conditions and the amplification of cultural eutrophication. The phy-
toplankton community over the study period was dominated by Mi-
crocystis and, to a lesser extent, Aphanizomenon, both appearing to be
strongly affected by seasonal temperature patterns. The dynamics of the
two dominant cyanobacterial genus in this study shows that Aphani-
zomenon tends to be more common in spring and fall co-blooming with
Microcystis, while Microcystis tends to dominate as monospecific blooms
over the warmest sampling dates. Recent work on Qaraoun Reservoir
has noted that Microcystis dominated over the hottest sampling dates
(Fadel et al., 2015). This is to be expected as Microcystis’s optimum
growth occurs between 25 - 32 °C (Carey et al., 2012; Jiang et al., 2008;
Liu et al., 2011; O'Neil et al., 2012; Paerl and Huisman, 2009;
Robarts and Zohary, 1987).

Table 1
The analyzed covariance matrix for the final SEM model, with unstandardized covariances for the observed data, the predicted model, and the residuals presented.

(Microcystis Biovolume)1/2 Ln (Surface TP) Strati-fication Surface Temp Station Depth River Flow Ln (Bottom TP)

(Microcystis Biovolume)1/2

Observed 9.13
Predicted 9.49
Residual −0.37
Ln (Surface TP)
Observed 0.15 1.67
Predicted 0.40 1.76
Residual −0.25a −0.09
Stratification
Observed −1.48 −1.38 11.93
Predicted −1.95 −1.93 11.93
Residual 0.50 0.55a 0.00
Surface Temp
Observed 9.79 −3.51 7.77 37.27
Predicted 9.91 −3.37 7.77 37.27
Residual −0.12 −0.14 0.00 0.00
Station Depth
Observed −0.41 −0.19 0.96 0.33 0.22
Predicted −0.41 −0.19 0.96 0.33 0.22
Residual 0.00 0.00 0.00 0.00 0.00
River Flow
Observed −6.77 1.47 −2.81 −20.98 0.14 27.18
Predicted −6.49 1.47 −3.04 −20.98 0.14 27.18
Residual −0.28 −0.00 0.23 0.00 0.00 0.000
Ln (Bottom TP)
Observed 0.38 1.29 0.17 −1.68 −0.05 0.52 1.49
Predicted 0.63 1.35 −0.49 −1.68 −0.05 0.52 1.49
Residual −0.25 −0.05 0.66a 0.00 0.00 0.00 0.00

a Denotes where standardized residual covariances > 1 as an indication of where model fit is poor (Arhonditsis et al., 2006). A standardized residual covariance is
calculated as the unstandardized covariance divided by the corresponding standard error.
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4.2. Direct and indirect temperature effects on microcystis biovolume

Many studies have documented the importance of temperature for
Microcystis growth (Blottière et al., 2014; Carey et al., 2012; Davis et al.,
2009; Kosten et al., 2012; Liu et al., 2011; Robarts and Zohary, 1987;
Wu et al., 2016), but it is often unclear whether direct or indirect
temperature effects dominate. The use of SEM as a modeling technique
allowed us to better resolve this question, with direct temperature ef-
fects playing the major role in controlling Microcystis biovolumes in
Qaraoun Reservoir. Direct temperature mechanisms include enhanced
photosynthetic and growth rates, enhanced specific respiration and
carbohydrate metabolism, better nutrient uptake capacities, and higher
rates of intercellular nutrient assimilation (Carey et al., 2012;
Davis et al., 2009; Robarts and Zohary, 1987). Higher optimum growth
temperatures for Microcystis also gives them a competitive advantage
over other cyanobacterial species and eukaryotic algae (Dokulil and
Teubner, 2000; Jiang et al., 2008; Kosten et al., 2012; O'Neil et al.,
2012), as discussed above.

Indirect temperature effects onMicrocystis were also apparent in our
SEM model, but were significantly less important than the direct effects.
Indirect temperature effects reported in the literature act primarily
through increasing stratification magnitude, which may limit internal
loading across a strong thermocline (Visser et al., 2016; Wagner and
Adrian, 2009). As expected, surface TP was found to be negatively af-
fected by the presence of stronger stratification in the SEM, whereby
flow of nutrients from a hypoxic and nutrient rich hypolimnion to the
nutrient depleted epilimnion was hindered, culminating in a negative
feedback on Microcystis biovolume (Elliott, 2012; Wetzel, 2001;
Zohary and Ostrovsky, 2011). Cyanobacteria are also known to have
higher requirements for trace elements as compared to eukaryotic algae
(Dokulil and Teubner, 2000; Jiang et al., 2008), and therefore separa-
tion from nutrient rich bottom waters can have a broader consequence
than the TP modeled in our SEM. The negative relationship from stra-
tification magnitude to Microcystis growth as mediated by surface TP in
the SEM model is evidenced in the Qaraoun Reservoir whereby blooms
tend to occur in the fall after stratification ceases and reservoir turnover
increases nutrient pools in surface waters.

Stronger stratification is often thought to improve the stability of
the water column (Chung et al., 2014; Kosten et al., 2012;
McDonald and Lehman, 2013; O'Neil et al., 2012), allowing buoyancy
regulating species like Microcystis to successfully migrate between

nutrient rich bottom waters and light rich surface waters to optimize
their growth rates (Bonnet and Poulin, 2002; Carey et al., 2012;
Dokulil and Teubner, 2000; Kosten et al., 2012; Miller et al., 2013;
O'Neil et al., 2012; Robarts and Zohary, 1987). This pathway was sig-
nificant in our model, but showed a negative association, likely as a
result of other water column and basin-level variables acting on this
relationship. Microcystis require a shallow mixed layer to fully take
advantage of their buoyancy capabilities (Chung et al., 2014;
Reynolds et al., 1987; Wagner and Adrian, 2009). When mixed layers
are too deep, particularly when associated with a shallow euphotic
depth, Microcystis may be less able to move and take advantage of the
nutrient rich hypolimnion while also obtaining sufficient photon irra-
diance to avoid light restrictions to growth (Chung et al., 2014;
Dokulil and Teubner, 2000; Heo and Kim, 2004; Visser et al., 2016;
Wagner and Adrian, 2009). Lake models have shown that phyto-
plankton biomass will initially increase with greater mixing depth up
until a depth is reached where nutrient limitations are replaced by light
limitations, with biomass decreasing after this point (Visser et al.,
2016). Note that other cyanobacteria species have been found to be
more tolerant to longer and deeper stratification periods than Micro-
cystis (Reynolds et al., 1987; Wagner and Adrian, 2009). High winds
seen in the summer months over Qaraoun Reservoir can also detract
from Microcystis’ buoyancy advantage through turbulent mixing that
both destabilizes surface water layers and increases mixed layer depths
in strongly stratified areas (Cha et al., 2014; Chung et al., 2014;
Heo and Kim, 2004; Huisman et al., 2004; Scavia et al., 2014;
Visser et al., 2016).

The model results showed that the magnitude of stratification was
more strongly influenced by station depth than by water temperature.
Basin morphology and uncharacteristically dry conditions during much
of our study period meant that large areas of the reservoir became too
shallow to strongly stratify as water levels dropped. Strong annual and
interannual fluctuations in water column depth are also characteristic
of many semi-arid water bodies that experience seasonal precipitation
patterns and high evapotranspiration rates under high temperature
regimes (Bai et al., 2011; Dantas et al., 2011; Naselli-Flores et al., 2007;
Thornton and Rast, 1989). In the Qaraoun Reservoir, only the deeper
stations (>10 m deep) saw increased stratification magnitude as the
summer proceeded, leading to lower TP and Microcystis biovolumes.
Similar patterns have been documented in other studies, with shallow
areas showing higher nutrient concentrations and greater

Table 2
Unstandardized path coefficients, standard errors, and p-values for the final SEM predicting Microcystis biovolume. γ represents path coefficients of endogenous
variables predicted by exogenous variables, β represents path coefficients of endogenous variables predicted by endogenous variables, ν represents measurement
intercepts of endogenous variables, and ψ represents the error variance of the endogenous variables.

Model Symbol Unstandardized coefficients Std. Error P-Value

Regressions:
(Microcystis Biovolume)1/2~ Surface Temp γ1 0.40 0.03 0.00
(Microcystis Biovolume)1/2 ~ ln(Surface TP) β9 0.86 0.18 0.00
(Microcystis Biovolume)1/2 ~ Stratification Magnitude β10 −0.22 0.07 0.00
(Microcystis Biovolume)1/2 ~ Station Depth γ7 −0.79 0.50 0.11
ln(Surface TP) ~ Stratification Magnitude β8 −0.11 0.02 0.00
ln(Surface TP) ~ ln(Bottom TP) γ3 0.89 0.04 0.00
ln(Surface TP) ~ River Flow γ4 0.01 0.01 0.46
ln(Surface TP) ~ Station Depth γ5 −0.31 0.13 0.02
ln(Surface TP) ~ (Microcystis Biovolume)1/2 β11 −0.08 0.02 0.00
Stratification Magnitude ~ Surface Temp γ2 0.17 0.04 0.00
Stratification Magnitude ~ Station Depth γ6 4.17 0.47 0.00
Intercepts:
(Microcystis Biovolume)1/2 ν3 −1.65 0.68 0.01
ln(Surface TP) ν2 0.28 0.15 0.05
Stratification Magnitude ν1 −2.73 0.76 0.00
Error Variances:
(Microcystis Biovolume)1/2 ψ3 4.76 0.58 0.00
ln(Surface TP) ψ2 0.33 0.04 0.00
Stratification Magnitude ψ1 6.62 0.79 0.00
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cyanobacterial growth rates (Chung et al., 2014; Miller et al., 2013;
Wagner and Adrian, 2009). Given the productivity of the study re-
servoir, shallow areas are expected to occasionally experience low
oxygen levels conducive to nutrient release, while also providing a
more favorable balance between nutrient concentrations and light re-
sources than deeper sections (Kosten et al., 2012; Visser et al., 2016).
Frequent alteration between mixed and stratified conditions in shallow
lakes or in lakes with fluctuating water column depths can further sti-
mulate phosphorus release rates from the sediment which improves
conditions for Microcystis growth (Sondergaard et al., 2003;
Wagner and Adrian, 2009).

4.3. Nutrient loads and their effects on microcystis biovolume

Given the strength of the pathways from temperature to Microcystis
biovolume relative to the pathway pointing from surface TP, it is ap-
parent that temperature, and perhaps light, are generally more limiting
to Microcystis growth than are nutrient concentrations in our study.
Nutrient loads to the reservoir tend to be high, as evidenced by its
hypereutrophic state, although reduced PO4 concentrations over
summer growth periods do indicate periods of phosphorus limitation
when all bio-available phosphorus is uptaken under heavy algae cell
growth rates. Microcystis are known to be strong competitors for nu-
trients, and for phosphorus in particular (O'Neil et al., 2012;
Whitton, 2012), which may also explain the relatively weaker surface
TP to Microcystis pathway in the SEM. Microcystis generally has a high
affinity for and ability to store phosphorus (Carey et al., 2012;
Molot et al., 2014), meaning that it can withstand periods of nutrient
deficiency under fluctuating concentrations in the reservoir. This high
affinity uptake and phosphorus sequestration may also explain TP re-
moval from surface waters by Microcystis in the reciprocal SEM
pathway, where sedimentation losses of dead cells acts to reduce sur-
face nutrient concentrations (Carey et al., 2012; Cires et al., 2013;
Dokulil and Teubner, 2000; O'Neil et al., 2012; Sigee et al., 2007;
Takamura and Yasuno, 1988). Finally, the ability of Microcystis to
regulate their buoyancy may also help them avoid nutrient limitation as
they may be able to access hypolimnion nutrient stores at times when
the mixed layer depths are stable and shallow (Bonnet and
Poulin, 2002; Carey et al., 2012; Chung et al., 2014).

The developed SEM also provided an opportunity to better under-
stand the relative importance of different nutrient loading mechanisms
for the reservoir. Internal loading, through the direct pathway from
bottom TP to surface TP, was found to be much stronger than the river
flow pathway that represents external loads. Internal loading is pro-
moted by anoxia-mediated sediment P-release from the phosphorus rich
sediments (Pettersson, 1998; Sondergaard et al., 2003; Wetzel, 2001).
During the summer growth period, internal nutrient loads in shallow
sections are readily available for Microcystis, while nutrients from the
deeper sections appear to escape the hypolimnion and reach the epi-
limnion when the water column is disturbed by internal turbulence
caused by such factors as winds. In the Qaraoun Reservoir, there is little
to no external loading sources during the summer months, and there-
fore any new phosphorus to the system during that period comes from
internal sources despite the strong stratification of the system. We be-
lieve that the insignificant link between the external load (river flow)
and surface TP was due to the ephemeral flow patterns of the Litani
River. River flows from the Litani, Qaraoun Reservoir's largest tribu-
tary, are generally strongest in the winter and early spring. Flows in the
summer months are low and can stop completely during low pre-
cipitation/snow years and due to over-pumping for irrigation. External
nutrient loads from the river likely contribute to the reservoir's overall
nutrient status on an annual time-step, whereby high winter and spring
river nutrient loads are expected to settle in the lake bed and replenish
sediment stores when temperatures are still too low to promote Mi-
crocystis growth and nutrient uptake. Sediment bound nutrients then
fuel the summer cyanobacterial blooms in the form of internal loads.

This delay in the response to external loads has been well documented
in Lake Erie, where late summer cyanobacteria blooms were strongly
correlated to TP loads entering the lake in March through June
(Obenour et al., 2014; Strumpf et al., 2012). Lindim et al. (2015) also
found that late summer and fall phytoplankton blooms in the Lower
Havel riverine lakes, Germany, were related to phosphorus accumu-
lated in the sediment from spring external loads. More research is
needed to fully understand sediment nutrient fluxes in Qaraoun Re-
servoir and to relate them to the seasonal loading from the Litani River.

4.4. Implications for microcystis management

Management of Microcystis blooms in Qaraoun Reservoir will re-
quire careful steps given the results of this study. With ambient tem-
peratures increasing and higher temperatures expected to persist for
longer periods of the year under projected climate change
(Alameddine et al., 2018; Deutsch and Alameddine, 2019;
El‐Samra et al., 2018; Fayad, 2013), Microcystis growth rates and
dominance over other cyanobacteria and eukaryotic algae in the re-
servoir is expected to worsen. Climate predictions for the region also
include an increased frequency of drought events, leading towards a
shallower reservoir and the prevalence of polymictic conditions
(Alameddine et al., 2018; El‐Samra et al., 2018; Fayad, 2013). Given
that controlling the reservoir's temperature is not possible, managing
the reservoir's Microcystis blooms under a warming climate has to focus
on controlling internal nutrient loads, including significant reductions
in the external loads that appear to continuously replenish the sediment
stores (Michalak et al., 2013; Wagner and Adrian, 2009). With the high
sediment stores in the reservoir and nutrient fluxes from legacy nutrient
sources in the contributing basin, watershed-level nutrient management
is not expected to have an immediate effect on reservoir water quality
(Chen et al., 2018; Pettersson, 1998) and thus managers should be
control the expectations of system recovery following the im-
plementation of basin-level point and non-point source pollution
management. Jeppesen et al. (2005) reported that the recovery of 35
monitored lakes took 10 to 15 years following external nutrient load
reductions due to internal phosphorus loading from legacy sources. In
reservoirs like the Qaraoun that experience seasonal stratification, le-
gacy sediment phosphorus loading were found to remain an important
driver of eutrophication for 20 to 70 years following the implementa-
tion of nutrient reduction measures at the watershed level
(Carpenter, 2005; Schippers et al., 2006). Public disillusion with per-
ceived failures of investments aimed at controlling watershed nutrient
pollution initiatives has been reported across many lakes and reservoirs
(Chen et al., 2018).

5. Conclusions and future work

Structural equation modeling proved an effective tool towards un-
derstanding the complex causal relationships leading to the dominance
of Microcystis by quantifying co-occurring direct and indirect environ-
mental pathways. In summary, changes in surface water temperatures
were found to play a pivotal role in controlling Microcystis in the highly
eutrophic semi-arid Qaraoun Reservoir. Indirect temperature effects
through stratification were also apparent, although these pathways
were found to be less important than the direct temperature link in our
model. Reservoir depth also strongly influenced stratification patterns
in the reservoir, with consequences for semi-arid water bodies that
typically experience higher degrees of water volume fluctuations than
their temperate counterparts. The relatively weaker link between TP
andMicrocystis in the SEM is likely a result of the hypereutrophic nature
of the system, where temperature and light seem to play a stronger role
in limiting growth than nutrients, and may also be due to Microcystis’s
high affinity for and ability to sequester phosphorus when epilimnion
conditions do become limiting. Finally, internal loading appeared to be
the major nutrient source for strong summer Microcystis blooms in the
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reservoir, although high winter river flow rates, typical of the
Mediterranean semi-arid zone, contribute strongly towards building up
these sediment stores on an annual basis. Overall, the developed SEM
model structure coincides with reported observations and conclusion
made from lakes and reservoirs across Greece (Papadimitriou et al.,
2013; Vardaka et al., 2005), Italy (Naselli-Flores and Barone, 2005;
Naselli-Flores et al., 2007), and Spain (Romo et al., 2013).

While the SEM demonstrated the importance of temperature, nu-
trients, and reservoir depth in controlling Microcystis in the Qaraoun
Reservoir, future work should focus on assessing other pathways. Light
limitation was hypothesized to contribute to the negative relationship
between stratification and Microcystis biovolume in our model; yet it
merits a direct assessment through the measurement of photon irra-
diance levels within the mixed layer. Light limitation should also be
assessed with regards to the daily vertical migrations of Microcystis in
the water column (Bonnet and Poulin, 2002; Visser et al., 2016;
Wallace and Hamilton, 1999). Additionally, future work should develop
the model further by incorporating a sediment nutrient flux model
given the importance of the internal loading pathway in our SEM. This
work will require sediment sampling in order to better characterize the
roles that iron and oxidative reactive potential play in phosphorus se-
questration in the sediment. Phosphates are known to be released from
sediment iron complexes under low redox conditions, or when high
sediment sulfide concentrations precipitate insoluble iron sulfides and
release the iron-bound phosphates (Gachter and Muller, 2003;
Orihel et al., 2015; Sondergaard et al., 2001). Similarly, the influence of
zooplankton grazing on Microcystis and its dominance with regards to
other algae groups should be explored in future work (Hambright et al.,
2007; Stein et al., 1995).

Moreover, while we expect that the developed SEM provides a ro-
bust conceptual model that improves our understanding of Microcystis
dynamics as a function of a set of important salient physio-chemical
forcings in hypereutrophic semi-arid reservoirs, the full transferability
of the model to other similar systems was not assessed. Similar to other
modeling frameworks, we envisage that while the model's structure will
prove robust when transferred to other systems, the relative strength of
the paths and their coefficients will be system specific. Future work,
should focus on developing a multilevel hierarchical SEM that would
allow for the concurrent accounting of inter-system and intra-system
model predictors. The development of multilevel hierarchical SEMs is
still at its early stages (Rosseel, 2012); but it has shown promise (Lef-
check, 2016, 2019).

Finally, future research should also expand on the knowledge
gained through SEM by exploring determinants of cyanobacterial
dominance through other statistical modeling methods. SEMs are very
effective in defining causal relationships in complex systems
(Anderson and Vastag, 2004; Grace, 2006), and were particularly
helpful for Qaraoun Reservoir, where limited previous research meant
that our initial modeling objective was largely to empirically test the-
oretically derived causal relationships. Nonetheless, SEMs are not tra-
ditionally strong predictive tools, and are unable to perform system
diagnoses, both of which are important for future management efforts
(Gupta and Kim, 2008). Integrating our SEM with a Bayesian Network
model could provide a useful avenue for improving predictive and di-
agnostic outcomes of our modeling effort (Gupta and Kim, 2008;
Moe et al., 2016), particularly once light and internal loading pathways
are better defined. In Bayesian Networks, results are also represented as
a probability of occurrence of different events or states, which are more
easily interpretable by water managers (Anderson and Vastag, 2004).
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